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Isolated diastolic high blood pressure: a distinct clinical

phenotype in US children

Habeeb Alsaeed’, Daniel L. Metzger?, Tom D. Blydt-Hansen?, Celia Rodd* and Atul Sharma*

BACKGROUND: Screening studies have shown that 0.7-4.5% of generally healthy children have isolated diastolic high BP. We
therefore studied the characteristics of children with diastolic BP in the elevated and hypertensive ranges according to current
guidelines in US children from the National Health and Nutrition Examination Survey (NHANES, 1999-2016).

METHODS: We studied 17,362 children (8-18 years) with BP measured by sphygmomanometry. High BP was categorized as
isolated systolic (iSH), isolated diastolic (iDH), or Mixed.

RESULTS: Overall, 86.0% (95% Cl = 85.0-87.0) of the population had normal BP, 8.7% (8.0-9.3) elevated BP, 4.9% (4.4-5.5) Stage 1,
and 0.4% (0.4-0.6) Stage 2. Moreover, 11.1% (10.3-12.0) had iSH, 1.9% (1.5-2.2) iDH, and 1.0% (0.8-1.2) Mixed. Children with iDH
were more likely to be female, younger, white, and leaner than those with iSH, with lower rates of overweight/obesity. iDH was
generally between normals and iSH. Resting heart rate was significantly higher in iDH even after adjustment for known covariates.
CONCLUSIONS: Children with iDH may have a distinct clinical picture. A leaner habitus and higher resting heart rate may reflect

differences in underlying pathophysiology. Longitudinal follow-up studies are needed to better define the pathogenesis,

progression, and long-term prognosis in iDH.

Pediatric Research (2021) 90:903-909; https://doi.org/10.1038/s41390-021-01369-x

IMPACT:

® Using gold-standard auscultation and 2017 guidelines, isolated diastolic high BP (iDH) is found in 1.9% (95% Cl 1.5-2.2) of
American children; these children are younger, leaner, more female, and have fewer cardiometabolic risks.

® Resting heart rate is significantly higher in iDH compared to both normals and iSH even after adjustments for known covariates.
Autonomic hyperactivity in iDH may speak to both etiology and therapeutic approaches.

® iDH appears to be a distinct clinical phenotype characterized by differences in anthropometric measures, sex, age, and resting
heart rate. Follow-up studies are clearly needed to clarify its pathogenesis, progression, and prognosis.

INTRODUCTION

High blood pressure (BP)—where single-visit BP levels are
consistent with elevated BP, stage 1, or stage 2 hypertension—is
poorly understood in children. Nevertheless, AAP guidelines
highlight the importance of single-visit BPs in the elevated or
hypertensive range, which generally require earlier follow-up (with
auscultation) and consideration of referral for nutrition and weight
management if appropriate.’?

In a longitudinal 2002 survey of 2460 American children aged
12-16 years, Sorof et al. documented isolated diastolic high BP
(iDH) at initial screen in 0.7% of the population. These children had
diastolic BP (DBP) > 90th percentile based on 1996 standards,
combining categories “high normal” and “hypertension”. In
contrast, isolated systolic high BP (iSH, systolic BP (SBP) > 90th
percentile) was found in 15% of the population at initial screen;
these children were more likely to be obese (33% vs. 11%, p <
0.001). In sustained isolated systolic hypertension, increased
resting heart rates and SBP variability reflected sympathetic
nervous system hyperactivity.

More recent studies have assessed the prevalence of these
three high-BP phenotypes using standardized single-visit BP
measurements with BP in the elevated/hypertensive range.*™®
iSH was the most common, with iDH in 4.5% of Greek children
aged 9-13 years and 3.2% of Chinese children between 6 and 18
years.*> Moreover, these studies consistently showed that children
with iDH are less likely to be overweight or obese (OW/OB) than
children with iSH, with lower z-scores (z) for body mass index
(BMIz) and waist circumference (WC).” To our knowledge, there
have been no comparable studies in American children based on
gold-standard auscultation or the new 2017 American Academy
of Pediatrics (AAP) guidelines.? Although the long-term conse-
quences of iDH in children are not well known, DBP is generally
superior to SBP as a predictor of cardiovascular morbidity in
adults <50 years.?

The current study seeks to fill lacunae in our understanding of
pediatric iDH in an American context using current diagnostic
criteria. Our primary objective is to define the population
prevalence of the three different high-BP phenotypes in 17,362
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US children aged 8-18 years in the National Health and Nutrition
Examination Survey (NHANES, 1999-2016). Secondarily we will
explore their clinical characteristics and cardiometabolic risk
factors.

