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Abstract
Blood pressure (BP) measurements obtained during a twenty-four-hour ambulatory blood pressure monitoring (24 h ABPM)
have not been reliably applied to extract arterial hemodynamics. We aimed to describe the hemodynamic profiles of different
hypertension (HT) subtypes derived from a new method for total arterial compliance (Ct) estimation in a large group of
individuals undergoing 24 h ABPM. A cross-sectional study was conducted, which included patients with suspected HT.
Cardiac output, Ct, and total peripheral resistance (TPR) were derived through a two-element Windkessel model without
having a pressure waveform. Arterial hemodynamics were analyzed according to HT subtypes in 7434 individuals (5523
untreated HT and 1950 normotensive controls [N]). The individuals mean age was 46.2 ± 13.0 years; 54.8% were male, and
22.1% were obese. In isolated diastolic hypertension (IDH), the cardiac index (CI) was greater than that in normotensive (N)
controls (CI: IDH vs. N mean difference 0.10 L/m/m2; CI 95% 0.08 to 0.12; p value <0.001), with no significant clinical
difference in Ct. Isolated systolic hypertension (ISH) and divergent systolic-diastolic hypertension (D-SDH) had lower Ct

values than nondivergent HT subtype (Ct: divergent vs. nondivergent mean difference −0.20 mL/mmHg; CI 95% −0.21 to
−0.19 mL/mmHg; p value <0.001). Additionally, D-SDH displayed the highest TPR (TPR: D-SDH vs. N mean difference
169.8 dyn*s/cm−5; CI 95% 149.3 to 190.3 dyn*s/cm−5; p value <0.001). A new method is provided for the simultaneous
assessment of arterial hemodynamics with 24 h ABPM as a single diagnostic tool, which allows a comprehensive assessment
of arterial function for hypertension subtypes.
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Introduction

Twenty-four-hour blood pressure monitoring (24 h ABPM)
has an established role in evaluating and managing arterial
hypertension (HT). Current HT guidelines accept 24 h
ABPM as the method of choice for a precise diagnosis and

evaluation of HT [1, 2] and confirm various phenotypes
based on ambulatory blood pressure (BP) behavior. To date,
however, oscillometric BP measurements obtained during a
24 h ABPM study have not been consistently applied to
extract hemodynamic parameters such as total arterial
compliance (Ct), cardiac output (CO), or total peripheral
resistance (TPR).

Some of the hemodynamic abnormalities observed in
HT are attributed to an increased TPR or a low Ct [3, 4],
and their identification helps to understand the patho-
physiology of essential HT and may also facilitate patient
management [5]. Nevertheless, the obtention of Ct and
other hemodynamic parameters could need dedicated
instrumentation or devices which require trained observers
[3, 6–8]. Previous clinical studies have shown the
importance of Ct and its effects on aortic pulsatility and
pulse pressure (PP) to understand the pathogenesis of
arterial hypertension [9, 10]. However, the inclusion of Ct

in clinical studies of hypertension hemodynamics has been
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limited. Recently, Majajan et al. [6] evaluated a large
group of hypertensive outpatients using impedance car-
diography to obtain the cardiac index (CI) and systemic
vascular resistance index but not Ct.

Great heterogeneity was observed in the hemodynamic
phenotype between patients with similar degrees of BP
elevation, with no clear explanation for those findings [6]
Also, studies of the isolated systolic hypertension (ISH)
subtype, have shown contrasting differences in age and
anthropometric factors [11–13] as well as in aortic proper-
ties which are linked to arterial compliance changes and
affect the BP profile [6, 10]. Those observations emphasize
the need of clinical methods to assess simultaneously steady
and pulsatile hemodynamics.

The possibility of deriving hemodynamic features with
the same BP values obtained during a 24 h ABPM study
would refine this method by adding complementary

pathophysiological information about the function of the
arterial system in hypertensive patients [14]. We aimed to
describe the hemodynamic profiles of different HT subtypes
derived from this new Ct estimation method obtained from
the average ambulatory BP and heart rate (HR) values in a
large group of individuals undergoing 24 h ABPM. We
hypothesize that there are different hemodynamic profiles
according to the HT subtypes.

