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Abstract

The ultrasonic cardiac output monitor (USCOM) is a noninvasive transcuta-

neous continuous wave Doppler method for assessing hemodynamics. There

are no published reference ranges for normal values in adults (aged 18–
60 years) for this device. This study aimed to (1) measure cardiovascular

indices using USCOM in healthy adults aged 18–60 years; (2) combine these

data with those for healthy children (aged 0–12), adolescents (aged 12–18),
and the elderly (aged over 60) from our previously published studies in order

to present normal ranges for all ages, and (3) establish normal ranges of

USCOM-derived variables according to both weight and age. This was a pop-

ulation-based cross-sectional observational study of healthy Chinese subjects

aged 0.5–89 years in Hong Kong. USCOM scans were performed on all sub-

jects, to produce measurements including stroke volume, cardiac output, and

systemic vascular resistance. Data from previously published studies (children,

adolescents, and the elderly) were included. Normal ranges were defined as

lying between the 2.5th and 97.5th percentiles. A total of 2218 subjects were

studied (mean age = 16.4, range = 0.5–89; 52% male). From previous studies,

1197 children (aged 0–12, 55% male), 590 adolescents (aged 12–18, 49%

male), and 77 elderly (aged 60–89, 55% male) were included. New data were

collected from 354 adults aged 18–60 (47% male). Normal ranges are pre-

sented according to age and weight. We present comprehensive normal ranges

for hemodynamic parameters obtained with USCOM in healthy subjects of all

ages from infancy to the elderly.

Introduction

The ultrasonic cardiac output monitor (USCOM1A;

USCOM Pty Ltd., Coffs Harbour, NSW, Australia) pro-

vides a rapid noninvasive measure of hemodynamic

parameters using continuous wave Doppler ultrasound

(CW Doppler) (USCOM Ltd., 2006a,b).

There is increasing interest in measuring flow-based

hemodynamic parameters such as cardiac output, (CO),

cardiac index (CI), stroke volume (SV), systemic vascular

resistance (SVR), oxygen delivery (DO2), and oxygen con-

sumption (VO2) as these are considered to be not only

basic physiological parameters in health, but also indica-

tors of illness, where they have been shown to be more
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effective predictors of response to therapy than static

measures such as blood pressure or central venous pres-

sure (CVP) (Marik et al. 2011).

The emergence of noninvasive devices has opened the

door for measuring hemodynamics in many research and

clinical settings. Noninvasive techniques are at least as

accurate as traditional invasive thermodilution methods, as

well as being more practical and safer. Since its introduc-

tion in 2001, the USCOM has been used in a wide range of

clinical settings, including critical care, anesthesiology,

emergency medicine, obstetrics, and neonatology. Its accu-

racy and reliability have been validated in animal and

human studies against alternative methods including pul-

monary artery thermodilution (Jain et al. 2008; Stewart

et al. 2008; Dhanani et al. 2011; Phillips et al. 2012; McNa-

mara et al. 2014). There is widespread support for the use

of Doppler-based ultrasound methods to assess hemody-

namics for fluid management in resuscitation and periop-

eratively (Brierley et al. 2009; Thiel et al. 2009; Kuper et al.

2011; NHS Technology Adoption Centre 2013).

For any method of clinical measurement, it is impor-

tant to establish the normal ranges of values obtained

using that method in order to determine the significance

of any subsequent individual measurement.

Normal ranges for hemodynamic variables obtained

with USCOM have been published for neonates, children,

adolescents, and the elderly (Cattermole et al. 2010; He

et al. 2011; Ho et al. 2013; Chan et al. 2014). However,

there are no published ranges for adults, nor have ranges

been derived according to subject weight, and no unifying

overview of changes in hemodynamics from the first year

of life to the elderly. The objectives of this study were

therefore:

1 To measure hemodynamic indices using USCOM in

healthy adult ethnic Chinese aged 18–60 years.