PATIENTS AND METHODS

Data were derived from nine biennial NHANES cycles (A-I)
collected between 1 January 1999 and 31 December 2016 by
the Centers for Disease Control and Prevention (CDC).>'® Of
19,093 children aged 8.0-18.0 years, 17,362 could be assigned a
BP stage based on the 2017 AAP guidelines.? Additional details as
to NHANES data collection will be found in references. °'
Socioeconomic status is reported as the Index for the Ratio of
Family Income to Poverty (INDFMPIR) as defined by the
Department of Health and Human Services.”'® Race/ethnicity
categories were defined by self-identification as follows: European
American (White), African American (Black), Hispanic (“Mexican-
American” or “Other Hispanic”), and Other.>'°

Age- and sex-specific z-scores were calculated for height (Htz,
height measured by calibrated stadiometer to the nearest 0.1 cm),
weight (Wtz, weight measured on a digital scale to the nearest 0.1
kg), and body mass index (BMlz, BMI in kg/mz) using tables from
both the CDC and the World Health Organization (WHO).'*'3 Z-
scores for waist circumference (WCz) and waist:height ratio (WtHz)
were based on NHANES Il reference data.'* Z-scores for triceps
and subscapular skinfold thicknesses, mid-upper arm circumfer-
ence, and upper arm fat and muscle areas were based on charts
from the same reference population used to create the CDC 2000
growth charts.'>'®

BP was measured by auscultation after resting quietly in a
seated position for 5min in the NHANES mobile examination
center. After determination of maximum inflation pressures, three
and sometimes four consecutive BP readings were recorded, with
DBP marked by the fifth Korotkoff sound. SBP and DBP means
were calculated after dropping the first measurement. Age-, sex-,
and height-specific percentiles were calculated for SBP and DPB
using the 2017 AAP references.” High BP was defined as a mean
single-visit BP value consistent with elevated, stage 1, or stage
2 levels by AAP guidelines.? iSH was present if SBP was elevated,
stage 1, or stage 2. For participants <13 years, iDH was similarly
defined. For those =13 vyears, there is no category for
elevated DBP, and iDH was diagnosed when DBP was stage 1 or
2. Subjects meeting both criteria were designated Mixed. Heart
rate (HR) was recorded in beats per minute (bpm) from two 30s
measurements.

Blood was analyzed for total cholesterol (TCHOL) and high-
density lipoprotein (HDL) cholesterol. Fasting low-density lipopro-
tein (LDL) (Friedewald) cholesterol and triglycerides (TRIG) were
measured in participants aged 12-18 years, as was hemoglobin
Alc (A1Q). For each measure, abnormal cut points were defined by
the NIH/NHLBI Expert Panel on Integrated Guidelines for
Cardiovascular Health and Risk Reduction in Children and
Adolescents and the American Diabetes Association.'””'® Defining
criteria were TCHOL = 5.2 mmol/L, LDL>3.4mmol/L, HDL< 1.0
mmol/L, and TRIG = 1.1 mmol/L for age <9 years or =1.5 mmol/L
for >9 years. For all ages, the ADA defines A1C > 5.6% (>38 mmol/
mol) as abnormal, with 5.6-6.4% (39-47 mmol/mol) as prediabetes
and >6.5% (>48 mmol/mol) as overt diabetes mellitus. The
estimated glomerular filtration rate (eGFR) was calculated by the
Bedside Schwartz equation and the Full Age Spectrum (FAS)
equation of Pottel et al.'®%° Values less than 90 mL/min/1.73 m?
are diagnosed as chronic kidney disease.'®

Statistical analyses

All analyses were performed in R version 3.6.2 with a two-sided
p < 0.05 considered statistically significant.?' To properly account
for multistage sampling, NHANES provides identifiers for primary
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sampling units and strata. To account for non-response and
under-coverage and permit valid population inferences, they also
furnish inverse-probability sample weights for the mobile
examination centers. These were combined as recommended for
NHANES subsets using the R survey package.??

Categorical variables are reported as percentages and 95%
confidence intervals (Cl). Continuous variables are reported as
medians and interquartile ranges or means and 95% Cl as
appropriate. Population means were compared across groups using
generalized linear models for survey data, and proportions (counts)
were compared with survey-weighted chi-square tests or logistic
regression.

Ethics

Ethics approval was obtained from the Health Research Ethics
Board at the University of Manitoba’s Faculty of Medicine for the
use of anonymized data from an existing database.