Methods

Study design

A cross-sectional study was conducted, which included
patients with suspected BP abnormalities who were referred
to the Centro Clinico y de Investigacion SICOR, Medellín
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Graphical Abstract
Main hemodynamic findings in arterial HT subtypes with regard to Ct and TPR. The 24 h ABPM profile reflects the state of
Ct and TPR. Younger individuals with IDH present with a normal Ct and frequently increased CO. Patients with ND-SDH
maintain an adequate Ct with a higher TPR, while subjects with D-SDH present with a reduced Ct, high PP and high TPR.
Finally, the ISH subtype occurs in older individuals with significantly reduced Ct, high PP and a variable TPR proportional
to the degree of arterial stiffness and MAP values. There was an observed increase in PP with age in relation to the changes
in Ct (see also text). SBP: systolic blood pressure; DBP: diastolic blood pressure; MAP: mean arterial pressure; PP: pulse
pressure; N: normotension; HT: hypertension; IDH: isolated diastolic hypertension; ND-SDH: nondivergent systole-diastolic
hypertension; D-SDH: divergent systolic-diastolic hypertension; ISH: isolated systolic hypertension; Ct: total arterial
compliance; TPR: total peripheral resistance; CO: cardiac output; 24 h ABPM: 24 h ambulatory blood pressure monitoring.



(Colombia), to undergo a 24 h ABPM between November
2017 and November 2021.

Study population

The population was conformed by Latin-American indivi-
duals with the vast majority being mestizos. Patients were
referred by independent physicians mainly due to suspicion
of HT. Patients with missing data, unsatisfactory
24 h ABPM recordings and under the age of 18 were
excluded. Unsatisfactory recordings were considered when
less than 40 measurements or more than 100 measurements
were obtained. Additionally, whenever a difference between
two measurements was greater than 2 h, the study lasted less
than 18 h or more than 24 h, and if BP measurements were
less than 30 during the day and less than 10 or more than 25
during the night.

24 h ambulatory blood pressure monitoring
assessment

Each patient was put on a validated Custo-Screen® (Custo,
Munich, Germany) 24 h ABPM device [15]. Before the
installation, demographic and clinical information, habits, and
anthropometric measurements were recorded following a
predefined protocol [16]. Cuffs were selected based on the
diameter of the nondominant arm. Measurements of BP were
obtained every 15min throughout the day (6:00–22:00) and
every 30min throughout the night (22:00–6:00) [1]. Nor-
motension was defined as a 24 h mean diastolic blood pres-
sure (DBP) < 80mmHg and a 24 h mean systolic blood
pressure (SBP) < 130mmHg [1]. Isolated diastolic hyperten-
sion (IDH) was defined as DBP ≥ 80mmHg with SBP < 130
mmHg. When SBP was ≥130mmHg, and DBP ≥ 80mmHg,
systolic-diastolic hypertension (SDH) subtype was defined.
Based on previous clinical studies, the lower risk quartile and
percentile for PP was 50mmHg [17, 18]. Thus, this value was
selected as a cut-off point for a normal pulse pressure. Then,
SDH subtype was subdivided into two categories: divergent
systolic-diastolic hypertension (D-SDH) if pulse pressure
(PP) ≥ 50mmHg and nondivergent systolic-diastolic hyper-
tension (ND-SDH) in case PP < 50mmHg. Finally, ISH was
defined as SBP > 130 mmHg with DBP < 80mmHg. Mean
arterial pressure (MAP) (mmHg) was calculated as DBP+
PP/3. All data were stored in the institutional database.

Estimation of total arterial compliance and cardiac
output with oscillometric blood pressures

In a previous study, we developed and validated a mean
systolic pressure (MSP) method for estimating Ct and CO
without a BP waveform analysis through a two-element
Windkessel (2-WK) model) [14]. MSP is a measurement of

the volume transfer to the aorta in each heartbeat in terms of
pressure, which is estimated as (MAP+SBP)/2. This for-
mula is obtained with a trapezoid built under the systolic
area of an arterial pressure curve and employing SBP, MAP
and systolic time (Ts) [14].

Ct was defined as the ratio between aortic systolic volume
and the theorical pulse pressure (PPth) (i.e., the aortic pres-
sure value which could be reached if the systolic runoff had
been prevented during aortic ejection) (Supplementary
Methods 1). Experimentally, the PPth is the “true” aortic
pressure needed to obtain the Ct (Supplementary Methods 2)
[19]. In our calculations, this value could be obtained with the
following equation: (Supplementary Methods 1).

Ct ¼ SV

PPþMSP� Ts
τ

Where, Ct, total arterial compliance; SV, stroke volume; PP,
pulse pressure; MSP, mean systolic pressure (the mean
pressure during the ejection period); Ts, systolic time; and τ,
diastolic pressure decay time constant.

The stroke volume (SV) obtained with echocardiography
in two hundred and thirty consecutive patients was used to
calculate Ct and a regression model for Ct was developed
and applied to estimate CO. For Ct assessment, a parsi-
monious model based on the 2-WK was incorporated by
changing the exponential approximation for the time con-
stant of diastolic pressure decay (τ) [20] with a new esti-
mate based on the ratio of steady and the pulsatile
components of BP (Supplementary Methods 3) [19].

