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Cardiovascular Phenotype of Elevated Blood Pressure
Differs Markedly Between Young Males and Females
The Enigma Study

Chiara Nardin, Kaisa M. Maki-Petaja, Karen L. Miles, Yasmin, Barry J. McDonnell,
John R. Cockcroft, Ian B. Wilkinson, Carmel M. McEniery;
on behalf of the Enigma Study Investigators™

Abstract—Blood pressure (BP) in young adults predicts BP in later life. We aimed to identify metabolic, hemodynamic,
and autonomic characteristics associated with raised BP in young adults and whether these differ between males and
females. Three thousand one hundred forty-five healthy subjects, aged 18 to 40 years, were grouped according to sex
and BP category following the recent reclassification of BP as part of American Heart Association/American College
of Cardiology 2017 guidelines. All individuals undertook a lifestyle and medical history questionnaire and detailed
metabolic, hemodynamic, and autonomic assessments. Stage 1 hypertension and normal BP were the most common BP
phenotypes in males (29%) and females (68%), respectively. In both sexes, cardiac output was positively associated with
increasing BP category (P<0.001 for both). Similar positive trends were observed for heart rate and stroke volume in males
(P<0.001 for both) and heart rate in females (P<0.001). Unlike in males, peripheral vascular resistance, aortic pulse wave
velocity, and augmentation index were significantly increased in hypertensive females (P<0.001 for all) compared with
the other BP categories. Most heart rate variability indices decreased across the BP categories, particularly in males. In
young adults, metabolic and hemodynamic abnormalities associated with hypertension are already present at the elevated
BP stage and the overall phenotype differed markedly between sexes. Whereas a cardiac phenotype was associated with
elevated BP and hypertension in males, a vascular phenotype, characterized by elevated peripheral vascular resistance,
aortic pulse wave velocity, and augmentation index, was dominant in females. (Hypertension. 2018;72:1277-1284.
DOI: 10.1161/HYPERTENSIONAHA.118.11975.) ® Online Data Supplement
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ypertension represents one of the most important causes of

premature death and disability worldwide, although much
is still unknown about the underlying cause.! Interestingly,
data from the Framingham Heart Study” demonstrate that the
increased risk associated with high blood pressure (BP) is not
simply confined to those individuals with hypertension but
applies to those with high-normal BP as well. Indeed, in a large
meta-analysis of =1 million adults aged 40 to 89 years, there is
no evidence of a threshold, down to at least 115/75 mm Hg, for
cardiovascular risk related to BP.?

The recent reclassification of BP as part of the American
Heart Association/American College of Cardiology 2017
guidelines defines hypertension as systolic BP (SBP) >130
mmHg and diastolic BP (DBP) 280 mmHg. The guidelines
also introduce a new arbitrary BP category called elevated

BP (EBP), defined as SBP 120 to 129 mmHg and DBP <80
mmHg.* However, the cardiovascular risk associated with
EBP, as defined by the guidelines, is still largely unknown
in younger subjects. BP tracks strongly throughout life,> and
small interindividual differences in BP at an early stage be-
come increasingly magnified over time.® Moreover, exposure
to mild BP elevation during youth increases cardiovascular
risk later in life, independently of BP.” Although a number of
studies have examined mechanisms and consequences of BP
elevation in older adults, the seeds of future cardiovascular
risk are likely to be set in youth, making it important to under-
stand the mechanisms underlying early elevations in BP.

The aim of this study, therefore, was to examine meta-
bolic, hemodynamic, and autonomic characteristics across
a range of BP categories in a large cohort of healthy young

Received August 15, 2018; first decision August 25, 2018; revision accepted September 19, 2018.

From the Department of Medicine-DIMED, University of Padova, Italy (C.N.); Division of Experimental Medicine and Immunotherapeutics, University
of Cambridge, United Kingdom (C.N., KM.M.-P,, K.L.M., Y., LB.W.,, C.M.M.); and Cardiff School of Health Sciences, Cardiff Metropolitan University,
United Kingdom (B.J.M., J.R.C.).

*A list of all Enigma Study Investigators is given in the Appendix.

The online-only Data Supplement is available with this article at https://www.ahajournals.org/doi/suppl/10.1161/HYPERTENSIONAHA.118.11975.

Correspondence to Carmel M. McEniery, Division of Experimental Medicine and Immunotherapeutics, University of Cambridge, Addenbrooke’s
Hospital Box 110, Cambridge CB2 0QQ, United Kingdom. Email cmm41 @cam.ac.uk

© 2018 The Authors. Hypertension is published on behalf of the American Heart Association, Inc., by Wolters Kluwer Health, Inc. This is an open access
article under the terms of the Creative Commons Attribution License, which permits use, distribution, and reproduction in any medium, provided that the
original work is properly cited.

Hypertension is available at https://www.ahajournals.org/journal/hyp DOI: 10.1161/HYPERTENSIONAHA.118.11975

1277


mailto:cmm41@cam.ac.uk
https://www.ahajournals.org/journal/hyp

6T0Z ‘T Afeniged uo Aq Bio'sfeuinofeye//:dny woly pspeojumogd

1278 Hypertension December 2018

adults, with limited exposure to cardiovascular risk factors.
We hypothesized that the mechanisms associated with hyper-
tension in young people are already evident at the elevated
stage of BP, and we wished to determine whether these dif-
fered between males and females.