2 To combine these data with those for healthy children

(aged 0–12), adolescents (aged 12–18), and the elderly

(aged over 60) from our previously published studies

(Cattermole et al. 2010; Ho et al. 2013; Chan et al.

2014), in order to present normal ranges for all ages.

3 To establish and compare normal ranges of USCOM-

derived hemodynamic variables according to weight

and age.

Methods

Ethical approval

The Clinical Research Ethics Committee of the Chinese

University of Hong Kong approved the study (reference

number CRE-2009.482). Signed informed consent was

obtained from all adult subjects.

This cross-sectional observational study of 18- to 60-

year-olds was conducted in Hong Kong between Septem-

ber 2010 and May 2011 concurrent with the adolescent

study (Ho et al. 2013). Data were obtained from other

studies performed between October 2008 and January

2009 (children) (Cattermole et al. 2010), and between

February and October 2012 (elderly) (Chan et al. 2014).

Participants and setting

Healthy Chinese adults aged 18–60 were recruited. Chil-

dren and adolescents were recruited from local schools as

described previously (Cattermole et al. 2010; Ho et al.

2013). Adults were recruited through St. John’s Ambu-

lance personnel. The elderly were recruited through

friends and colleagues of staff (Chan et al. 2014). Exclu-

sion criteria included lack of consent, acute or chronic

illness, smoking, and current use of any medication. Non-

Chinese subjects were excluded. Similarly, only healthy

Chinese subjects from previously published studies were

included in the analysis.

Sample size of current study

Estimated means and standard deviations for SV were

used to calculate a sample size of 105 subjects in each

subgroup to achieve 95% confidence that the true mean

lies within 5% of that observed. To define up to three age

or weight subgroups (according to the centile curves pro-

duced), 315 subjects were required.

Measurements

USCOM is a direct derivative of echocardiography which

uses CW Doppler ultrasound to provide measurements of

hemodynamic indices. Using either the suprasternal insona-

tion window for the aortic valve, or the left parasternal win-

dow for the pulmonary valve, the device measures the

velocity time integral (VTI) of the ejection flow and heart

rate (HR). A proprietary algorithm based on height (in sub-

jects greater than 50 cm) or weight (less than 50 cm) is used

to derive the cross-sectional area (CSA) of the two valves,

and stroke volume is calculated as SV = CSA 9 VTI. Heart

rate is calculated from the interval between systolic

ejections, while concurrent systolic and diastolic blood

pressure values (SBP, DBP) are entered manually, from

which mean arterial pressure (MAP) is calculated as

MAP = DBP + ([SBP � DBP]/3). From these data,

USCOM derives values for cardiac output (CO =
SV 9 HR), systemic vascular resistance (SVR = MAP/CO),

and other hemodynamic parameters as shown in Table 1.

Flow time (FT) is the systolic ejection time in milliseconds.

Stroke volume variation is defined as (SVmax �
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SVmin 9 100)/([SVmax + SVmin]/2). Currently, the

USCOM measures or derives 22 hemodynamic variables

simultaneously. Body surface area (BSA) is calculated by the

USCOM using the formula of Du Bois and Du Bois (1916),

from which BSA-indexed values for CO, SV, and SVR were

derived (CI, SVI, and SVRI).

Operators were trained to use the USCOM, and data

collection followed the same procedure as described pre-

viously (Cattermole et al. 2010; Ho et al. 2013; Chan

et al. 2014). Standing height was measured barefoot to

the nearest 0.1 cm using a measuring tape (range = 0.0–
200.0 cm). Body weight was measured to the nearest

0.2 kg using electronic calibrated scales (Compact Preci-

sion Scale C200H, Conair Far East Ltd., Hong Kong,

China). Blood pressure was then measured with an

appropriately sized cuff using automated oscillometry

(Patient Monitor BX-10ne, Omron Healthcare Co. Ltd.,

Kyoto, Japan), with the subject supine and at rest imme-

diately prior to USCOM examination.