Then, Ct was estimated as:

Ct

BSA
¼ 38

PPth
þ 4
5
� Td

T
� 3
7

With, Ct, total arterial compliance; BSA, body surface
area; Td, diastolic time; T, cardiac period; PPth, theoretical
pulse pressure (Supplementary Methods 2).

Habits

The levels of physical activity were defined as follows: i)
level I as inactive or exercise of less than one hour a week; ii)
level II as participating in moderate-intensity exercise
between one to less than three hours per week; and iii) level
III as exercise equal to or greater than three hours per week. A
smoker was defined as a current smoker, and liquor intake
was considered frequent if consumed at least once a week.

Statistical analysis

Initially, an exploratory analysis of the data was conducted to
detect errors in the coding of the variables, including possible
inconsistencies in the data, lost data, and outliers. This analysis
also allowed us to become familiar with the basic distribution
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characteristics of the variables. Graphical methods (histogram
and normal probability plot) were used to evaluate whether the
variables came from a normally distributed population. The
variables that correlated with the body surface area (BSA)
were indexed [21]. For the positive correlation, the variable
was divided by the BSA andmultiplied if negatively correlated
[22]. The variables indexed to BSA were SV, CO, Ct, and
TPR. The means, standard deviations, medians, and percen-
tiles were used to describe the quantitative variables. Propor-
tions were utilized to describe the categorical variables. One-
factor ANOVA with Bonferroni correction was used to com-
pare the quantitative variables between the subgroups, while
the chi-square test of independence was employed to compare
categorical variables. The results are presented as the mean
differences with their respective confidence intervals of 95%;
an alpha error of 0.05 was considered. Analyses were con-
ducted using STATA®, v.14.0 (StataCorp LLC, Texas, United
States) and MATLAB®®, v.9.6 (The MathWorks, Inc., Mas-
sachusetts, United States).

Ethical aspects

The Institutional Ethics Committee approved this study.
Prior to installing the equipment for the diagnostic evalua-
tion, informed written consent was obtained to use the
examination results for research purposes. The health

research rules of Resolution 008430 of 1993 from the
Ministry of Social Protection of Colombia and the princi-
ples of the Declaration of Helsinki in its latest revision were
considered [23].

Results

Of 29,743 consecutive patients who underwent a 24 h
ABPM, 26,526 (89.2%) met the inclusion criteria. Due to
missing data (n= 91), studies that did not meet technical
requirements (n= 3038) or patients under 18 years
(n= 88), 10.8% of all 24 h ABPMs were excluded. Among
all patients with inclusion criteria (n= 26,526), 7473 sub-
jects (28.2%) who did not receive any type of pharmaco-
logical treatment were analyzed (Fig. 1). The demographic,
anthropometric and clinical data of all analyzed patients are
shown in Table 1. The individuals analyzed mean age was
46.2 ± 13.0 years; 54.8% were male, and 22.1% were obese.
Nondivergent subgroups, which included IDH and ND-
SDH, were younger than divergent subgroups (D-SDH and
ISH) (p value<0.001). Figure 2 presents the HT subtypes
distribution according to the systolic and diastolic BP and,
PP cut-off values. The most common subtype was IDH
(28.2%). In the IDH subtype, the CI was greater than in
normotensive (N) controls (CI: IDH vs. N mean difference

Fig. 1 Flowchart showing how
24 h ambulatory blood pressure
monitoring recordings were
included. 24 h ABPM: 24 h
ambulatory blood pressure
monitoring
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0.10 L/m/m2; CI 95% 0.08 to 0.12; p value < 0.001), with no
significant clinical difference in Ct (Ct: IDH vs. N mean
difference 0.02 mL/mmHg; CI 95% 0.01 to 0.03; p value
0.009) (Table 1, Fig. 3A, B). Divergent HT subtypes (ISH
and D-SDH) had a statistically significant lower Ct than
nondivergent HT subtypes (IDH and ND-SDH) (Ct: diver-
gent vs. nondivergent mean difference −0.20 mL/mmHg; CI
95% −0.21 to −0.19 mL/mmHg; p value<0.001) (Table 1
and Fig. 3B). In addition, the D-SDH subtype showed the
highest TPR (TPR: D-SDH vs. N mean difference
169.8 dyn*s/cm−5; CI 95% 149.3 to 190.3 dyn*s/cm−5; p
value<0.001) (Table 1 and Fig. 3C). Finally, the ISH subtype
despite being older (58.6 ± 19.7 years) with the largest
reduction in Ct (0.72 ± 0.19 mL/mmHg), this subgroup
showed less TPR than D-SDH. (TPR: ISH vs. D-SDH mean
difference −57.5 dyn*s/cm−5; CI 95% −100.0 to
−14.9 dyn*s/cm−5; p value=0.001) (Table 1, Fig. 3B, C).