Methods

The data that support the findings of this study are available from the
corresponding author on reasonable request.

Participants

The Enigma study is a long-term follow-up study of young individu-
als, investigating the natural history of BP with regard to clinical,
physiological, and genetic characteristics.® Individuals were selected
at random from 2 University populations in the United Kingdom
(Cambridge and Wales; response rate =70%). Detailed hemodynamic
measurements were available in 3145 subjects, aged between 18 and
40 years (1564 males and 1581 females). Patients with diabetes mel-
litus and evidence of cardiovascular disease (CVD) and renal failure
were excluded, as well as those with systemic inflammatory dis-
eases. Subjects taking any vasoactive medication were also excluded.
Approval for all studies was obtained from the Local Research
Ethics Committees (Cambridge, UK, and Iechyd Morgannwg Health
Authority, South Wales, UK), and written informed consent was
obtained from each participant. All procedures were followed in ac-
cordance with institutional guidelines.

Protocol

All subjects completed a detailed lifestyle and medical history ques-
tionnaire; height and weight were assessed, and BMI was calculated.
After 15 minutes of seated rest, brachial BP and radial artery wave-
forms were recorded. After 20 minutes of supine rest, brachial BP and
radial artery waveforms were reassessed, and aortic pulse wave ve-
locity (aPWV), cardiac output (CO), and heart rate variability (HRV)
were determined, as described below.

Hemodynamics

Brachial BP was recorded in the dominant arm using a validated sem-
iautomatic oscillometric sphygmomanometer and an appropriately
sized cuff (HEM-705CP; Omron Corporation, Japan), with a study op-
erator present (research nurse or assistant). Three readings were taken
over a 5-minute period. A high-fidelity micromanometer (SPC-301;
Millar Instruments) interfaced with a computer using SphygmoCor
software (SphygmoCor; AtCor Medical, Australia) was used to re-
cord radial artery waveforms from the wrist of the dominant arm and
generate a corresponding central (ascending aortic) waveform, as al-
ready validated.” From this, central (aortic) BP, measures of arterial
wave reflections (augmentation index [AIx] and augmentation pres-
sure [AP]), mean arterial pressure (MAP), heart rate (HR), and pulse
pressure amplification were obtained; aPWV was calculated from
waveforms recorded at the carotid and femoral sites using the same
device. All pressure waveforms were sampled over =30 s at each site
and were recorded in duplicate or triplicate if results differed by >4%
(AIx) or 0.5 m/s (aPWV) over repeated readings.'” CO, cardiac index,
and stroke volume (SV) were assessed using a noninvasive, inert gas
rebreathing technique (Innocor, Innovision A/S, Denmark)'' which
has previously been validated against thermodilution and direct Fick
methods.'? In brief, while resting, subjects continuously rebreathed a
gas mixture (1% SF,, 5% N,0, and 94% O,) over 20 s, with a breath-
ing rate of 15/min. Expired gases were sampled continuously and
analyzed by an infra-red photoacoustic gas analyzer, for the determi-
nation of CO, SV, and cardiac index. Peripheral vascular resistance
(PVR) was estimated using the formula: PVR (dynesscm’)=MAP
(mmHg)x80/CO (L/min). All measurements were made by trained
investigators. The within- and between-observer measurement re-
producibility values for the arterial stiffness measurements were in
agreement with our previously published data.'” The coefficient of
variation of repeated determinations of CO was <10%.

Heart Rate Variability

The SphygmoCor device (SphygmoCor; AtCor Medical, Australia)
was used to provide HRV measurements. After 20 minutes of supine
rest, a 3-lead ECG signal was recorded over 10 minutes at a sampling
rate of 1024 Hz. The analysis of time-domain components of HRV
was assessed using the mean and SD of inter-beat (RR) intervals (ms),
as already validated."® Frequency-domain components were then esti-
mated by Fast Fourier Transform to calculate the powers in the high
frequency (from 0.15 to 0.40 Hz) and low frequency (from 0.04 to
0.15 Hz) ranges, as described previously."® High frequency and low
frequency components of HRV were expressed in normalized units;
the low frequency:high frequency ratio was also calculated.

Biochemical Measurements

Blood samples were collected from the antecubital vein under fast-
ing conditions. TC (total cholesterol), LDL-C (low-density lipopro-
tein cholesterol), HDL-C (high-density lipoprotein cholesterol), TG
(triglycerides), and serum glucose and creatinine were assessed using
standard laboratory methods.

Statistical Analysis

Data were analyzed using SPSS software (version 25.0). Subjects
were grouped according to seated brachial BP following the American
Heart Association/American College of Cardiology 2017 guidelines
for the classification of hypertension*: normal BP (NBP: SBP <120
mm Hg and DBP <80 mmHg); EBP (SBP 120-129 mm Hg and DBP
<80 mmHg); hypertension stage 1 (HT1: SBP 130-139 mmHg or
DBP 80-89 mmHg); and hypertension stage 2 (HT2: SBP =140
mmHg or DBP 290 mmHg). Data were analyzed separately for
males and females and differences between BP groups were evalu-
ated using 1-way ANOVA for continuous variables and y? test for cat-
egorical variables. Post hoc analyses were conducted using the Tukey
method. ANCOVA was used to assess differences between BP groups
in all hemodynamic parameters after adjusting for age and ethnicity.
aPWV was adjusted for HR and MAP, whereas Alx and AP were
adjusted for HR and height. All values represent means+SD, and a P
value of <0.05 was considered significant.

