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Abstract

Background: Non-invasive assessment of stroke volume (SV), cardiac output (CO) and cardiac index
(CI) has shown to be useful for the evaluation, diagnosis and/or management of different clinical condi-
tions. Through pulse contour analysis (PCA) cuff-based oscillometric devices would enable obtaining
ambulatory operator-independent non-invasive hemodynamic monitoring. There are no reference inter-
vals (RIs), when considered as a continuum n childhood, adolescence and adult life, for PCA-derived
SV [SV(PCA)], CO [CO(PCA)] and CI [CI(PCA)]. The aim of the study were to analyze the associa-
tions of SV(PCA), CO(PCA) and CI(PCA) with demographic, anthropometric, cardiovascular risk
Jactors (CVRFs) and hemodynamic parameters, and to define RIs and percentile curves for SV(PCA),
CO(PCA) and CI(PCA), considering the variables that should be considered when expressing them.
Methods: In 1449 healthy subjects (3-88 years) SV(PCA), CO(PCA) and CI(PCA) were non-inva-
stvely obtained (Mobil-O-Graph; Germany). Analysis: associations between subject characteristics and
SV(PCA), CO(PCA) and CI(PCA) levels (correlations; regression models); RIs and percentiles for
SV(PCA), CO(PCA) and CI(PCA) (parametric methods; fractional polynomials).

Results: Sex, age, and heart rate would be explanatory variables for SV, CO, and CI levels. SV levels
were also examined by body height, while body surface area (BSA) contributing to evaluation of CO
and CIL. CVRFs exposure did not contribute to independently explain the values of the dependent vari-
ables. SV, CO and CI levels were partially explained by the oscillometric-derived signal quality. RIs and
Dpercentiles were defined.

Conclusions: Reference intervals and percentile for SV(PCA), CO(PCA) and CI(PCA), were defined
for subjects from 3-88 years of age, results are expressed according to sex, age, heart rate, body height
and/or BSA. (Cardiol ] 2021; 28, 6: 864-878)
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Introduction

Non-invasive assessment of left ventricle
stroke volume (SV), cardiac output (CO) and
cardiac index (CI) were shown to be useful for
the evaluation, diagnosis and/or management
of different clinical and physiological conditions
in both pediatric, and adult populations [1, 2].
Several non-invasive and/or minimally invasive
approaches have been proposed to determine SV,
CO and CI (i.e. transpulmonary-thermodilution,
thoracic bioimpedance-bioreactance, ultrasonog-
raphy). Among them, echocardiography stands
out as a method widely used and recommended in
clinical practice [3-5]. However, different factors
contribute to circumscribe the use of echocardi-
ography to certain contexts and conditions, limit-
ing its widespread use (i.e. for community-bhased
epidemiological studies). Among those factors
are: (1) physical (size) restrictions and cost of the
devices, (2) operator-dependency and the need for
a learning-curve, (3) inability to obtain adequate
records in many subjects or conditions, (4) different
acquisition approaches may affect measurement
variability, (5) a relatively long period of time is
required to complete a study and/or (6) ambulatory
records or continuous monitoring of the variables
cannot be obtained [6, 7]. Pulse contour analysis
(PCA) of blood pressure (BP) waveforms obtained
non-invasively would enable estimating the SV, CO
and CI [8-12]. Among the different approaches
and devices available, the cuff-based oscillometric
devices would be of choice, in cases of population
studies within a community, taking into account
their portability, high speed of measurement (2-3
min), operator-independence and need for minimal
collaboration of the subject (e.g. children) [13-15].

In both, pediatric and adult populations, there
is scarce data about normal and reference values
for SV, CO and CI at rest. That is particularly
true for data obtained from PCA. Furthermore,
available information acquired in specific (i.e.
Asian) populations cannot not be extrapolated to
other populations [16, 17]. The present group of
researchers have been working on the identifica-
tion and definition of particular characteristics (i.e.
age-related changes, percentile curves, reference
intervals [RIs]) of cardiovascular variables in
several populations; with special emphasis which
considers childhood, adolescence and/or adult life
as a continuum [18-23].

The main aims herein, were to analyze the as-
sociations of SV(PCA), CO(PCA) and CI(PCA) with
demographic, anthropometric, cardiovascular risk

factors (CVRFs) and hemodynamic parameters, and
to define percentile curves and Rls for SV(PCA),
CO(PCA) and CI(PCA), taking into account the
variables that should be considered when express-
ing them (e.g. age, sex, body surface area [BSA]).