Discussion

Our study presents for the first time the clinical imple-
mentation of a simple and accurate method to assess arterial
hemodynamics with 24 h ABPM data. The main findings of
this study are that both Ct and TPR are the key hemody-
namic parameters responsible for the 24 h ABPM profile.
When BP increases without changes in HR, TPR is the main
reason for BP elevation, and BP rises with a nondivergent

HT subtype (i.e., PP < 50 mmHg). On the other hand, if
both pressures are elevated with a divergent HT subtype
(i.e., PP ≥ 50 mmHg), a reduction in Ct also occurs in
addition to TPR elevation. Most importantly, an IDH sub-
type is present when Ct is normal. Finally, the ISH subtype
characteristically has the largest reduction in Ct with the
greatest divergence in SBP and DBP (Fig. 3B, D).

Altogether, the present work provides a generalizable
method to track arterial hemodynamics in parallel with BP
and HR values obtained with a 24 h ABPM. We are not
aware of any study reporting a mathematical model to build
a good estimate of Ct, CO and TPR with only 24 h ABPM
data. To disclose such a hemodynamic information, other
methods such as impedance cardiography, echocardio-
graphy or magnetic resonance images are normally
required. With the current approach, hemodynamic infor-
mation is simultaneously derived from oscillometric BP
values.

Mathematical models of arterial hemodynamics have
been employed for more than a century [24]. A simple
model helps to understand the most influential features of
circulatory physiology [25–27]. In addition, these simple
models employ only a few parameters that can be reliably
estimated from the limited measurements available in clin-
ical practice [26, 28]. One of those key parameters is arterial
compliance, which allows blood flow and pressure to occur
with less oscillation between systolic and diastolic pres-
sures. However, as direct measurement of arterial

Table 1 Demographic, anthropometric, clinical characteristics and haemodynamic variables were extracted from 24 h ambulatory blood pressure
monitoring patients without pharmacological treatment

Patients without pharmacological treatment n= 7473

Variables Normotensive IDH ND-SDH D-SDH ISH P value

n= 1950 (26.1%) n= 2109 (28.2%) n= 2005 (26.8%) n= 1207 (16.2%) n= 202 (2.7%)

Mean SD [p5, p95] Mean SD [p5, p95] Mean SD [p5, p95] Mean SD [p5, p95] Mean SD [p5, p95]

Age (years) 45.0 ± 14.2 [23.1, 68.7] 44.7 ± 10.9 [27.3, 63.3] 45.4 ± 10.8 [28.3, 63.1] 50.3 ± 14.6 [24.7, 73.3] 58.6 ± 19.7 [22.1, 85.3] <0.001

Body mass index (kg/m2) 26.1 ± 3.8 [20.2, 32.9] 26.8 ± 3.7 [21.2, 33.5] 27.9 ± 3.9 [22.0, 34.9] 28.4 ± 4.4 [22.2, 36.4] 27.1 ± 4.1 [21.3, 35.7] <0.001

Body surface area (m2) 1.81 ± 0.20 [1.50, 2.18] 1.86 ± 0.20 [1.53, 2.20] 1.92 ± 0.21 [1.57, 2.27] 1.91 ± 0.23 [1.55, 2.28] 1.80 ± 0.23 [1.46, 2.19] <0.001

Heart rate (beats per min) 72.8 ± 9.1 [57.8, 87.8] 76.6 ± 8.6 [63.0, 90.7] 77.2 ± 9.3 [62.2, 92.3] 73.7 ± 9.2 [58.9, 88.6] 70.8 ± 9.5 [55.7, 89.6] <0.001

Systolic blood pressure (mmHg) 117.1 ± 6.8 [104.7, 127.7] 124.6 ± 3.7 [117.5, 129.5] 136.6 ± 5.5 [130.4, 148.0] 146.4 ± 9.5 [133.8, 163.2] 135.8 ± 5.0 [130.3, 146.7] <0.001

Diastolic blood pressure (mmHg) 75.2 ± 3.9 [67.9, 79.6] 84.0 ± 2.7 [80.3, 88.0] 91.2 ± 5.4 [83.2, 101.6] 90.9 ± 7.6 [81.2, 105.0] 76.6 ± 3.3 [69.5, 79.8] <0.001