Results

Demographic and Metabolic Characteristics
Demographic and metabolic characteristics are presented in
Tables 1 and 2 for males and females, respectively. The pro-
portion of the different ethnic groups is shown in Table S1 in
the online-only Data Supplement. HT1 was the most common
BP phenotype in males (29%), whereas NBP was the most
common BP phenotype in females (68%), and the prevalence
of EBP, HT1, and HT?2 in males was more than twice that in
females. A breakdown of specific BP phenotypes is provided
in Table S2.

For both males and females, there were significant, pos-
itive trends for higher age, weight, and BMI with increasing
BP category (P<0.001 for all). There were also significant
positive trends for TG with increasing BP category in males
(P<0.001 for overall trend) and for TC, LDL-C (P<0.001 for
both), and serum glucose (P=0.004) in females. Additional
data about lifestyle factors and biochemistry are shown in
Tables S3 and S4 for males and females, respectively.

Hemodynamic Characteristics

Detailed seated and supine hemodynamic characteristics
are presented in Tables 3 and 4 and in Figures 1 and 2. In
males, CO increased across the 4 BP categories (P<0.001 for
overall trend), with a difference of 1.48 L/min between NBP
and HT2. This trend was attenuated, but remained significant,
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Table 1. Demographic and Metabolic Characteristics in Males

Normal Elevated Hypertension, Stage 1 Hypertension, Stage 2
Parameter N=409 (26%) N=343 (22%) N=457 (29%) N=355 (23%) PValue
Age, y 2245 2245 23+6*t 26+6*tt <0.001
Height, m 1.78+0.07 1.79+0.07* 1.79+0.07* 1.79+0.07* 0.003
Weight, kg 70.69+11.08 74.44+10.45* 80.58+14.62*F 85.67+14.89*11 <0.001
BMI, kg/m? 22.39+3.03 23.25+2.99* 25.13+4.22*t 26.64+4.471% <0.001
Total cholesterol, mmol/L 3.87+0.81 3.86+0.78 4.12+0.89*F 4.61+1.14*t% <0.001
HDL-C, mmol/L 1.34+0.31 1.34+0.30 1.62+0.32 1.33+0.43 0.6
LDL-C, mmol/L 2.20+1.20 2.12+0.66 2.31+0.79t 2.64+1.05*tF <0.001
Triglycerides, mmol/L 0.92+0.55 1.05+0.79 1.18+0.76* 1.62+1.92*t% <0.001
Glucose, mmol/L 4.91+5.08 4.72+0.68 4.78+0.83 4.87+0.79 0.8

Data are means=SD. Normal blood pressure: SBP <120 mmHg and DBP <80 mmHg; Elevated blood pressure: SBP 120-129 mmHg and DBP <80 mmHg;
Hypertension stage 1: SBP 130—139 mmHg or DBP 80-89 mm Hg; Hypertension stage 2: SBP >140 mmHg or DBP =90 mm Hg. BMI indicates body mass index; HDL-C,

high-density lipoprotein cholesterol; and LDL-C, low-density lipoprotein cholesterol.

*P<0.05 vs normal blood pressure.
1P<0.05 vs elevated blood pressure.
$P<0.05 vs hypertension stage 1.

after adjusting for body size (body surface area; P<0.001 for
overall trend). Similar positive trends were observed for both
HR and SV (P<0.001 for both), with differences of 7 beats per
minute and 11 mL between NBP and HT2 for HR and SV, re-
spectively, although the trend for SV was no longer significant
after adjusting for body size (P=0.4). AP and Alx were high-
est in HT2 (P<0.001 for both); PVR was lowest in the EBP
group (P=0.04), whereas aPWYV did not differ between the BP
categories (P=0.7) after adjustment for height and HR (AlIx)
or HR and MAP (aPWV). In females, CO was significantly
elevated in the hypertensive categories compared with the
normotensive group (P<0.001 for overall trend). This pattern
remained after adjusting for body size (P<0.001 for overall
trend). Interestingly, although HR increased across the 4 BP
categories (P<0.001 for overall trend), with a difference of 9

Table 2. Demographic and Metabolic Characteristics in Females

beats per minute between the lowest and the highest category,
unlike in males, there was no difference in SV between the 4
BP categories (P=0.4; difference of 2 mL between the highest
and the lowest category). Moreover, adjusting for body size
revealed a significant decline in SV with increasing BP cate-
gory (P=0.002 for overall trend). Similar to males, AP and Alx
were highest in HT2 (P<0.001 for both) after adjustment for
height and HR. However, unlike males, PVR was also highest
in HT2 (P<0.001 for overall trend), as was aPWV (P<0.001
for overall trend), after adjustment for HR and MAP.