Methods

Healthy subjects (n = 1449; 3-88 years) from
the community were considered for enrolment
(Table 1) [18-22]. Hypertension, diabetes or dys-
lipidemia were considered present if the subject
reported being in treatment and/or a previous
diagnosis of their condition. Subjects were classi-
fied as sedentary when the physical activity they
performed was lower than a moderate intensity of
physical load. Smoking at least one cigarette per
week was defined as a current smoker. Family his-
tory of cardiovascular disease was defined by the
presence of first-degree relatives with premature
cardiovascular disease [18-22]. Body mass index
(BMI) was calculated as the weight-to-squared
height ratio converted into percentiles/z-scores
(subjects < 18 years) [18-22].

Pulse contour analysis

Readings were obtained after 10 min of rest.
The oscillometric-cuff (Mobil-O-Graph; I.LE.M.-
-GmbH, Germany) was placed on the left arm.
The device measured peripheral (brachial) mean
BP (MBP) and determined peripheral systolic BP,
diastolic BP and pulse pressure (pSBP, pDBP, pPP).
Peripheral waveforms were calibrated to pDBP and
calculated MBP (MBP = pDBP + pPP/3). From
the peripheral measurements, the Mobil-O-Graph
determined the central (aortic) BP waveform and
quantified [14, 15]: (1) central systolic BP, diastolic
BP and pulse pressure (cSBP, cDBP, cPP); (2) heart
rate (HR); (3) pulse wave analysis (PWA)-derived
parameters like P1 and P2, augmented pressure
(AP), augmentation index without and with nor-
malization to a HR = 75 beats/min (Alx, AIx@75),
pulse wave velocity (PWV), forward (Pf) and back-
ward (Pb) wave components, reflection coefficient;
(4) SV, CO, (I, and total systemic vascular resistance.
Only data from accurate waves were considered.
Record quality was consigned as an in-device quality
index: (1 —excellent, 2 — good, and 3 — minimally
acceptable record). Data assigned to each subject
were an average of at least three measurements.

Data analysis
Data analysis was done using MedCalc (v.18.5,
MedCalc Inc., Belgium) and IBM-SPSS Statistical
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Software (v.20, SPSS Inc., USA). A p < 0.05 was
considered statistically significant.

Associations between the subject charac-
teristics (demographic, anthropometric, CVRFs,
hemodynamic characteristics) and the SV(PCA),
CO(PCA), CI(PCA) and signal-quality index levels
were evaluated. To this end, simple and point-
biserial correlations (Table 2) and multiple linear
regression models (MLR, Stepwise) were con-
sidered (Table 3). After age, sex, BSA and height
adjustment, there were no significant associations
between the exposure to CVRFs and SV, CO or CI
levels. Consequently, disregarding their exposure
to CVRFs, all subjects studied could be considered
in constructing the Rls.

As a result of the analysis described: (1) sex
and age-specific RIs for SV(PCA), CO(PCA) and
CI(PCA); (2) height specific RIs for SV(PCA) and
(3) BSA specific RIs for CO and CI were considered
necessary (Table 3). Then, age-related, height-
related and BSA-related (always discriminated
by sex) equations for mean and SD values were
obtained for PCA-derived parameters. To this
end, parametric regression methods based on
fractional polynomials (FPs) were implemented
[18-21, 24-27]. Briefly (as an example), mean and
SD regression curves for age-specific SV(PCA),
COPCA) and CI(PCA) were defined as fitting FPs.
Thereafter, age-specific mean and standard devia-
tion (SD) values could be obtained. As an example,
CO(PCA) mean equation would be: = a + b X age’
+ ¢ X age’ +..., where a, b, and ¢, are coefficients,
and p, q, are powers, with numbers selected from
the set[-2,-1,-0.5,0, 0.5, 1, 2, 3], estimated from
the regression for the mean CO(PCA) curve. Con-
tinuing the example, FPs with powers [1, 2], that is,
with p = 1 and q = 2, illustrates an equation with
the form a + b X age + ¢ X age’ [24]. Residuals
were used to assess the model fit, deemed appro-
priate if the scores were normally distributed, with
a mean equal to 0 and an SD equal to 1, randomly
scattered above and below 0 when plotted against
age. The best fitted curves, considering visual
and mathematical criteria (Kurtosis and Skewness
coefficients) were selected. From the mean and SD
equations, and considering the standard normal
distribution (Z) age-specific, HR-specific, height-
specific and BSA-specific percentiles were defined
(SV(PCA): Fig. 1; Suppl. Tables S1-S6; CO(PCA):
Fig. 2; Suppl. Tables S7-S12; CI(PCA): Fig. 3;
Suppl. Tables S13-S18). The 1", 2.5, 5" 10",
25" 50" 75% 90™, 95", 97.5" and 99™ percentile
curves were calculated as mean + Zp X SD, where
Zp assumed —2.3263, —1.9599, —1.6448, —1.2815,