RESULTS

Demographic and clinical characteristics from 17,362 subjects are
presented in Table 1. In general, the sample reflected the
population except for ethnic composition, where NHANES
deliberately over-samples minorities.'® Using weighted population
estimates, the mean age was 13.2 years with a near-equal
distribution of sexes. Population proportions with different BP
phenotypes are given in Table 1. Of the 14.0% with high BP
(13.0-15.0), 79.5% (95% Cl: 76.9-82.0) had iSH, 13.3% (95% ClI:
11.2-15.4) had iDH, and 7.2% (95% CI: 5.8-8.6) were Mixed (not
shown). The study population was slightly taller and heavier than
the CDC and WHO reference populations. By CDC criteria, slightly
more than a third were OW/OB. Other measures of adiposity (e.g.
WCz and skinfold thicknesses) generally followed BMIz. Both arm
fat area and arm muscle area exceeded that of the reference
population.

In Fig. 1, mean SBP percentile in iDH was between normals and
iSH. In contrast, the mean DBP percentile was significantly higher
in iDH than iSH, with the latter indistinguishable from normoten-
sives; the Mixed group shared features with both iSH and iDH.
Table 2 summarizes additional characteristics by BP phenotypes.
Although males were significantly more likely to be affected in all
high BP phenotypes compared to normals, iDH and Mixed had
significantly fewer males than iSH. There was a small but
significant difference in age between iSH and iDH. Racial
composition in iDH did not differ from normotensives, while iSH
were less likely to be white. Both iDH and Mixed had significantly
higher heart rates compared to normals and iSH. The iDH and
Mixed phenotypes were also associated with more advanced BP
stages, particularly stage 1. Body habitus was comparable in iSH
and Mixed and differed significantly from normotensives. Those
with iDH were generally between iSH and normal and differed
significantly from both. Other anthropometric parameters fol-
lowed a similar pattern, as did rates of OW/OB. Compared to
normals, arm fat and muscle area z-scores were significantly
increased in iSH and Mixed and intermediate in iDH.

Table 3 presents laboratory characteristics by BP phenotype.
Children with iDH resembled normotensives in terms of known
cardiometabolic risk factors except for an increased incidence of
elevated TCHOL. Those with iSH experienced a significantly higher
incidence of abnormal A1C, HDL, LDL, TCHOL, and TRIG. They were
also associated with an increased mean concentration of LDL and
comparable HDL (not shown), and the LDL/HDL ratio was
significantly increased in both iSH and iDH. Regarding other
analytes, some differences are unlikely to be clinically meaningful,
e.g., higher total calcium and lower phosphorus in the second
decimal place. While within normal limits, a significant reduction
in mean eGFR was noted in all high BP groups compared to
normals and was comparable in iSH and iDH. The same was true
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Blood pressure stage (%)
Normal
BP elevated
BP Stage 1
BP Stage 2
Blood pressure phenotype
Normal
Isolated systolic high BP
Isolated diastolic high BP
Systolic/diastolic high BP
Heart rate (beats per minute)
Anthropometric
Height z-score
CDC

WHO

Weight z-score (N = 17,332)
CDC

WHO

BMI z-score (N =17,332)
CDC

WHO
WC z-score (N = 17,090)
Waist:height ratio z-score (N =
17,090)
Mid-arm circumference z-score
(N=17,158)
(N=11,739)
score (N=11,338)

Arm muscle area z-score (N =
11,735)

Triceps skinfold thickness z-score

Subscapular skinfold thickness z-

Arm fat area z-score (N=11,735)

Overweight CDC (N=17,332) %

14770 (85.1)
1608 (9.3)
910 (5.2)

74 (0.4)

14770 (85.1)
2071 (11.9)
338 (1.9)
183 (1.1)
78.0

0.13

0.17

0.61

0.65

0.65

0.77

0.42

0.22

0.53

041

0.64

0.40

0.45

2953 (17.0)

Table 1. Demographic and clinical characteristics of children aged
8-18 years in NHANES 1999-2016 (cycles A-I).
Characteristics Sample® Population®
(N=17,362)
Demographic
Sex: Male (%) 8723 (50.2) 50.4 (49.4-51.4)
Age (years) 13.3 13.2 (10.8, 15.7)
Ethnicity
White (%) 4676 (26.9) 58.2 (55.5-60.9)
Black (%) 4923 (28.4) 14.2 (12.6-15.8)
Hispanic (%) 5034 (29.0) 13.1 (11.4-14.9)
Other (%) 2729 (15.8) 14.4 (13.0-15.9)
Family income index® 1.39 1.86 (0.98, 3.12)
(N=14,477)
Vital signs
SBP percentile AAP 46.0 45.0 (23.0, 69.0)
DBP percentile AAP 32.0 32.0 (12.0, 59.0)

86.0 (85.0-87.0)
8.7 (8.0-9.3)
4.9 (4.4-5.5)
0.4 (0.3-0.6)