HRYV Characteristics

HRYV data were available in a subgroup of 961 subjects (465
males and 496 females) and are summarized in Tables S5 and
S6, for males and females, respectively. In males, total power

Normal Elevated Hypertension Stage 1 Hypertension Stage 2

Parameter N=1080 (68%) N=121 (8%) N=236 (15%) N=144 (9%) PValue
Age,y 23+5 22+5 24+7*% 28+7*tt <0.001
Height, m 1.65+0.07 1.66+0.07 1.65+0.07 1.63+0.07*t% 0.002
Weight, kg 61.66+10.25 65.87+9.99* 65.44+12.93* 72.95+18.64*1% <0.001
BMI, kg/m? 22.51+3.39 23.76+3.14* 23.77+4.84* 26.37+7.73*t% <0.001
Total cholesterol, mmol/L 4.18+0.86 4.33+0.86 4.35+0.84* 4.60+0.90*F <0.001
HDL-C, mmol/L 1.55+0.40 1.53+0.39 1.54+0.38 1.47+0.42 0.2

LDL-C, mmol/L 2.29+0.74 2.41+0.73 2.42+0.73 2.64+0.90*F <0.001
Triglycerides, mmol/L 0.86+0.51 0.96+0.50 0.92+0.03 1.18+0.07*t% <0.001
Glucose, mmol/L 4.50+0.72 4.65+0.73 4.60+0.70 4.71+0.97* 0.004

Data are means=SD. Normal blood pressure: SBP <120 mmHg and DBP <80 mmHg; Elevated blood pressure: SBP 120-129 mmHg and DBP <80 mmHg;
Hypertension stage 1: SBP 130—139 mm Hg or DBP 80-89 mm Hg; Hypertension stage 2: SBP >140 mm Hg or DBP >90 mm Hg. BMI indicates body mass index; HDL-C,
high-density lipoprotein cholesterol; and LDL-C, low-density lipoprotein cholesterol.

*P<0.05 vs normal blood pressure.

1P<0.05 vs elevated blood pressure.

$P<0.05 vs hypertension stage 1.
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Table 3. Seated Brachial and Aortic Blood Pressure Values and Supine Hemodynamic Characteristics in Males

Normal Elevated Hypertension Stage 1 Hypertension Stage 2 PValue

Parameter N=409 (26%) N=343 (22%) N=457 (29%) N=355 (23%)

Seated
Brachial SBP, mmHg 112+7 124+7 131+7 148+7 <0.001
Brachial DBP, mm Hg 69+7 727 797 88+7 <0.001
Brachial PP, mmHg 44+9 52+9 52+9 59+9 <0.001
Aortic SBP, mmHg 96+6 104+6 1116 125+6 <0.001
Aortic PP, mm Hg 266 316 30+6 35+6 <0.001
Pulse pressure amplification, ratio 1.68+0.13 1.70+0.14 1.71£0.14 1.71£0.13 0.07

Supine
Mean pressure, mmHg 80+7 83+7 87+7 97+8 <0.001
Heart rate, beats per minute 63+11 64+11 66+11* 70£11*t% <0.001
Cardiac output, L/min 7.47+1.95 8.21+1.94* 8.50+1.92* 8.95+1.98*1% <0.001
Cardiac index, L m™ m? 3.98+0.96 4.26+0.96* 4.30+0.96* 4.45+0.98* <0.001
Stroke volume, mL 105+30 110+30 113+30* 116+30*t <0.001
Stroke volume index, mL/m? 56+14 57+14 5714 58+15 0.4
Peripheral vascular resistance dyns/cm® 907+264 855+264* 883263 905+268 0.04
Aortic pulse wave velocity, m/s 5.57+0.78 5.67+0.78 5.97+0.92*t 6.52+1.16*tf <0.001
Aortic pulse wave velocity, m/s§ 5.90+0.89 5.88+0.83 5.92+0.81 5.97+0.99 0.7
Augmentation pressure, mmHg 0.38+3.64 —-0.54+3.68* 0.08+4.30 1.26+£5.19*tf <0.001
Augmentation pressure, mmHgll 0.21+£3.79 —0.44+3.76 —0.05+3.73 0.84+3.89t% <0.001
Augmentation index (%) 0.56+10.76 —1.85+10.45* 0.20+11.74 3.06+13.38*1% <0.001
Augmentation index (%)l 0.30+10.40 -1.56+10.30 —-0.09+10.22 2.09+10.641% <0.001

All data are adjusted for age and ethnicity. Data are means+SD. Normal blood pressure: SBP <120 mmHg and DBP <80 mmHg; Elevated blood pressure: SBP 120—
129 mmHg and DBP <80 mm Hg; Hypertension stage 1: SBP 130—139 mm Hg or DBP 80—-89 mm Hg; Hypertension stage 2: SBP >140 mm Hg or DBP >90 mm Hg. DBP
indicates diastolic blood pressure; PP, pulse pressure; and SBP, systolic blood pressure.

*P<0.05 vs normal blood pressure.

1P<0.05 vs elevated blood pressure.

$P<0.05 vs hypertension stage 1.

§Data indexed to heart rate and mean arterial pressure.
I Data indexed to height and heart rate.

decreased significantly across the BP categories (P=0.02 for
overall trend), as did the standard deviation of normal-to-nor-
mal intervals (SDNN; P=0.003 for overall trend), the propor-
tion of successive NN intervals greater than 50 ms divided by
the total number of NN intervals (pNN50; P=0.001 for overall
trend), the root mean square of successive differences between
RR intervals (RMSSDD; P=0.02 for overall trend), and tri-
angular index (P=0.03 for overall trend). In females, SDNN
and pNN50 were significantly reduced in HT2 compared with
EBP and NBP groups (P=0.03 and P=0.007, respectively),
and RMSSDD showed a significant general decreasing trend
across the EBP and hypertensive categories without any spe-
cific differences between them (P=0.03).

