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Abstract

This study aimed to investigate and validate a nonin-
vasive affordable cardiac output (CO) trend monitor in-
tended for telemedicine applications. The approach of this
work will widely increase the availability of CO measure-
ments, currently only available through expensive hospi-
tal equipment. The estimation method of the CO trend is
based on the transient analysis of a PPG (photoplethys-
mography) signal during venous occlusion. The PPG sig-
nal is acquired with an LED and a photodiode as in typical
pulse oximeters, whereas a pneumatic cuff and pressure
pump implement the occlusion and release cycles. The
CO trend is given by the relative comparison of different
CO measurements of the same individual. All the compo-
nents used in this work have been already integrated into a
portable device with wireless communications so it can be
suitable for telemedicine applications. Different measures
were taken on different individuals at different times of the
day, several days per week during some weeks. The CO
trend consistently reflected the expected daily CO variation
patterns and events such as food intake and mild physical
activities. The proposed methodology can be used to de-
termine sudden CO changes or to analyze the underlying
overall CO trend with measurements taken over multiple
days.

1. Introduction

According to the World Health Organization (WHO),
cardiovascular diseases are the first cause of reported mor-
tality worldwide [1]. In particular, heart failure (HF) is
a major public health problem. Projections show that the
prevalence of HF will increase 46% from 2012 to 2030,
exceeding a total of 8 million adults worldwide with HF
by 2030. Additionally, the total percentage of the popula-
tion with HF is predicted to increase from 2.42% in 2012
to 2.97% in 2030.

During the last decades there has been a growing num-
ber of telemedicine applications users, which are changing
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the way people seek and get medical advice, diagnoses,
and prescriptions. Cardiac output (CO) is the blood flow
that the heart ejects per minute and is directly related to the
heart rate (HR) and stroke volume (SV) by the following
expression CO = HR x SV. Continuous CO monitoring is
especially useful for chronic heart-related diseases. How-
ever, high quality medical-grade equipment is costly or in-
vasive which is not suitable for telemedicine applications.
Current telemedicine devices can provide variables to esti-
mate the CO trend. CO trend is one of the best techniques
to identify cardiovascular health changes which serves for
better diagnostics.

The primary objective of this work is to present a prelim-
inary investigation of a CO trend measurement technique
that uses very common, simple and affordable devices in-
cluding a pneumatic cuff and a pulse oximeter. This tech-
nique obtains the plethysmography readings from a pulse
oximeter to estimate the amount of blood in a fingertip dur-
ing cycles of forearm venous occlusions and releases. The
speed of blood accumulation in the finger is affected by the
actual CO, even though other secondary factors may also
influence.

2. CO trend estimation method

The CO trend is based on the transient analysis of a PPG
(photoplethysmography) signal during venous occlusion.
Venous occlusion is achieved for pressures in the range
40 mmHg to 60 mmHg with a pneumatic cuff without dis-
torting the blood flow of the arteries, see for example [2,3].
If the cuff is inflated too slowly, venous occlusion will not
be effectively achieved and kept during the accumulation
of blood in the forearm. This only happens when inflation
time is faster than 6 seconds, and results are independent of
inflation time so long as it remains below that time thresh-
old (see [4]). That condition is met in our experiments.

A pulse oximeter measures the relative amount of trans-
mitted light through the fingertip. It contains a pair of
small LEDs located in a finger probe, which emit red and
near-infrared (near-IR) light [S]. The transmitted light
through the finger is then detected by a photodiode. When
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Figure 1: Test experimental setup. A test involves a user, a
multiparameter vital signs monitor (multiparameter mon-
itor), a personal computer (PC), a pneumatic cuff (cuff),
and a pulse oximeter.

the volume of vascular bed increases, a lower signal is ob-
served because more light is absorbed. We select the sig-
nal corresponding to the near-IR light because it is less af-
fected by oxygen concentration in the blood, which will
be reduced during venous occlusion. This signal is the
PPG signal. We assume that the relative changes in the
PPG signal are proportional to the relative changes in vol-
ume of the fingertip vascular bed. Thus, the relative rate
of change (slope, S) of the PPG signal is proportional to
the relative rate of change of the volume of the fingertip
vascular bed. In other words, S is proportional to the local
blood flow, which in turn, we assume to be proportional
to the CO of the heart. Situations where this assumption
is not true include thermoregulation in cold ambients or
other situations that produce vasoconstriction [6, 7]. Other
parameters like the area between the actual PPG curve and
its baseline value (i.e. PPG average during no venous oc-
clusion), or the PPG amplitude (i.e. difference between
PPG baseline and its asymptotic value) can serve for CO
trend estimation. In this work, we present the results on the
S parameter, since similar results can be achieved with the
other two. For the same individual under similar measure-
ment conditions, mainly including time of the day, tem-
perature, food and caffeine intake, the S parameter trend
should be a good estimation of the real CO trend.