-0.6755, 0, 0.6755, 1.2815, 1.6448, 1.9599, and
2.3263 values, respectively.

The minimum sample size required (n = 377
subjects) for RIs construction (i.e. for males or
females) was defined considering a normal distribu-
tion for the covariate in the sample (conservatively),
a 95% and 90% limit of reference and confidence
interval (two-sided), respectively; with a 95% and
10% reference range and relative margin of error,
respectively [18-21, 28]. According to the central
limit theorem, a normal distribution was assumed
considering Kurtosis and Skewness coefficients
distribution and the number of subjects studied
(sample size > 30) [29].

Results

SV(PCA), CO(PCA), CI(PCA):
Impact of sex, age, HR and
anthropometric characteristics

Table 1 describes characteristics of the 1449
subjects included in the study. Note the wide age
range considered (3-88 years old) and the balanced
sex distribution (male = 51.4%).

Table 3 shows explanatory variables for
SV(PCA), CO(PCA) and CI(PCA) values (MLR
models). The variables considered were those
with statistically significant associations with PCA-
-derived data in bivariate analyses (Table 2). Sex,
age, and HR would be explanatory variables for
dependent variables (SV, CO, CI). SV levels were
also explained by height, while BSA contributed
to explain CO and CI. CVRFs did not contribute to
explain, independently, the values of the dependent
variables. Then, data from all the studied subjects
could be considered for the RIs, which should be
sex-specific and expressed taking into account age,
HR and height or BSA) (Table 3). It is noteworthy
that variations in SV, CO and CI were partially ex-
plained by the oscillometric-derived signal quality.
A higher signal quality was associated with higher
SV, CO and CI (Tables 2, 3).

SV(PCA), CO(PCA), CI(PCA):
Percentile curves and RlIs for children,
adolescents and adults

Figure 1 shows age, HR and height-specific
percentile curves for SV(PCA). Supplementary
Tables S1-S6 show sex-specific RIs for SV con-
sidering age, HR and height.

Age, HR and BSA-specific percentile curves
for CO(PCA) and CI(PCA) in males and females
are shown in Figures 2, 3. Supplementary Tables
S7-S12 show sex-specific RIs for CO considering
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Figure 1. Age-specific, heart rate-specific and body height-specific percentiles of left ventricle stroke volume in

females and males.

age, HRand BSA. Supplementary Tables S13-S18
show sex-specific RIs for CI considering age,
HR and BSA.

Discussion

The work’s main findings were:

First, in the construction of RIs for PCA-
derived SV, CO and CI, not only were the age
and anthropometric variables of the subjects
taken into account, but also their sex and HR.
The importance of the different explanatory

www. cardiologyjournal.org

variables varied depending on the parameter
for which the RIs were constructed (SV, CO
or CI) (Tables 2, 3).

Second, this study represents the first study
in which RIs and percentiles for PCA-de-
rived SV, CO and CI are defined for children,
adolescents, adults and elderly subjects (as
a continuum throughout life; 3-88 years old)
(Figs. 1-3; Suppl. Tables S1-S18).

Third, when SV levels were analyzed it a steep
rise in SV was observed during the first two
decades, followed by a slow decline over the
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Figure 2. Age-specific, heart rate-specific and body surface area-specific percentiles of left ventricle cardiac output
in females and males.

872

rest of their lives; additionally, the higher the
HR, the lower the SV, while the higher the
height, the higher the expected SV values
(Fig. 1). There was a rapid increase in CO
in the first two decades of life, followed by
a fall throughout adult life (Fig. 2). Initially CO
increases as HR increases, until HR reaches
~70-80 beats/min, then CO begins to fall in
association with increases in HR; additionally,
CO increases as the BSA increases (Fig. 2).
CI values showed an important fall during
the first two decades and then they remained

practically unchanged over the rest of their
lives (Fig. 3). Cl increases in association with
increases in HR, while lower CI values were
observed in association with higher BSA val-
ues (Fig. 3).