Discussion
Our major findings were that key cardiovascular phenotypes as-
sociated with hypertension in young adults were also present
in individuals with EBP and differed markedly between males
and females. Although elevated CO was common to both sexes,
albeit driven by different mechanisms, hypertensive males

displayed a predominantly cardiac phenotype with lower or
normal PVR, whereas females displayed a predominantly vas-
cular phenotype, relating to the resistance vasculature and larger
arteries, and characterized by elevated PVR, Alx, and aPWV.
The higher prevalence of EBP, HT1, and HT2 in males than
in females, observed in the current study, was not surprising as
it is well established that BP is lower in females than in males
from adolescence until the fifth decade, when the prevalence
of hypertension in females increases steeply.'*'® Moreover,
the high proportion of HT1 in males reflects the definition of
hypertension (BP >130/80 mmHg) used in the current study,
following the American Heart Association/American College
of Cardiology 2017 guidelines.* Although the guidelines are
controversial,'” in most cases, lifestyle modification rather
than pharmacological treatment is still recommended.'
Relatively few studies have investigated the hemodynamic
mechanisms underlying mild BP elevation in young adults, and
they have mainly focused on prehypertensive individuals as de-
fined by The Seventh Report of the Joint National Committee
on Prevention, Detection, Evaluation, and Treatment of High
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Figure 1. Hemodynamic parameters according to blood pressure (BP) category in males and females. A, Cardiac output (CO); (B) heart rate (HR); (C) stroke
volume (SV); and (D) peripheral vascular resistance (PVR). *P<0.05 vs Normal. TP<0.05 vs elevated BP. 1P<0.05 vs hypertension (HT) stage 1.

Blood Pressure guidelines.!” Data from the Strong Heart Study®
reported an increase in CO and HR, together with increased
left ventricular mass, associated with prehypertension and hy-
pertension in a large cohort (N=1940) of young people aged 14
to 39 years. However, the high prevalence of diabetes mellitus
and obesity in this population could have contributed to the
adverse cardiovascular profile described in the prehyperten-
sion group. In the current study, we have considered healthy
young adults with limited exposure to cardiovascular risk

factors. Grouping subjects according to the American Heart
Association/American College of Cardiology 2017 guidelines
allowed us to compare cardiovascular characteristics across a
range of BP levels, while gaining mechanistic insights to the
impact of the new guidelines in young adults.

We observed that increased CO was associated with EBP
and hypertension in both males and females, even after adjust-
ing for body surface area. This means that the elevation of CO
was not simply secondary to increased body size but could
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Figure 2. Hemodynamic parameters according to blood pressure (BP) category in males and females. A, Augmentation index (Alx) and (B) aortic pulse wave
velocity (PWV). *P<0.05 vs Normal. TP<0.05 vs elevated BP. 1P<0.05 vs hypertension (HT) stage 1.
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Table 4. Seated Brachial and Aortic Blood Pressure Values and Supine Hemodynamic Characteristics in Females

Normal Elevated Hypertension Stage 1 Hypertension Stage 2

Parameter N=1080 (68%) N=121 (8%) N=236 (15%) N=144 (9%) PValue

Seated
Brachial SBP, mmHg 107+8 123+8 122+8 143+8 <0.001
Brachial DBP, mm Hg 69+6 746 82+6 96+6 <0.001
Brachial PP, mmHg 38+8 50+8 39+8 46+8 <0.001
Aortic SBP, mmHg 93+7 1057 108+7 129+7 <0.001
Aortic PP, mmHg 236 30+6 25+6 316 <0.001
Pulse pressure amplification, ratio 1.64+0.16 1.66+0.16 1.62+0.16 1.53+0.16*tt <0.001

Supine
Mean pressure, mmHg 78+7 84+7 89+7 105+7 <0.001
Heart rate, beats per minute 6611 69+11* 71+11* 75x11*t% <0.001
Cardiac output, L/min 6.22+1.48 6.82+1.47* 6.63+1.41* 6.90+1.52* <0.001
Cardiac index, L m~' m2 3.71+0.81 3.94+0.08* 3.87+0.05* 3.93+0.07* <0.001
Stroke volume, mL 85+21 85+21 8321 83+22 0.4
Stroke volume index, mL/m? 51+12 49+12 48+12* 47+12* 0.002
Peripheral vascular resistance, dyns/cm® 1055+283 1031+283 1127+282*t 1311+288*t% <0.001
Aortic pulse wave velocity, m/s 5.37+0.79 5.61+0.78* 5.79+0.88* 6.91+1.14*tt <0.001
Aortic pulse wave velocity, m/s§ 5.54+0.87 5.66+0.77 5.54+0.81 5.97+1.07*tf <0.001
Augmentation pressure, mmHg 1.44+3.46 0.83+3.83 2.98+4.40%t 7.40+5.20*t% <0.001
Augmentation pressure, mmHgll 1.41£3.27 1.48+3.25 2.81+3.28*F 6.34+3.41*t% <0.001
Augmentation index (%) 5.17+12.39 2.36+11.79 9.78+13.27*t 20.51+13.34*t% <0.001
Augmentation index (%) 5.13+10.77 4.75+10.68 9.18+10.70*t 17.54+11.20*t% <0.001

All data are adjusted for age and ethnicity. Data are means+SD. Normal blood pressure: SBP <120 mmHg and DBP <80 mmHg; Elevated blood pressure: SBP
120-129 mmHg and DBP <80 mm Hg; Hypertension stage 1: SBP 130-139 mmHg or DBP 80-89 mm Hg; Hypertension stage 2: SBP >140 mm Hg or DBP >90 mm Hg.
DBP indicates diastolic blood pressure; PP, pulse pressure; and SBP, systolic blood pressure.