In this study, following a short period of rest and with

the subject lying supine, the suprasternal insonation win-

dow was used to obtain measurements of aortic valve

flow. A minimum of three consecutive Doppler ejection

profiles of diagnostic quality were required for each mea-

surement, and three measurements were made for each

subject. For analysis, the single best quality trace was used

(as defined previously according to the signal characteris-

tics of the flow tracing; Cattermole et al. 2009).

Statistical analysis

LMS Chartmaker Pro v2.3 software (Cole and Pan, Medi-

cal Research Council UK, 2006) was used to describe the

data in centile curves (2.5, 10, 50, 90, 97.5). The relation-

ships between USCOM-derived hemodynamic indices and

both age and weight were modeled by the LMS method of

Cole and Green (1992). Briefly, the relationship is

described by three age-specific cubic spline curves known

as L, M, and S. M represents the median, S is the coeffi-

cient of variation, and L is the Box–Cox transformation

that renders the data to follow a normal distribution, con-

ditional on age. Combination of these three functions gen-

erates centile values for each parameter. Age and weight

subgroups were defined according to the curves produced.

MedCalc v14.12.0 (MedCalc Software bvba, Belgium)

was used for descriptive analysis of the data within weight

and age subgroups. The Shapiro–Wilk test was used to

determine the normality of the distribution. Data were

analyzed using medians and ranges, or means and stan-

dard deviation, as appropriate. Comparison of groups

was made with the appropriate parametric or nonpara-

metric tests.

Results

There was a total of 2218 subjects (mean age = 16.4,

range = 0.5–89; 52% male). From the previous studies, 1197

children (aged 0–12, 55% male), 590 adolescents (aged 12–
18, 49% male), and 77 elderly (aged 60–89, 55% male) were

included. New, and previously unpublished, data were col-

lected from 354 adults (aged 18–60, 47% male).

Under 18 years, none of the data were normally dis-

tributed, while in adults the majority of variables were

abnormally distributed.

Under 18 years, there were no significant gender differ-

ences for any variables. Over 18 years there were small

but statistically significant differences between male and

female. Because these differences were largely attributable

to weight, and for ease of use, the rest of the data are pre-

sented without reference to gender.

Centile curves (2.5, 10, 50, 90, 97.5) for stroke volume

(SV), stroke volume index (SVI), cardiac output (CO),

cardiac index (CI), systemic vascular resistance (SVR) and

systemic vascular resistance index (SVRI), mean arterial

pressure (MAP), and heart rate (HR) against each of age

and weight are presented in Figures 1 and 2. Based on

these curves, two adult age groups were defined: 18–30
and 30–60 years. Weight subgroups were similarly

defined, using data from all studies.

Medians and 2.5%–97.5% ranges were used to present

normal ranges in age and weight subgroups, for each of

the USCOM variables as shown in Tables 2 and 3.

Discussion

This is the first study of normal ranges for USCOM in

adults, and the first presentation of ranges for use in all

ages from infancy through the elderly. Consistent with

our previous studies, all subjects were healthy Hong Kong

Chinese. Previously published USCOM values for children

and adolescents did not include velocity time integral,

flow time, and stroke volume variability, which are pre-

sented here for all ages. In addition, collation of the data

into a single set permits the generation of smoother and

more precise centile curves using the LMS method.

This is also the largest study of hemodynamic values

obtained in healthy subjects by any method. This knowl-

edge of healthy normal ranges should be helpful both in

physiological research and clinical practice.

Our results are consistent with other published ranges (De

Simone et al. 1997). It is impractical and inappropriate to

perform large-scale studies of healthy subjects using pul-

monary artery catheterization, precluding direct comparison

of derived ranges. However, data for stroke volume index

measured using the Fick method were published in 1955 for

ª 2017 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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67 healthy adult males, which are very similar to ours with

mean SVI = 48.9 mL.m�2 for 20–30 years and 44.2 mL.m�2

for 30–60 years (Brandfonbrener et al. 1955).