The need to express SV, CO and/or CI values

considering the age and/or anthropometric charac-
teristics is widely known and accepted. However,
it is of note that Rls constructed for a population
including subjects from childhood to old age are
scarce; in most works the age-groups included
people of very different ages (i.e. 20 years apart)

www. cardiologyjournal.org
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Figure 3. Age-specific, heart rate-specific and body surface area-specific percentiles of left ventricle cardiac index in

females and males.

[30]; only adults were considered [5, 30, 31];
subjects aged 60-65 and older were assigned to
a single group [5, 30]and/or non-uniform age ranges
were considered (i.e. 0-2.9, 3-5.9, 6-11.9, 12-17.9,
18-29.9, 30-59.9, and > 60 years old) [32]. The
above does not allow for an adequate analysis of
the age impact on hemodynamic characteristic and
their variations. In addition, it does not allow for
the use of accurate cut-off points in clinical practice
(i.e. a 31 year old would be given reference values
for a group ranging from 30 to 50.9 years old) [32].

www. cardiologyjournal.org

The need to define Rls for males and females
separately is not universally accepted and could
even be considered controversial. There are works
in which it was considered necessary to define
sex-specific Rls, others in which the issue was
not analyzed or was evaluated inaccurately, and
finally, there are works that considered negligible
the sex-related differences in the RIs of hemo-
dynamic variables [16, 32-34]. In relation to the
latter, sex-specific RIs were not defined; even
when sex-related differences in hemodynamic
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Figure 4. Age-specific percentiles (97.5", 50" and 2.5™) of left ventricular stroke volume obtained in the present popula-
tion and those reported from other authors [5, 16, 30, 31, 32, 33, 34, 35].

parameters remained statistically significant after
controlling for anthropometric parameters [32].
Results herein, reinforce that the Rls in males
differ for females, even after adjusting for height,
weight and/or BSA (Table 3); highlighting the need
for sex-specific RIs.

Finally, it is of note that oscillometric-derived
signal quality was associated with SV, CO and CI
values (Table 3). On average, a variation in the
signal quality equal to the unit, could independently
explain variations in SV, CO and CI equal to 2.8 mL/
beat, 0.38 L/min and 0.13 L/min/m® respectively.
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Therefore, at least in theory, further work would be
necessary to identify the specific wave characteris-
tics required and/or the minimum quality value of
an aortic waveform that would allow accurate CO
values to be obtained using PCA.

Related with our second and third main result,
when Rls for SV were analyzed taking into account
age-related variations, a steep rise in SV was ob-
served during the first two decades, followed by
a slow decline during the rest of life (Fig. 1). In ad-
dition, the higher the HR, the lower the SV, while
the greater the height, the higher the expected SV
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Figure 5. Age-specific percentiles (97.5", 50™ and 2.5") of left ventricular cardiac output and cardiac index obtained in
the present population and those reported from other authors [16, 32, 33, 34].

(Fig. 1). According to available research, until now
there have been no reference values defined based
on simultaneous or joint analysis of children, ado-
lescents, adults or elderly subjects from a popula-
tion. Since most available data correspond to values
for pediatric or adult subjects it was not possible to
perform direct comparisons with the present data.
Therefore, a comparative analysis, from available
works, an average was taken and SD values were
obtained for the different ages. Then, assuming

normal distribution, the 97.5" (mean +1.96 SD),
50™ (mean) and 2.5™ (mean —1.96 SD) percentiles
were calculated (Figs. 4, 5). Being aware of the
described limitation, it could be said that similar
trends were observed among other studies.
Cattermole et al. [32] in a population based,
cross-sectional, observational study performed in
healthy Chinese subjects (n = 2218, age mean/
range: 16.4/0.5-89 years old, 52% females), includ-
ing data previously published by Ho et al. in 2013
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(n =590, age: 12-18 years old, 49% boys) and Chan
et al. [34] in 2014 (n = 165, age groups: 61-70,
71-80, > 80 years old, 48.5% males), reported
reference ranges for SV, CO and CI data obtained
non-invasively (transcutaneous continuous Dop-
pler) [32-34]. Despite methodological differences,
including the non-uniformity of ranges used in the
determination of age-subgroups and the lack of con-
sideration of sex-related differences, in agreement
with the present study the authors found a rapid
increase in SV reaching its peak in their 20 s fol-
lowed by a slow fall from the beginning of the third
decade of life (Fig. 4). Time profiles and percentiles
2.5" 50" and 97.5" reported by Cattermole et al.
[32] are similar to those presented here.