86.0 (85.0-87.0)
11.1 (10.3-12.0)
1.9 (1.5-2.2)
1.0 (0.8-1.2)
78.0 (70.0, 88.0)

0.19
(—0.49, 0.87)

0.23
(—0.45, 0.93)

0.56
(—0.21, 1.37)

0.60
(—=0.20, 1.53)

0.56
(—0.22, 1.41)

0.66
(—0.21, 1.72)

0.39
(—0.27, 1.16)

0.16
(—0.50, 1.00)

0.49
(—0.26, 1.32)

0.40
(—0.29, 1.21)

0.54
(—0.05, 1.28)

0.35
(—=0.39, 1.12)

0.43
(—0.27, 1.23)

16.6 (15.8-17.3)
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Table 1. continued

Characteristics Sample? Population®
(N=17,362)

Overweight WHO % 3742 (21.6) 21.3 (20.6-22.0)

Obese CDC (N=17,332) % 3639 (21.0) 18.8 (17.8-19.7)

Obese WHO % 3776 (21.8) 19.6 (18.5-20.6)

AAP American Academy of Pediatrics, BMI body mass index, CDC Centers
for Disease Control and Prevention, BP blood pressure, DBP diastolic blood
pressure, NHANES National Health and Nutrition Examination Survey, SBP
systolic blood pressure, WC waist circumference, WHO World Health
Organization.

N = 17,362 children unless otherwise indicated.

2Sample column reports number (%) for categorical variables or median for
continuous variables.

PCorresponding weighted population estimates are reported as percen-
tage (95% confidence interval) or median (interquartile range).

“Index for the ratio of family income to poverty defined by the Department
of Health and Human Services.
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Fig. 1 Comparison of 2017 AAP percentiles by phenotype. (a) SBP
and (b) DBP: p values refer to comparisons with normal BP (***p <
0.001, **0.001 <p<0.01, *0.01<p<0.05) or iSH (AAAp<0.001,
AA0.001 < p <0.01, A0.01 < p < 0.05).

for FAS eGFRs, and serum urate was significantly increased in all
high BP phenotypes compared to normals.

Since heart rate in healthy children normally declines with age
and increases with obesity, regression adjustment is summarized
in Table 4A.>** Compared to normals, iDH was associated with a
significant increase in heart rate by almost 5 bpm, which persisted
even after adjustment for age, sex, BMlz, and race. Resting heart
rate was also increased in iSH compared to normals, but children
with iDH were significantly higher still. To explore potential
interactions between age and BP phenotype, patients were
divided by Age = 13 years. The expected decline in heart rate in
older children again persisted after covariate adjustment, but
significant interaction terms attest to further declines in adoles-
cents with iSH, which did not happen with iDH (Table 4B). In
contrast, elevated serum uric acid in children with high BP
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Table 2. Population demographic and anthropometric characteristics
by blood pressure phenotypes.
Characteristics® Normal iSH iDH Mixed
Demographics
Sex: Male (%) 482" ee4m* 553+ 533"
47.1-49.3 63.3-69.5 48.5-62.0 41.8-64.8
Age (years) 131" 13.7%%* 129" 13.1
13.0-13.2 135-138 125-133 124-139
Ethnicity®
White (%) 58.6 544 61.7 554
(55.9-61.4) (50.2-58.5) (54.8-68.5) (45.1-65.7)
Black (%) 13.7 17.3 17.0 17.4
(12.2-15.3) (14.8-19.8) (12.1-21.9) (12-22.8)
Hispanic (%) 131 14.4 10.6 10.9
(11.3-14.8) (11.9-16.9) (7.7-13.5) (6.5-15.4)
Other (%) 14.6 13.9 10.8 16.2
(13.1-16)  (11.5-16.3) (6.4-15.2) (7.5-25.0)
Family income 2.10 2.06 2.08 2.05
index® (N=14,477) 2.04-2.16 1.95-2.16 1.81-230 1.75-2.34
Vital signs
SBP percentile AAP  40.7""" 87.6%** 56.7%x " gg grxx”
39.9-414 87.0-88.2 54.1-594 87.8-92.0
DBP percentile AAP  34.9 355 93.2%x™M  ggq grrx/n
33.7-36.1 33.7-374 92.8-93.7 94.2-95.6
BP staged
Elevated (%) - 70.1 413 9.5
(67.1-73.1) (34.6-48.0) (4.9-14.1)
Stage 1 (%) - 27.5 58.0 77.7
(24.6-30.5) (51.5-64.4) (68.2-87.3)
Stage 2 (%) - 24 0.8 (0-1.9) 128
(1.6-3.3) (4.1-21.4)
Heart rate (beats per 79.2" 80.1% 83.7%%x N g grax""
minute) 78.8-79.6 79.3-81.0 82.0-854 82.1-87.0
Anthropomorphic
Height z-score
CDC 0.18™ 0.28** 0.29 0.34
0.15-0.20 0.22-0.34 0.11-0.47 0.10-0.58
WHO 023" 0.34** 034 0.39
0.20-0.26  0.27-0.40 0.16-0.52 0.14-0.64
Weight z-score
(N =17,332)
CDC 0.49""" 1.1 7% 0.75*"" 1.12%%*
0.46-0.52 1.03-1.19 0.53-0.97 0.88-1.36
WHO 0.61""" 1.34%%% 095%™ 1 41%xx
0.58-0.64 1.24-144 0.70-1.20 1.11-1.72
BMI z-score
(N =17,332)
CDC 0.46™"" 1.06%** 070%™ 1,07%**
0.43-0.49 0.99-1.13 0.50-0.90 0.86-1.28
WHO 0.66""" 1.42%%* 1.00%™  1.48%%*
0.62-0.69 1.33-1.52 0.75-1.26 1.19-1.77
WC z-score 035" 0.84%** 0.60%*" 0.78***
(N =17,090) 0.31-0.38 0.76-0.91 0.41-0.78 0.58-0.99
Waistheight ratio ~ 0.17""" 0.64%** 043#""  0.68%**
z-score 0.14-0.21 0.56-0.72 0.26-0.61 0.46-0.89
(N =17,090)
Mid-arm 0.45™" 1.03%%* 0.71*"" 1.04%x*
circumference 0.42-0.48 0.96-1.11 0.51-090 0.81-1.28
z-score (N=17,158)
Triceps skinfold 0.40™" 0.76%** 0.54" 0.73**
thickness z-score 0.37-043 0.69-0.84 0.36-0.72 0.52-0.94