*P<0.05 vs normal blood pressure.

1P<0.05 vs elevated blood pressure.

$P<0.05 vs hypertension stage 1.

§Data indexed to heart rate and mean arterial pressure.
I Data indexed to height and heart rate.

represent the predominant hemodynamic disturbance involved
in the early elevation of BP in young adults. In addition, our
findings suggest that the mechanisms underlying elevated CO
in young people are influenced by sex. CO is the product of SV
and HR, and although both variables increased across the BP
groups in males, only HR showed a significant positive trend
with increasing BP category in females. Indeed, SV adjusted for
body surface area actually declined with increasing BP category
in females, confirming the marginal role of SV in the elevation
of CO in young females. Previous investigators have described
the phenomenon of a hyperdynamic circulation in young males,
preceding the development of sustained hypertension, charac-
terized by normal PVR but increased SV and HR.?! In addition,
our previous data from the Enigma study, which focused on the
pathogenesis of isolated systolic hypertension, reported an in-
crease in CO, SV, and aPWV in young participants (predom-
inantly males) with isolated systolic hypertension compared
with normotensives.® A hyperdynamic, high CO phenotype
was also described by Romero et al*? in their young patients
with isolated diastolic/predominantly diastolic hypertension,

although their cohort was very small (N=46). Nevertheless,
their data suggest that a hyperkinetic circulation could be also
involved in the pathogenesis of isolated diastolic hypertension/
predominantly diastolic hypertension in young people. An el-
evated CO could represent the principal early hemodynamic
disturbance in both young males and females with mild BP el-
evation and initiate a cascade of hemodynamic adaptations that
differ by sex, although this hypothesis remains to be tested.

In the present study, PVR was lowest in subjects with EBP.
This pattern could represent an initial compensatory lower-
ing of PVR in response to the elevated CO, perhaps to protect
end organs from potentially damaging increases in blood flow.
Moreover, the normal PVR observed in hypertensive males may
actually signify a failure of the peripheral vasculature to adapt
appropriately to the high flow (CO). In contrast, the markedly
increased PVR in hypertensive females suggests a predomi-
nant and, possibly, earlier involvement of PVR in the devel-
opment of sustained hypertension in females. Interestingly, a
similar trend was observed for aPWV which was associated
with hypertension in females, but not in males. Moreover, the
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magnitude of differences in AP and Alx between those with
NBP and the hypertensive categories were more marked in
females than in males. Taken together, these data suggest that a
vascular phenotype, characterized by increased PVR, increased
wave reflections, and increased arterial stiffness, may dom-
inate the development of sustained hypertension in females.
In contrast, a more cardiac phenotype, characterized by an
increase of both CO and SV, may dominate the development
of sustained hypertension in males. These sex differences in
hemodynamic phenotypes might explain the greater tendency
of hypertensive females to develop end-organ damage. Indeed,
data from the HARVEST study (Hypertension and Ambulatory
Recording Venetia Study), focusing on end-organ damage in a
young- to middle-aged cohort screened for HT1, demonstrated
that microalbuminuria and left ventricular hypertrophy were
more common in females than in males.?

HRV represents a widely used noninvasive tool to estimate
cardiac autonomic activity.'”® Previous data support the in-
volvement of both sympathetic and parasympathetic nervous
systems in the increased CO associated with early elevations
of BP2**%" In the current study, although there were no sig-
nificant differences in components of HRV between NBP and
EBP groups, most HRV indices decreased across the BP cat-
egories, particularly in males. However, further studies, ade-
quately powered, are needed to investigate autonomic nervous
system activity in young people with mild BP elevation.

There are several limitations of the current study. Its
cross-sectional design does not permit us to examine causality
or to distinguish parallel from sequential pathways involved in
the development of sustained hypertension. Our stratification
was based on BP measured on a single occasion, and we cannot
exclude a possible white-coat effect among the young partici-
pants, despite the standardized measurement conditions. We
did not investigate microvascular structure or function and so
cannot determine the precise factors underlying the increased
Alx and PVR in hypertensive females. Although there is some
evidence suggesting an influence of the phase of menstrual
cycle on arterial stiffness and wave reflections in females,?%
we did not collect these data and so cannot assess this in the
current study. Moreover, we included a small number of sub-
jects with asthma and taking inhaled corticosteroids. Because
asthma has been associated with hypertension,*® we cannot ex-
clude a possible interference of asthma with BP values in the
current data. Finally, our analyses based on HRV may have
been underpowered to explore the involvement of sympa-
thetic and parasympathetic activity in early elevations of BP
in this cohort. The large cohort of young individuals and the
long-term follow-up study design are strengths of the Enigma
study, which should enable us to determine the causal mecha-
nisms of hypertension in the future.