Mean arterial pressure (mmHg) 89.2 ± 4.2 [81.4, 94.6] 97.5 ± 2.7 [93.3, 102.0] 106.3 ± 5.3 [99.5, 116.8] 109.4 ± 7.9 [99.0, 123.5] 96.3 ± 2.7 [91.5, 100.2] <0.001

Pulse pressure (mmHg) 41.8 ± 5.8 [33.3, 51.6] 40.6 ± 3.5 [34.6, 46.3] 45.4 ± 3.0 [39.9, 49.5] 55.5 ± 5.4 [50.3, 66.2] 59.1 ± 6.2 [51.6, 72.8] <0.001

Stroke volume/BSA (mL/m2) 41.7 ± 2.2 [38.1, 45.2] 40.9 ± 1.9 [37.6, 43.9] 41.2 ± 2.3 [37.3, 44.6] 42.5 ± 2.8 [37.7, 46.7] 43.1 ± 3.2 [38.1, 47.9] <0.001

Cardiac index (L/min/m2) 3.01 ± 0.24 [2.57, 3.39] 3.12 ± 0.22 [2.74, 3.45] 3.16 ± 0.22 [2.75, 3.49] 3.11 ± 0.22 [2.72, 3.45] 3.03 ± 0.23 [2.64, 3.41] <0.001

Total arterial compliance (mL/mmHg) 1.01 ± 0.20 [0.68, 1.34] 1.03 ± 0.18 [0.74, 1.33] 0.95 ± 0.17 [0.67, 1.23] 0.80 ± 0.18 [0.52, 1.10] 0.72 ± 0.19 [0.42, 1.10] <0.001

Total peripheral resistance (dyn*s/cm−5) 1329 ± 183 [1045,1644] 1365 ± 186 [1087,1686] 1422 ± 205 [1123,1793] 1499 ± 228 [1140,1906] 1441 ± 227 [1056,1799] <0.001

n % n % n % n % n %

Men 856 44 1162 55 1302 65 697 58 79 39 <0.001

Level of physical activity I 1176 60 1329 63 1317 66 759 63 123 61 0.015

II 448 23 449 21 410 20 248 21 45 22

III 326 17 331 16 278 14 200 17 34 17

Frequent alcohol intake 211 11 308 15 347 17 216 18 24 12 <0.001

Current smoking 92 5 121 6 140 7 99 8 16 8 0.001

IDH Isolated diastolic hypertension, ND-SDH Nondivergent systolic-diastolic hypertension. D-SDH Divergent systolic-diastolic hypertension, ISH
Isolated systolic hypertension, BSA Body surface area
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compliance in humans in vivo is very difficult to obtain, the
analysis of the importance of Ct to understand BP behavior
over the whole range of HT subtypes has been limited. With
the provision of a clinically applicable estimate of Ct, this
analysis was possible in the present study. Our findings
corroborate and add to previous observations indicating that
a low Ct causes a significant divergence in BP values
[3, 29–32]. On the other hand, a normal Ct maintains SBP
and DBP closer with a low PP (Fig. 3). The relevance of
those BP effects is significant. Several physiological and
longitudinal clinical studies have demonstrated that a low Ct

indicates an increased arterial stiffness, which provokes a
PP increment and is accompanied by a greater cardiovas-
cular risk [33–36]. Also, our findings are in agreement with
recent observations indicating that load-dependent stiffness
mediated by high BP values is more important than struc-
tural stiffness to determine cardiovascular risk [37]. In
contrast, IDH, characterized by high compliance and low
arterial stiffness, has a lower cardiovascular risk [38–40],
particularly in subjects over 50 years old [41]. In this sense,
our results provide complementary insights into the phy-
siological explanation for the lower risk of IDH.

The classic understanding of hemodynamics in HT has
emphasized the steady flow component, where the heart
behaves as a pump providing continuous blood flow
through the aorta and the arterial system is considered a
resistor that opposes the flow of blood. Thus, the MAP,

determined by the mean flow and the mean resistance of the
arterial system, is the steady-state component of arterial
pressure [5]. However, the episodic nature of cardiac con-
traction and the properties of the arterial circulation create
BP oscillation with PP, reflecting the effects of the pulsatile
conditions. To integrate the effects of these two components
(steady and pulsatile) on BP behavior, the 2-WK model
simplifies the circulation in terms of resistance and capa-
citance components [24]. The resistance component corre-
sponds to TPR, while the capacitance component represents
Ct [33]. Early studies have shown that a 2-WK model
outperforms other lumped models to evaluate Ct [42], and
therefore, for this purpose, the 2-WK model is preferred
[26, 43–45]. Previously, Stergiopolus experimentally
demonstrated that with both Ct and TPR, the behavior of BP
could be determined [26]. However, a clinical demonstra-
tion of BP response along all subtypes of HT with 24 h
ABPM has not yet been presented. Our method emphasizes
the importance of systolic pulsatile BP behavior to identify
the state of Ct according to the HT subtype in a 24 h ABPM.
These findings demonstrate how a reduction in Ct is typi-
cally detected by a higher PP with a divergent BP pattern in
24 h ABPM (Table 1). A previous study by Scuteri et al.
[46] found that increased aortic stiffness (a sign of reduced
arterial compliance) is implicated in the age-associated rise
in SBP and PP; such a finding was noticed in our patients
with D-SDH and ISH subtypes (Table 1). Similar findings