(N=11,739)
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Table 2. continued
Characteristics® Normal iSH iDH Mixed
Subscapular skinfold 0.54""" 0.92%** 0.73*" 0.89%**
thickness z-score 0.51-0.57 0.84-0.99 0.55-0.90 0.70-1.07
(N=11,338)
Arm muscle area 0.33""" 0.92%%* 0.53*"""  0.89***
z-score (N=11,735) 0.29-0.37 0.81-1.02 0.34-0.72 0.56-1.22
Arm fat area z-score 0.42™"" 0.84%** 0.57"" 0.78%*
(N=11,735) 0.39-0.45 0.76-091 0.38-0.75 0.56-1.00
Overweight CDC 16.1""" 20.2%%* 17.64""  10.8%**
(N=17,332) % 154-169 17.9-224 11.0-21.1 4.5-17.0
Overweight WHO % 20.9""" 24.8%%* 22,79 M 13 e
20.1-21.7 22.2-274 16.0-295 6.5-19.8
Obese CDC 16.2""" 35.6%%* 25.9%#x" 39 Qrxx
(N=17,332) % 153-17.1 325-386 19.3-32.6 29.4-485
Obese WHO % 17.0™" 35.9%% 28.0%%* 39.7%%
16.0-18.0 32.8-39.1 21.1-349 30.4-49.0

AAP American Academy of Pediatrics, BVl body mass index, CDC Centers
for Disease Control and Prevention, BP blood pressure, SBP systolic BP, DBP
diastolic BP, iDH isolated diastolic high blood pressure, iSH isolated systolic
high blood pressure, Mixed combined systolic/diastolic high BP, NHANES
National Health and Nutrition Examination Survey, WC waist circumference,
WHO World Health Organization.

Categorical variables are reported as proportions (95% confidence
intervals) and continuous variables as means (95% confidence intervals).
P values refer to comparisons with either the normal BP group (***p <
0.001, **0.001 <p <0.01, *0.01 <p <0.05) or the high SBP group (**"p<
0.001, **0.001 < p <0.01, “0.01 < p < 0.05.

®for a total of 17,362 children, unless otherwise indicated.

PThe relationship between race and phenotype has chi-square p = 0.01; in
post hoc comparisons of white vs. non-white, iSH differed significantly
from both normals and iDH, but iDH did not differ from normals (p = 0.4).
‘INDFMPIR index for the ratio of family income to the poverty line as
defined by the US Department of Health and Human Services.