Perspectives
BP in young adults predicts BP in later life, and individu-
als with EBP during adolescence or young adulthood are
at greater risk of developing sustained hypertension and its
pathological consequences. Therefore, understanding the
mechanisms underlying early elevations in BP is important
for appropriate intervention and follow-up of those individu-
als at high risk of developing sustained hypertension. Our data
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suggest that hemodynamic changes are incremental and not
simply confined to a diagnosis of hypertension. As such, an
increased CO could represent the common, initiating mech-
anism involved in the early elevation of BP. However, the pre-
dominantly cardiac phenotype of hypertension observed in
males versus vascular phenotype of hypertension observed in
females suggest that responses to pharmacotherapy will be
heterogeneous between sexes and that targeting of therapy
to underlying hemodynamic phenotypes could be a use-
ful strategy to optimize BP control. As such, vascular phe-
notypes may benefit from peripheral vasodilators, whereas
cardiac phenotypes may benefit from diuretics, if driven by
volume overload, or 31 antagonists, if driven by cardiogenic
mechanisms. Clearly, further trials are required before target-
ing therapy in this way can become the accepted approach to
BP control in routine clinical practice.

Appendix
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Thomas, Sharon Wallace, Ian Wilkinson, Yasmin.

Acknowledgments
We acknowledge help from the Fondazione per la Ricerca Biomedica
Cardiovascolare (FORIBICA) Foundation.

Sources of Funding
Data collection for this work was funded by the British Heart
Foundation (PG03/050/15366 and FS/06/005). This work was
funded, in part, by the National Institute for Health Research (NIHR)
Cambridge Biomedical Research Centre. The views expressed are
those of the authors and not necessarily those of the NIHR.

Disclosures
None.

References

1. World Health Organisation. Global status report on noncommunicable
diseases. World Health. 2010;176.

2. Vasan RS, Larson MG, Leip EP, Evans JC, O’Donnell CJ, Kannel
WB, Levy D. Impact of high-normal blood pressure on the risk of
cardiovascular disease. N Engl J Med. 2001;345:1291-1297. doi:
10.1056/NEJMo0a003417

3. Lewington S, Clarke R, Qizilbash N, Peto R, Collins R; Prospective
Studies Collaboration. Age-specific relevance of usual blood pressure
to vascular mortality: a meta-analysis of individual data for one mil-
lion adults in 61 prospective studies. Lancet. 2002;360:1903-1913. doi:
10.1016/S0140-6736(02)11911-8

4. Whelton PK, Carey RM, Aronow WS, et al. 2017 ACC/AHA/AAPA/
ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA guideline for
the prevention, detection, evaluation, and management of high blood
pressure in adults: executive summary: a report of the American
College of Cardiology/American Heart Association Task Force on
Clinical Practice Guidelines. Hypertension. 2018;71:1269-1324. doi:
10.1161/HYP.0000000000000066

5. Chen X, Wang Y. Tracking of blood pressure from childhood to
adulthood: a systematic review and meta-regression analysis. Circ.
2012;40:1301-1315.

6. Franklin S, Gustin W, Wong ND, Larson MG, Weber MA, Kannel WB,
Levy D. Hemodynamic patterns of age-related changes in blood pressure
the Framingham Heart Study. Circulation. 2007;96:308-315.

7. Pletcher MJ, Bibbins-Domingo K, Lewis CE, Wei GS, et al
Prehypertension during young adulthood and coronary calcium later in



6T0Z ‘T Afeniged uo Aq Bio'sfeuinofeye//:dny woly pspeojumogd

1284

10.

11.

12.

13.

14.

16.

18.

. McEniery

Hypertension December 2018

life: the coronary artery risk development in young adults study mark.
2008;149:91-99.

CM, Yasmin, Wallace S, Maki-Petaja K, McDonnell
B, Sharman JE, Retallick C, Franklin SS, Brown MIJ, Lloyd RC,
Cockceroft JR, Wilkinson IB; ENIGMA Study Investigators. Increased
stroke volume and aortic stiffness contribute to isolated systolic hy-
pertension in young adults. Hypertension. 2005;46:221-226. doi:
10.1161/01.HYP.0000165310.84801.e0

. Pauca AL, Rourke MFO, Kon ND. Prospective evaluation of a method for

estimating ascending aortic pressure from the radial artery pressure wave-
form. 2010.

Wilkinson IB, Fuchs SA, Jansen IM, Spratt JC, Murray GD, Cockcroft
JR, Webb DJ. Reproducibility of pulse wave velocity and augmentation
index measured by pulse wave analysis. J Hypertens. 1998;16(12 pt
2):2079-2084.

Clemensen P, Christensen P, Norsk P, Grgnlund J. A modified photo-
and magnetoacoustic multigas analyzer applied in gas exchange
measurements. J Appl Physiol (1985). 1994;76:2832-2839. doi:
10.1152/jappl.1994.76.6.2832

Peyton PJ, Thompson B. Agreement of an inert gas rebreathing device
with thermodilution and the direct oxygen Fick method in measurement
of pulmonary blood flow. J Clin Monit Comput. 2004;18:373-378.

Heart rate variability. Standards of measurement, physiological, interpre-
tation and clinical use. Task Force of the European Society of Cardiology
and the North American Society of Pacing and Electrophysiology. Eur
Heart J. 1996;17:354-381.