Fig. 2 Relationship between diastolic blood pressure (DBP) and pulse
pressure (PP) with hypertension subtypes in 24 h ambulatory blood
pressure monitoring in 7473 subjects without pharmacologic treatment
(A). Normotensive and hypertension subtypes zones were obtained
according to the definition for elevated systolic and diastolic blood
pressure as it is presented in method´s section. The diagonal line defines
the border between normal and high systolic blood pressure (SBP), with
all subjects above the diagonal line with systolic hypertension. The
vertical line defines the limit for normal DBP (80 mmHg). Systolic
hypertension (above the diagonal line) and diastolic hypertension (right
side of the vertical line) define zones with either one elevated blood

pressure (isolated systolic hypertension [ISH] and isolated diastolic
hypertension [IDH]) or with both blood pressures elevated (non-diver-
gent systolic and diastolic hypertension [ND-SDH] and divergent sys-
tolic and diastolic hypertension [D-SDH]) (B). NORMAL:
DBP < 80mmHg and SBP < 130mmHg; ISH: Isolated systolic hyper-
tension, SBP > 130mmHg, DBP < 80mmHg and, PP ≥ 50mmHg; IDH:
Isolated diastolic hypertension, SBP < 130mmHg, DBP ≥ 80mmHg
and, PP < 50mmHg; ND-SDH: Non-divergent systolic and diastolic
hypertension, SBP ≥ 130mmHg, DBP ≥ 80mmHg and, PP < 50mmHg;
D-SDH: Divergent systolic and diastolic hypertension, SBP ≥ 130
mmHg, DBP ≥ 80mmHg and, PP ≥ 50mmHg
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were also reported by Krzesinski et al. employing impe-
dance cardiography [31]. Instead, younger individuals
showed a preserved Ct and characteristically presented with
IDH or ND-SDH subtypes (Table 1).

According to our findings not all elderly subjects have
the same HT subtype (e.g., isolated systolic hypertension).
Age effects on arterial pressure profile (and HT subtype) are
highly influenced by Ct values and those effects are not
uniform during aging. Old subjects with a fair arterial
compliance could have a lower PP than younger counter-
parts who have a compromised arterial compliance (Table 2
and Supplementary Fig. 1). Those clinical finding only
appear when hemodynamics of HT is described based on
BP subtypes and with the inclusion of Ct. Thus far, HT
continues to be seen as a condition due to either high TPR
or high CO. The relevance of Ct in those analysis has been

marginal. By simultaneously assessing the hemodynamics
of HT subtypes with 24 h ABPM, we were able to notice the
differences in arterial behavior of these HT subtypes, which
could have pathophysiological meaning for HT. For
instance, elderly hypertensives may be wrongly assumed as
having structural arterial stiffness when Ct is unknown. On
the other hand, middle-aged individuals not always have an
increased TPR, in particular those with IDH. Those obser-
vations are novel pieces of clinical information which were
not feasible to recognize in previous studies [13].

In a preceding study, Galarza et al. [3] compared the
hemodynamic changes in different age groups and pressure
patterns by employing impedance cardiography to obtain
systemic hemodynamics. They observed a sustained
increase in TPR with age from the third to the seventh
decade. Interestingly, their older subjects presented with

Fig. 3 Box-and-whisker plot showing the distribution of cardiac index,
total peripheral resistance, total arterial compliance, and pulse pressure
according to arterial hypertension categories in the 24 h ambulatory
blood pressure monitoring in the patients without pharmacological
treatment. The cardiac index is stable (between 3.01 and 3.16 L/min/
m2 from N to ISH), but TPR increased from N state to D-SDH (N,
IDH, ND-SDH, and D-SDH were 1329.3, 1365.7, 1422.5 and
1499.1 dyn*s/cm−5, respectively; TPR: D-SDH vs. N mean difference
169.8 dyn*s/cm−5; CI 95% 149.3 to 190.3 dyn*s/cm-5; p
value<0.001); only in ISH was a reduction observed (1441.6 dyn*s/
cm-5; TPR: ISH vs. D-SDH mean difference −57.5; CI 95% −100.0 to
−14.9 dyn*s/cm−5; p value= 0.001). On the other hand, Ct is reduced