%The relationship between BP stage and phenotype has chi-square p <
0.001.

resolved after regression adjustment for known covariates age,
sex, race, and BMIz (Supplementary Table 1).2*

DISCUSSION

When the new AAP 2017 guidelines and gold-standard ausculta-
tion were applied to US children,'? iDH was found in 1.9% of the
population. Earlier reports range from 0.7% on initial screening in
the United States, 4.5% in Greece, and 3.2% in China.>™

Of note, the study of American children by Sorof et al. used the
1996 blood pressure guidelines; moreover, they used oscillometry,
which may underestimate DBP, particularly in children (mean bias
3.1 mmHg, 95% limits of agreement —22.4 to 28.6).>%° The two
other studies in non-American children relied on auscultation, still
the gold-standard for the AAP guidelines.'? However, they were
based on older 2004 guidelines.*” As previously reported, 86% of
the pediatric population had normal BP:'" iSH is still the most
common phenotype in 11.9% of the population, followed by iDH
(1.9%) and Mixed (1.0%).

Primary pediatric hypertension is consistently associated with
increased BMI and OW/OB status, and its prevalence is increas-
ing.?® It is postulated that increased visceral fat augments
adipokines and leads to sympathetic hyperactivity with increased
heart rate and BP (reviewed by Flynn®).

We noted significantly higher measures of central and
peripheral adiposity in those with iSH and Mixed high BP
compared to normotensives. Interestingly, most of these measures
for iDH were lower than for iSH and Mixed, but still significantly
higher than normals. Others have reported a “leaner” phenotype

Pediatric Research (2021) 90:903 - 909
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LDL/HDL ratio
Biochemistry

Table 3. Population laboratory characteristics by blood pressure phenotype.
Population Normal iSH iDH Mixed
Cardiometabolic risk factors
A1C % abnormal (N=10,119) 0.7AAN 1.9%%* 0.6 2.5%
0.43-0.95 1.1-2.6 —03to 1.6 —04to 55
HDL % abnormal (N = 13,075) 12.9AAA 20.9%** 11.4" 11.9"
12.0-13.9 17.9-23.8 6.3-16.5 6.0-17.9
TCHOL % abnormal (N = 14,612) 79" 10.8** 15.3%* 16.3*
7.3-8.6 8.6-13.0 9.9-20.7 7.0-25.6
LDL % abnormal (N = 4898) 56" 8.9% 10.6 9.6
4.5-6.6 5.9-11.8 2.8-18.3 —0.3 to 19.6
TRIG % abnormal (N = 5909) 13.6™"" 22 .0%** 184 25.7%
12.3-15.0 17.8-26.1 9.8-26.9 12.1-39.3

1.73 (1.69-1.76)"""

Total calcium mmol/L (N = 9958) 2.42™"
241-242
Potassium mmol/L (N = 9969) 4.03
4.02-4.05
Phosphate mmol/L (N = 9969) 1.44™""
1.43-1.45
Bicarbonate mmol/L (N = 9962) 24.2
24.1-24.4
Uric acid pmol/L (N= 9969) 294.7"""
292.3-297.2
Renal function
Creatinine pmol/L (N = 9970) 62.3""
61.7-62.9
% Abnormal albuminuria (N = 16984) 15.9
14.9-16.9
Schwartz bedside eGFR mL/min/1.73 m? (N = 9970) 100.3™"
99.5-101.1
Full age spectrum (FAS) eGFR mL/min/1.73 m? (N = 9349) 97.5™""
96.7-98.2

2.02 (1.92-2.11)*** 2.00 (1.77-2.23)* 1.99 (1.72-2.26)

2.42%* 2.44% 2.42
242-243 2.42-246 239-2.45
4.03 401 4.03
4.00-4.06 3.96-4.07 3.96-4.09
1.39%%% 1.43" 1.34%*
41.38-1.41 1.40-1.47 1.28-1.40
243 24.1 244
24.1-245 23.6-24.5 23.6-25.1
332.6%** 311.3*" 329.9%*
326.3-339.0 296.8-325.8 308.9-351.0
67.9%%* 66.1% 70.4%%x
66.7-69.2 62.6-69.6 66.3-74.5
13.8 17.3 125
11.4-16.2 12.5-22.0 4.9-20.0
95.0%** 95.9% 91, 1%**
93.4-96.7 91.6-100.2 87.2-94.9
92.6%** 93.0* 90.8***
91.1-94.0 88.8-97.2 87.2-94.3

<p<0.05.

A1C hemoglobin Alc, eGFR estimated glomerular filtration rate, HDL high-density lipoprotein, iDH isolated diastolic high blood pressure, iSH isolated systolic
high blood pressure, LDL low-density lipoprotein cholesterol, Mixed combined systolic/diastolic high BP, TCHOL total cholesterol level, TRIG triglycerides.