This study was not performed to validate the accuracy

or reliability of USCOM. Other workers have shown that

the USCOM is at least as good as other hemodynamic

measurement methods, both invasive and noninvasive

(Jain et al. 2008; Stewart et al. 2008; Dhanani et al. 2011;

Phillips et al. 2012; McNamara et al. 2014). Our previous

studies have demonstrated good interobserver reliability

(Cattermole et al. 2010; Ho et al. 2013), but this was in

children and adolescents. Others have shown that in the

ethnic Chinese population, interobserver reliability

decreases with increasing age, associated with increased

difficulty of insonation and poor quality scans (Huang

and Critchley 2013). These difficulties arise from anatom-

ical changes in the suprasternal notch with increasing age,

which impair proper transducer alignment with the aortic

valve. This is an important point to note when using

USCOM in older subjects; however, in this study, poor

quality scans were excluded from the analysis.

For any technology, notwithstanding discussion as to

absolute accuracy, it is essential to know the normal

ranges obtained with that method. It is likely that differ-

ent methods will produce consistent over- or underesti-

mation of values in comparison with each other, a

systematic bias. This does not preclude their scientific and

clinical utility, provided that the normal ranges are

known for that specific technology.

Normal ranges are conventionally presented as the range

within which 95% of values lie. If the data are normally dis-

tributed, this is presented as mean � 1.96 standard devia-

tion. In this study, most data were not normally distributed,

so medians with 2.5 and 97.5 centiles are presented.

We have presented normal ranges according to both

age and weight. Our preference would be to use weight-

dependent ranges, partly because this is likely to be more

important than age physiologically, but also pragmatically

Table 1. USCOM-derived hemodynamic parameters.

Parameter Unit Definition/equation

Preload

Flow time (FT) Ms Systolic ejection time

Flow time corrected (FTc) Ms
FTc ¼ FT=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðR� R intervalÞ

p

Stroke volume variation (SVV) %
SVV ¼ ðSVmax � SVmin � 100Þ=½ðSVmax þ SVminÞ=2�

Contractility

Heart rate (HR) min�1 Number of cardiac cycles in beats per min

Velocity time integral (VTI) m

VTI ¼
Z

FT=0VðtÞdt

Stroke volume (SV) ml
SV ¼ VTI� pr2

Stroke volume index (SVI) ml�m�2

SVI ¼ SV=BSA

Afterload

Systemic vascular resistance (SVR) d�s�cm�5

SVR ¼ ðMAP� CVPÞ � 80=CO

Systemic vascular resistance index (SVRI) d�s�cm�5�m2

SVRI ¼ SVR� BSA

Tissue perfusion

Cardiac output (CO) L�min�1

CO ¼ SV�HR

Cardiac index (CI) L�min�1.m�2

CI ¼ CO=BSA

BSA, body surface area (m2); CVP, central venous pressure (mmHg); MAP, mean arterial pressure (mmHg); R–R interval, heart beat periodicity

(s); pr2, cross-sectional area of outflow tract (m2).
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Figure 1. Centile curves (2.5, 10, 50, 90, 97.5) of hemodynamic parameters with weight.
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Figure 2. Centile curves (2.5, 10, 50, 90, 97.5) of hemodynamic parameters with age.
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as the centile curves are smoother and easier to use. The

extent to which age and weight independently contribute

to the changes in hemodynamic variables is unclear. Simi-

larly, gender is another potential factor, but the differ-

ences observed in age-dependent values were clinically

small even if statistically significant. The gender differ-

ences were minimal after accounting for weight. In keep-

ing with previously published ranges, we have not added

the further complication of separate ranges for gender.

As might be expected, the data show that heart rate falls

and blood pressure rises with age, more rapidly in childhood.

This is partly accounted for by the rapid change in height in

the first 20 years, with later arterial stiffening accounting for

the ongoing rise in blood pressure, reflected by the increasing

vascular resistance index seen throughout life.