Wolf-Maier K, Cooper RS, Banegas JR, Giampaoli S, Hense HW,
Joffres M, Kastarinen M, Poulter N, Primatesta P, Rodriguez-Artalejo
F, Stegmayr B, Thamm M, Tuomilehto J, Vanuzzo D, Vescio F.
Hypertension prevalence and blood pressure levels in 6 European coun-
tries, Canada, and the United States. JAMA. 2003;289:2363-2369. doi:
10.1001/jama.289.18.2363

. Syme C, Abrahamowicz M, Leonard GT, Perron M, Richer L, Veillette

S, Xiao Y, Gaudet D, Paus T, Pausova Z. Sex differences in blood
pressure and its relationship to body composition and metabolism
in adolescence. Arch Pediatr Adolesc Med. 2009;163:818-825. doi:
10.1001/archpediatrics.2009.92

Joyner MJ, Wallin BG, Charkoudian N. Sex differences and blood
pressure regulation in humans. Exp Physiol. 2016;101:349-355. doi:
10.1113/EP085146

. Poulter NR, Castillo R, Charchar FJ, Schlaich MP, Schutte AE,

Tomaszewski M, et al. Are the American Heart Association/American
College of Cardiology high blood pressure guidelines fit for global purpose?
Thoughts from the International Society of Hypertension. Hypertension.
2018;72:260-62. doi: 10.1161/HYPERTENSIONAHA.118.11452

Muntner P, Carey RM, Gidding S, Jones DW, Taler SJ, Wright JT Jr,
Whelton PK. Potential US population impact of the 2017 ACC/AHA

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

high blood pressure guideline. Circulation. 2018;137:109-118. doi:
10.1161/CIRCULATIONAHA.117.032582

. Bakris GL, Black HR, Cushman WC, Green LA, 1zzo JL, Jones DW, et al.

The Seventh report of the Joint National Committee on prevention, detec-
tion, evaluation, and treatment. 2003;289:2560-2573.

Drukteinis JS, Roman MJ, Fabsitz RR, Lee ET, Best LG, Russell
M, Devereux RB. Cardiac and systemic hemodynamic characteris-
tics of hypertension and prehypertension in adolescents and young
adults: the Strong Heart Study. Circulation. 2007;115:221-227. doi:
10.1161/CIRCULATIONAHA.106.668921

Julius S, Krause L, Schork NJ, Mejia AD, Jones KA, van de Ven C,
Johnson EH, Sekkarie MA, Kjeldsen SE, Petrin J. Hyperkinetic border-
line hypertension in Tecumseh, Michigan. J Hypertens. 1991;9:77-84.
Romero CA, Alfie J, Galarza C, Waisman G, Peixoto AJ, Tabares AH,
Orias M. Hemodynamic circulatory patterns in young patients with pre-
dominantly diastolic hypertension. J Am Soc Hypertens. 2013;7:157-162.
doi: 10.1016/j.jash.2013.01.001

Palatini P, Mos L, Santonastaso M, Saladini F, Benetti E, Mormino P,
Bortolazzi A, Cozzio S. Premenopausal women have increased risk
of hypertensive target organ damage compared with men of sim-
ilar age. J Womens Health (Larchmt). 2011;20:1175-1181. doi:
10.1089/jwh.2011.2771

Fouad FM, Tarazi RC, Dustan HP, Bravo EL. Hemodynamics of essential
hypertension in young subjects. Am Heart J. 1978;96:646-654.

Messerli FH, Frohlich ED, Suarez DH, Reisin E, Dreslinski GR, Dunn
FG, et al. Borderline hypertension: relationship between age, hemo-
dynamics and circulating catecholamines. Circulation. 1981;64:
760-764.

Julius S, Pascual AV, London R. Role of parasympathetic inhibi-
tion in the hyperkinetic type of borderline hypertension. Circulation.
1971;44:413-418.

Folkow B. Perspectives in hypertension “structural factor” in primary and
secondary hypertension. Hypertension. 1990;16:89-101.

Robb AO, Mills NL, Din JN, Smith IB, Paterson F, Newby DE,
Denison FC. Influence of the menstrual cycle, pregnancy, and pree-
clampsia on arterial stiffness. Hypertension. 2009;53:952-958. doi:
10.1161/HYPERTENSIONAHA.109.130898

Hayashi K, Miyachi M, Seno N, Takahashi K, Yamazaki K, Sugawara J,
Yokoi T, Onodera S, Mesaki N. Variations in carotid arterial compliance
during the menstrual cycle in young women. Exp Physiol. 2006;91:465—
472. doi: 10.1113/expphysiol.2005.032011

Ferguson S, Teodorescu MC, Gangnon RE, Peterson AG, Consens
FB, Chervin RD, Teodorescu M. Factors associated with sys-
temic hypertension in asthma. Lung. 2014;192:675-683. doi:

10.1007/s00408-014-9600-y

Novelty and Significance

What Is New?

An increased cardiac output could represent the common, initiating
mechanism involved in the early elevation of blood pressure.

A predominantly cardiac phenotype was associated with the develop-
ment of hypertension in males.

A vascular phenotype, characterized by elevated peripheral vascular re-
sistance, aortic pulse wave velocity, and augmentation index, was asso-
ciated with the development of hypertension in females.

What Is Relevant?

Sex differences in hemodynamic phenotypes suggest that responses to
pharmacotherapy will be heterogeneous and that targeting of therapy to

Cardiovascular phenotypes underlying hypertension in young
adults are already present at the elevated blood pressure stage and
differ markedly between males and females.

underlying hemodynamic phenotypes could be a useful strategy to opti-
mize blood pressure control.

Further studies are required before targeting therapy in this way can
become the accepted approach to blood pressure control in routine clin-
ical practice.

Summary