Categorical variables are reported as proportions (95% confidence intervals) and continuous variables as means (95% confidence intervals). P values refer
to comparisons with either the normal BP group (***p < 0.001, **0.001 < p < 0.01, *0.01 < p < 0.05) or the high SBP group

(/\/\/\

p <0.001, *"0.001 < p < 0.01, "0.01

in iDH, suggesting differences in pathogenesis or susceptibil-
ity,>”?® although the precise mechanism remains unclear. In
keeping with differences in body habitus, children with iDH were
significantly less likely than those with iSH to have other metabolic
risk factors, such as prediabetes and hyperlipidemia. Since
previous studies of BP phenotypes did not include laboratory
results, we do not know whether this pattern is typical.>>~’
Nevertheless, iSH appears to drive much of the risk profile usually
attributed to high BP in children.?® Although we noted that those
with iDH were more likely to be female and somewhat younger
than the iSH group, there is considerable variation in age and sex
distributions across studies.

The observed increase in resting heart rate in all BP phenotypes
is consistent with the obesity-adipokine hypothesis.”” Never-
theless, the iDH and Mixed groups were also found to have
significantly increased HR compared to both normals and iSH
despite significantly lower body fat measures and rates of OW/OB.
These differences persist even after adjustment for potential
confounders. Further studies are needed to characterize auto-
nomic hyperactivity in these phenotypes, which may have
treatment implications, e.g., adrenergic blockade.

Although the diagnosis of hypertension typically requires
confirmation over multiple visits, the AAP highlights the clinical
importance of single-visit measurements in the elevated or
hypertensive range, which require earlier follow-up with ausculta-
tory measurements and possible referral for nutrition or weight
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management (for details, see Section 4.3b in ref. %). Moreover, in a
recent US study based on oscillometry and the 2017 guidelines,
Bell et al. put the incidence of high BP at 29.3% at the first visit,
with persistent high BP in 18.6% across three visits. This speaks to
the persistence of high BP, at least in the short term. Importantly,
the proportion with sustained Stage 1 or 2 hypertension was
only 2.3%.%°

The evolution of iDH in children and young adults has been less
well characterized. DBP clearly tracks in childhood, particularly in
leaner children.?®*° Tracking of DBP from childhood into
adulthood has also been reported, with typical correlations of
0.2-0.4 depending on race, sex, and age.*'The latter may be
particularly worrisome given clustering and tracking of BP with
other risk factors, such as obesity.>?

In terms of prognosis, a study of 1.2 million male Swedish army
recruits (mean age 18.4 years, followed for a median of 24 years)
demonstrated a monotonic relationship between cardiovascular
mortality and DBP that was stronger than for SBP, with a steep
increase for DBP >90 mmHg.>* The latter is relevant to current
definitions of iDH, which for children >13 years are based
on absolute thresholds (normal if DBP <80 mmHg, stage 1 for
80-90 mmHg, and stage 2 if =90 mmHg).? In fact, our observed
association between iDH/Mixed phenotypes and more advanced
BP stages in Table 2 may simply be an artifact of this definition,
since there is no “elevated” DBP category for adolescents. In
the Framingham Study of adults (reviewed by Berney et al®),
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Table 4.  Regression B-values for (A) heart rate (bpm) and (B) heart rate (bpm) with interaction.
(A
Factors Unadjusted BP reference = normal Unadjusted BP reference =iSH Adjusted BP reference =normal Adjusted BP reference =iSH

Heart rate (bpm)
Normal -
iSH 0.92 (0.07-1.78)* -
iDH 446 (2.71 — 6.22)*** 3.54 (1.57-5.51)***
Mixed 5.34 (2.84 - 7.84)*** 4.42 (1.74-7.09)**

Age (years)

Sex: Female

Race: Black

Race: Hispanic

—0.92 (-1.78 to —0.07) *

2.42 (1.61-3.24)***

4.52 (2.76-6.30)***

5.61 (3.56-7.67)***
—1.22 (—1.30 to —1.15)***

4.39 (3.92-4.87)***
—3.98 (—4.65 to —3.32)***
—0.80 (—1.42 to —0.18)*

—2.42 (—3.24 to —1.60)***
2.10 (0.14-4.07)*

3.20 (0.95-5.44)**

—1.22 (—1.30 to —1.15)***
4.39 (3.92-4.87)***

—3.98 (-4.65 to —3.32)***
—0.80 (—1.42 to —0.18)*

Race Other —0.96 (—1.73 to —0.18)* —0.96 (—1.73 to —0.18)*
BMIz 0.16 (—0.10 to 0.42) 0.16 (—0.10 to 0.42)