Cardiac output rises steadily to reach a peak in the teen-

age years, after which it gradually declines. However, when

considered as cardiac output per square meter of body sur-

face area, CI, then cardiac output peaks in 3–6 years old

children equivalent to a body weight of 10–15 kg. It is

likely that this represents the maximum oxygen require-

ments of the tissues during periods of maximum growth.

The higher absolute cardiac output in the teenage years

probably represents a period where growth and activity

combine to produce maximum oxygen consumption.

From late teens onwards there is little or no growth, but a

steadily declining level of physical activity.

Overall, stroke volume rises steadily until late teens then

tends to decline gradually over the years, but when viewed

against weight, it shows a more linear relationship. Stroke

volume index follows a broadly similar pattern to cardiac

index peaking between 6 and 12 years of age, and at a

body weight of around 30 kg. Unfortunately, our data did

not include lean body mass calculation, so it is unknown

whether this would be a better reference parameter than

either weight or age. As the metabolic requirements of fat

are significantly lower than those of the vital organs and

muscle, it would seem that lean body mass should be a

more accurate reference. Whether this proves to be any

better than the traditional standard of body surface area-

indexed measurements would require further studies.

Limitations

There were very few children in the youngest age group and

under 10 kg. Although the centile curves are less reliable

therefore, we felt it important to include these groups sepa-

rately as it was clear their values were significantly different

from children in the next age and weight groups.

Our study did not include any subjects over 100 kg nor

over 89 years old. From the centile curves it is unlikely that

extrapolation beyond 89 years will result in significant

inaccuracy. Although in Western societies there are

subjects with body weights in excess of several hundred

kilograms, it is unlikely that extrapolation to such extremes

is necessary given the very low perfusional requirements of

body fat. However, it could be useful to study hemody-

namics–weight relationships in heavier subjects, given the

increasing incidence of obesity in the world.

Our study included only Hong Kong Chinese, but pre-

vious comparison with Australian data has not shown

clinically significant differences between our populations

when adjusted for morphometry (Cattermole et al. 2010;

Ho et al. 2013).

This study utilized only the suprasternal approach, mea-

suring flow through the aortic valve. We did not use the

pulmonary valve approach in order to maintain consistency

with the pediatric and adolescent studies where only aortic

valve measurements were used. It is known that it can be

more difficult to obtain good quality traces via the

suprasternal approach in older Chinese subjects which might

increase discomfort (Huang and Critchley 2013). The elderly

study had included both aortic and pulmonary valve

approaches, but found only small differences between the

two: stroke volume was approximately 4% lower using the

aortic approach, while heart rate was only slightly higher. It

is unlikely therefore that patient discomfort caused by using

the suprasternal approach leads to any significant adrener-

gic-induced measurement error. In addition, we have

reported that in children there is little discomfort from

suprasternal USCOM relative to measuring blood pressure

oscillometrically (Chan et al. 2013). To minimize anxiety,

subjects rested before the scan and were fully informed of

what was involved. However, we cannot exclude a small but

real effect on hemodynamics resulting from discomfort, but

this is likely to be far less than the hemodynamic changes

induced by other measurement methods such as pulmonary

artery catheters or arterial pulse wave integration.

A further potential problem with the aortic valve

approach is the possibility of aortic stenosis. (The same is

equally true of the pulmonary valve and pulmonary steno-

sis.) This is easily identified as one of the measures reported

by USCOM is the mean pressure gradient (Pmn) across the

valve being examined. The presence of valvular stenosis is

therefore not only identified qualitatively, but the severity

of stenosis can be quantified from the value of Pmn. In our

study, no subject had evidence of aortic stenosis, but for

practical use, even if aortic stenosis is present then it does

not preclude hemodynamic measurements via the pul-

monary valve, as combined stenosis of the aortic and pul-

monary valves is extremely rare.

Conclusions

We have presented comprehensive means and normal

ranges for hemodynamic parameters obtained with
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USCOM in healthy subjects of all ages from infancy to

the elderly. We have demonstrated how these parameters

vary with age and weight. These ranges represent a refer-

ence standard for further physiological research, as well as

being of potential value in clinical practice.
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