progressively from IDH to ISH (1.01 to 0.72 mL/mmHg; Ct: ISH vs.
IDH mean difference −0.31 mL/mmHg; CI 95% −0.35 to −0.27 mL/
mmHg; p value < 0.001); PP is the lowest in IDH (40.6 ± 3.5 mmHg),
while it increases in all the remaining hypertension subtypes (PP: ISH
vs. IDH mean difference 18.5 mmHg; CI 95% 17.6 to 19.5 mmHg; p
value < 0.001). N: Normotensive; IDH: Isolated diastolic hypertension;
ND-SDH: Nondivergent systolic-diastolic hypertension; D-SDH:
Divergent systolic-diastolic hypertension; ISH: Isolated systolic
hypertension; TPR: total peripheral resistance; Ct: total arterial com-
pliance; PP: Pulse pressure. The p value in one-factor ANOVA was
<0.001 for the cardiac index, total peripheral resistance, total arterial
compliance, and pulse pressure
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ISH with a combination of reduced Ct and a high TPR. As
shown in Fig. 3, this hemodynamic pattern was consistently
observed in our hypertensive subgroups from IDH through
ISH. In addition, with our method based only on 24 h
ABPM, we arrived at the same conclusion as Galarza et al.
[3] to explain how a reduction in Ct with age may coun-
teract the effect of a TPR increment on DBP (Table 1).

Given the relevance of large arteries in BP behavior, our Ct

estimation method adds mechanistic insights into the hemo-
dynamic basis of HT and their relationship with the 24 h
ABPM profile. A high TPR caused by arteriolar vasocon-
striction has traditionally been viewed as the key determinant
of MAP and DBP increase [47, 48]. On the other hand, aortic
stiffening is responsible for the SBP elevation, mainly in
elderly subjects [48, 49]. More recent evidence has suggested
that PP analysis provides additional pathophysiological
meaning to understanding the conditions of the arterial cir-
culation [34, 39, 50]. It is noticeable that regardless of age, an
increase in PP signals a reduction in Ct (Table 1 and Fig. 3), a
finding also described in previous clinical studies [50, 51],
which indicates the significant role played by aortic function
in the pathophysiology of systolic HT. Interestingly, a
reduction in Ct with an increased PP could occur without
structural degeneration of the aorta, due to load-dependent
stiffness. That is why systolic HT is seen in middle-aged

individuals [52] and the systolic pressure raises in the
pediatric obese population [53]. Nonetheless, in old indivi-
duals with ISH and significant structural arterial stiffness, a
high PP frequently occurred with a low DBP [3, 50]. MAP
often drops under those arterial conditions and results in a
lower TPR (see ISH subtype in Table 1). Previous clinical
studies in arterial HT have also dealt with this hemodynamic
triad of high PP, low MAP and a TPR lower than expected,
most likely due to large artery structural stiffness [3, 50].
Likewise, a nondivergent BP profile (with PP < 50mmHg) is
indicative of an adequate Ct even in old subjects (Supple-
mentary Fig. 1).

It follows directly from the above discussion that despite the
constraints of a 2-WK model, the analysis of SBP and DBP
measurements combined with MAP and PP values delivers
great insights concerning arterial hemodynamics in a 24 h
ABPM. Additionally, regardless of the patient´s age, a 24 h-
ABPM profile reflects the state of Ct and TPR in arterial HT.

Limitations

The current Ct method does not employ an arterial pressure
waveform and, therefore, cannot be used to assess pulse
wave velocity and other arterial properties based on arterial
waveforms [54]. In particular, central BP and central PP