Cattermole et al. [32] is almost the only study
that can be fully compared with the present results
(i.e. it included a large number of subjects within
awide age range). However, they studied: (1) a small
number of subjects (e.g. n = 96 [31, 35]), (2) con-
sidered few age-groups and/or wide age intervals
in the same group (i.e. 20-40, 40-60, > 60) [30],
(3) defined sex-specific analysis as unnecessary
despite the sex-related differences observed [16]
and/or (4) included subjects with mild chronic ill-
ness [34], also evidenced an SV tendency which
decreases with age, within the heterogeneity of the
reported values. The tendency of SV (percentile
50" to decrease with age was evidenced regardless
of the measurement method used: three-dimen-
sional-echocardiography [30], PCA [16], magnetic
resonance [31, 35], transcutaneous continuous-
wave Doppler [32-34], biplane-echocardiography
(Fig. 4) [5]. The rates of SV change with age (slope
of association between SV 50"-percentile and age)
were not very different when compared to results of
other authors among themselves to the present data.

The analysis of age-related Rls for CO showed
there was a rapid increase in CO levels over the
first two decades of life, followed by a fall through-
out adult life (in both, males and females) (Fig. 2).
Initially CO increases as HR increases, until HR
reaches ~70-80 beats/min, then CO begins to fall
in association with increases in HR; CO increases
as the BSA increases (Fig. 2).

Temporal profiles for CO were similar to those
reported by Cattermole et al. (2017) [32]. The
authors found an increase in CO, until 20 years of
age. Thereafter, an age-related reduction in CO
was observed. Cattermole et al. [32] values for the
50"-percentile and those from the present work
almost overlap. In turn, Solanki et al. [16] and Chan
et al. [34] reported average values (50™-percentile)

for CO in adults and old age subjects similar to
those found in the current data (Fig. 5).

Cardiac index values showed an important
fall during the first two decades and then they
remained practically unchanged (Fig. 3). CI values
were associated with HR and BSA. Cl increases in
association with increases in HR, while lower CI
values were observed in association with higher
BSA values (Fig. 3). The described findings are in
agreement with those reported by other authors
(Fig. 5). In this regard, Cattermole et al. (2017) [32]
and Ho et al. (2013) [33] described age-associated
variations in CI, and their 50™-percentile curves
were similar to the present ones. The present
curves and those reported by Solanki et al. (2018)
[16] and Chan et al. (2014) [34] for the 50"-percen-
tile in adults are comparable.

Jointly analyzing the described results, it could
be stated that CO rises steadily and reaches a peak
in the 15-20 (teenage) years of life. Thereafter,
it gradually declines. However, when consider-
ing CO adjusted for BSA (that it is to say CI),
maximum (peak) would be observed < 6 years old,
corresponding to a weight of 10-15 kg [32]. The
variations in CO and CI could be related to and ex-
plained by the oxygen requirements of the tissues
during those periods of life (i.e. those of maximum
growth). High absolute CO levels in teenagers
probably corresponds to accelerated growth and
elevated oxygen consumption. From late teens
onwards there is little or no growth, but a steadily
declining level of physical activity was observed
[32]. Overall, SV rises steadily until late teens then
tends to decline gradually over the years, but when
viewed against height (present data) or weight
(Cattermole et al. data [32]), it shows a more linear
positive relationship (Figs. 1, 4).

Conclusions

Sex, age, HR, and body height (for SV) or BSA
(for CO and CI) are independent factors that explain
PCA-derived hemodynamic values. Consequently,
when constructing RIs of SV, CO and CI, it is neces-
sary to discriminate using these variables.

This study provides the largest database
concerning Rls and percentile curves of left ven-
tricle SV(PCA), CO(PCA) and CI(PCA), obtained
in children, adolescents and adults (3—88 years of
age) from Latin-America (Uruguay), expressing
results according to sex (males and females), age
(year-to-year), HR (beats/minute), body height (in
cm) and BSA (m?).
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