®°

Factors Adjusted f's, BP reference: normal, age reference: <13y

Heart rate (bpm)
iSH

iDH

Mixed
Age=13y

iSH: Age = 13y
iDH: Age = 13y
Mixed: Age 2 13y
Sex: Female
Race: Black
Race: Hispanic
Race: Other
BMIz

4.60 (3.43-5.77)***

4.71 (2.23-7.19)***

7.74 (4.88-10.59)***
—5.81 (—6.26 to —5.34)***
—4.08 (—5.71 to —2.46)***
—1.25 (—4.91 to 2.42)
—5.17 (—9.33 to 1.01)*

4.25 (3.78-4.72)***
—3.89 (—4.56 to —3.22)***
—0.72 (—1.33 to —0.11)*
—0.87 (—1.67 to —0.08)*

0.17 (—0.09 to 0.43)

®Resting heart rate (bpm) was regressed against blood pressure phenotype with and without adjustment for potential confounders, namely age (years), CDC
BMiz, sex, and race. Reported regression f-values (95% confidence intervals) measure the expected change in heart rate for a unit change in predictor.
References levels are BP phenotype = normal or iSH, sex = male, and race = white. P values refer to comparisons with reference levels (***p < 0.001, **0.001 <
p <0.01, *0.01 < p < 0.05).

BP blood pressure, bpm beats per minute, BMIz = body mass index z-score, CDC Centers for Disease Control and Prevention, iSH isolated systolic high BP, iDH
isolated diastolic high BP, Mixed combined systolic/diastolic high BP;

PTo explore potential interaction between age and BP phenotype, patients were divided by Age (N = 7974 age <13 years vs. n = 9243, Age > 13 years). Resting
heart rate (bpm) was regressed against blood pressure phenotype with and without adjustment for potential confounders, namely Age (reference = Age < 13

years), CDC BMlz, sex (reference = male), and race (reference = white). Abbreviations are as for Table 4A.

iDH peaked between 50 and 60 years with a population
prevalence of 4-6%, higher in males. Moreover, BP changes
preceded changes in vascular compliance by years,** suggesting
that iDH may be a precursor for subsequent systolic or mixed
hypertension. Based on prospective intervention trials,> the
American Heart Association and American College of Cardiology
have subsequently adopted target DBP <80 mmHg to reduce
cardiovascular mortality. In a meta-analysis of 61 trials involving
almost one million patients, each 10 mmHg increase in DBP was
associated with a doubling in the risk of death from cardiovascular
disease.® Clearly, the prognosis of elevated DBP in childhood
merits further attention.

Although we observed a significant decrease in eGFR (mL/min/
1.73 m?, adjusted for body-surface area) in all high BP phenotypes
compared to normals, all means were within normal limits, and a
cross-sectional survey cannot determine causality. Moreover, eGFR
was only available in a subset of older children =12 years. Its
potential seriousness is underscored by a study of 2.2 million
Israeli army recruits followed for a median of 16.8 years, in which

SPRINGERNATURE

pre- or overt hypertension in adolescence was associated with an
increased incidence of end-stage renal disease with hazard ratios
of 1.32 (1.11-1.58) and 1.44 (1.17-1.79), respectively.>”

The strengths of this study include a large sample with 3-4 BP
readings measured by trained staff using gold-standard sphyg-
momanometry. Auscultation may be particularly important here,
since oscillometric DBP is often biased and imprecise,® particu-
larly in children. Participants in NHANES are generally unselected
and at low risk for secondary hypertension. Detailed anthropo-
metric and laboratory measures allowed for comprehensive
assessment of cardiovascular risk, and survey weights were
provided for generalizing to the US population. Limitations
include no repeated visits; insufficient numbers for a detailed
assessment of race-, sex-, and age-specific differences; lack of
information pertaining to personal or family history and comor-
bidities; and collection of laboratory data in only a subset of older
children =12 years. Although our unselected sample is generally
healthy, it is also possible that some would be found to have
secondary hypertension on further evaluation.
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CONCLUSION

Using gold-standard auscultation and the 2017 AAP diagnostic
guidelines, iDH is found in 1.9% (1.5-2.2) of North American
children aged 8-18 years and accounts for 13.3% (11.2-15.4) of
high BP. Although iDH in young adults may progress to systolic or
mixed hypertension® its relationship to iDH in childhood needs to
be clarified. Moreover, these children appear to have a distinct
clinical picture in terms of age, sex, ethnicity, and associated
cardiometabolic risk factors. A leaner body habitus and higher
resting heart rate may also reflect fundamental differences in
underlying pathophysiology. With little information as to persis-
tence of these phenotypes over time, further investigations and
long-term follow-up of children with iDH are clearly needed to
explore the pathogenesis, progression, and prognosis of what may
be a distinct clinical disorder.
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