Table 2 Step by step
calculations with a case study
example

Parameter Calculation Result Comments

Gender Male= 1, Female= 0 1

Age 71 years old

Weight 72 Kg

Height 1.75 m

BSA BSA ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

weight � height � 100� 3600
p

1.87 Kg/mt2 Reference [21]

HR 76 bpm Average value in 24 h ABPM

SBP 132 mmHg Average value in 24 h ABPM

DBP 86 mmHg Average value in 24 h ABPM

PP PP=SBP - DBP 46 mmHg Standard calculation

MAP MAP=DBP+0.33×PP 101 mmHg Standard calculation

MSP MSP ¼ SBPþMAP
2 117 mmHg See methods section

T T ¼ 60
HR 0.789 s Standard calculation

Ts Ts ¼ 0:2061þ Age
2244 � Gender

72:39 þ T
8:17 0.324 s Supplementary Methods 3, equation 12

Td Td = T – Ts 0.469 s Standard calculation

Tau (τ) τ ¼ MAP�T�MSP�Ts
PP 0.908 s Supplementary Methods 2, equation 9

PPth PPth ¼ PPþ MSP� Ts
τ

� �

88 mmHg Supplementary Methods 2, equation 4

Ct/BSA*
Ct
BSA ¼ 38

PPth þ 4
5 � Td

T � 3
7 0.479 (ml/mmHg)/m2 Methods section

SV SV ¼ Ct PPþMSP� Ts
τ

� �

79 ml Supplementary Methods 1, equation 4

CO CO=SV×HR 6.0 L/min Standard calculation

TPR TPR ¼ MAP
CO � 80 1347 dynes. s. cm−5 Standard calculation

A 71 y/o asymptomatic male attends an annual health check-up. Baseline blood pressure was normal;
however, he had a hypertensive response during the treadmill stress test. A 24 h ambulatory blood pressure
monitoring was indicated to clarify a possible masked hypertension. BSA: Body surface area; HR: Heart
rate; 24 h ABPM: 24 h ambulatory blood pressure monitoring; Systolic blood pressure; DBP: Diastolic blood
pressure; PP: Pulse pressure; MAP: Mean arterial pressure; MSP: Mean systolic pressure; T: Cardiac period;
Ts: Systolic time; Td: Diastolic time; Tau (τ): time constant of diastolic pressure decay; PPth: Theoretical
pulse pressure; Ct/BSA: Total arterial compliance index; SV: Stroke volume; CO: Cardiac output; TPR:
Total peripheral resistance. *To convert Ct/BSA to usual units, multiply for BSA, then Ct= 0.89 mL/mmHg
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evaluation with our model are not reliable. Other
researchers have demonstrated that a three-element Wind-
kessel model outperforms the 2-WK model for central BP
assessment [55]. In addition, an arterial model used to
estimate central BP usually requires flow waves [56], which
we did not use in our study. Nonetheless, the 2-WK model
accurately predicts SBP and DBP [26], the key BP values
employed in our model for Ct assessment.

We could not exclude other forms of secondary HT that
may be mixed within the HT subtypes. In particular, renal
and other forms of volumetric HT may influence our CO
estimates. Additionally, CO dependence on HR could affect
its calculation in subjects with extreme HR values (below 60
and over 100 bpm). Although uncommon, those extreme HR
instances during a 24 h ABPM may introduce a limitation in
our hemodynamic estimates; in such cases, Frank-Starling
effects on SV are noticeable and influence CO values. In the
same fashion, obesity leads to an increase in CO estimates.
Since TPR has an inverse variation with CO values, these
effects must be considered during hemodynamic analysis.

Current analysis concentrated in four HT subtypes and did
not take into consideration other important BP phenotypes
such as white coat, masked or nocturnal hypertension. In
addition, antihypertensive therapy have vascular effects, which
may affect to some extent the results with the present method.

Last, due to the a priori definition of each HT subtype,
whether these patterns of hemodynamic behavior corre-
spond to particular stages of the disease or different clinical
hypertensive phenotypes could not be answered with our
cross-sectional study. This important question framed by
previous studies of HT hemodynamics [57] needs to be
addressed in a different longitudinal study.

Perspectives

This work is an effort to close the gap between HT patho-
physiology knowledge and its clinical application. For
clinicians, it is important to synthesize readily available
clinical data, such as BP and HR, into useful physiological
information. In Table 2, we provide a step-by-step example
of the hemodynamic calculations, which converts this
method in a handy tool. Physiological models are simplified
representations of reality that could provide clinicians with
information for decision-making without the need for
additional noninvasive or invasive direct measurements.
The model presented in this study shows the potential for
implementing hemodynamic assessment using the widely
available oscillometric BP measurements from clinical set-
tings. By now, 24 h ABPM has brought the possibility of
identifying different clinical phenotypes of arterial HT
(white coat, masked, non-dipping, nocturnal, etc.), and our
results additionally allow the identification of circulatory
abnormalities to improve the pathophysiological description

of essential HT which, may lead to a more precise diagnosis
and treatment selection. The current results may open the
possibility of having arterial hemodynamics available to
clinicians from 24 h ABPM data to add pathophysiological
information to the follow-up of HT patients.

Conclusions

HT subtypes showed distinctive hemodynamics with regard to
Ct and TPR, which were extracted with BP and HR values
readily available from a 24 h ABPM plus anthropometric fea-
tures. The new method enables the translation of BP data into
useful features of arterial function to build a more accurate
pathophysiological description of arterial HT with 24 h ABPM.
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