The CO trend can be observed by relative comparison of
different values of the S parameter for the same individual.
Usually, the S parameter is negative, therefore we give its
absolute value. Thus, an increase in CO should be reflected
in an increase of the S parameter.
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Figure 2: Typical PPG and PNI signals of a user test. The
four venous occlusion periods are shown. Movement arti-
facs can lead to low-quality PPG signals for the CO trend
estimation.

3. Experimental setup

We use a modified multiparameter vital signs monitor
[8] to perform venous occlusion, like shown in fig. 1. The
user sits in an upright position with the arm placed at the
height of the heart. The user is asked not to move or talk.
The user has a pneumatic cuff in the left forearm and a
pulse oximeter in his or her left index finger. The arm rests
over a cushion. Each period of venous occlusion has a typi-
cal duration of 50 s [3]. Although the tests for investigation
and validation of this CO trend measurement methodology
have been done with the modified multiparameter monitor,
this type of methodology and data acquisition have also
been tested in a portable device with wireless communi-
cations similar to [9], so the presented technique can be
suitable for telemedicine applications.

In each CO trend measurement, venous occlusion is re-
peated four times, like shown in fig. 2. In the figure, PNI
is the pressure of the pneumatic cuff. For each measure-
ment, the S value is the mean of the S values with the 95%
confidence interval for small sample size.

4. Results

The S results obtained from three healthy volunteers be-
tween 27-40 years-old are shown in figs. 3 to 5. They fol-
lowed an approximately fixed schedule monitoring routine
during different working days. Interestingly, the values of

Page 2



0.06

0.06

0.04 G ~
= o002} ] = ~ __ _.§
n 0 ~ g ——
o< > < | I 0.02 ~
_0.02 L L L L L L L O L L L L L L L
08 09 10 11 12 13 14 15 16 o7 08 09 10 11 12 13 14 15
Time/ Hours Time/ Hours
(a) Day 1 (b) Day 2
0.06 0.06

0.04 F 1 0.04
; A B I [ SN E
- - —_—— e =~ ~ =~ ~ Ve
? 002 é- ‘~{ 1 “om} = \i
O 2 2 2 2 2 2 2 2 0 2 2 2 2 2 2 2 2 2
07 08 09 10 11 12 13 14 15 16 07 08 09 10 11 12 13 14 15 16 17
Time/ Hours Time/ Hours
(c) Day 3 (d) Day 4

Figure 3: Parameter S for user 1 for 4 days. In each day, the tests were took during the morning and noon. Legend: Il :
Meal or coffee; <& : Sitting.
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Figure 4: Parameter S for user 2 for 2 days. Legend: Ml : Meal or coffee; <&~ : Sitting.
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Figure 5: Parameter S for user 3 for 2 days. Legend: Ml : Meal or coffee; <€~ : Sitting.
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the S parameter are usually between 0.02-0.06, which re-
flects a consistent CO state across different days for the
same user.

User 1 data, in fig. 3 shows two measurements taken
around 11 am, right before and after a quick meal. A clear
increase of the parameter S is observed in relation to the
increase in blood flow as a consequence of digestion and
movement. A similar increase is also observed in user 3
data, even though the measurements were taken more than
two hours apart, approximately at 10am and 12am, this last
one right after lunch. User 2 did not have any food between
the first two measurement, and this is why his data show a
decrease, instead of an increase of S. For user 1, the hours
from breakfast to the working lunch show a consistent de-
crease in CO, which is also observed in user 2. In user 3,
it is likely that this decrease could be observed if the user
would have done a measure just before the working lunch.
Similar values are observed for user 2 and 3. In summary,
for all users an increase of CO is observed after food in-
take, whereas a decrease is shown when sitting for several
hours.

5. Conclusions

The presented CO trend estimation methodology shows
consistent results when compared across multiple exper-
iments under similar measurement conditions. For every
individual that participated in the experiments, an increase
of CO is observed after food intakes. On the other hand,
the CO is estimated to decrease after a long sitting period.
This methodology is consistent with the expected qualita-
tive variations of the CO trend, which is very promising to
be applied in telemedicine applications. A patent applica-
tion regarding the presented system and method has been
filled.

Actual results can only be used to estimate the CO trend
for a given individual, that is whether there has been an
increase or decrease of CO, and how significant this has
been. Unfortunately, absolute CO estimates cannot be
achieved with the presented technique, and results cannot
be used to compare the CO state of two different individ-
uals. It is worth mentioning that measurements can be af-
fected by different conditions in limbs, skin temperature,
stress level, medication, etc. Other factors are related with
how users carry out the measurement such as user postures
or movement, variations of pulse oximeter or cuff position-
ing or bad usage, etc.

Further research is still needed for validating the pre-
sented methodology, as well as to achieve quantitative CO
results. A more rigorous study is being planned to carry
out a big set of experiments with individuals that have dif-
ferent medical conditions, where this technique is com-
pared against absolute CO and trend CO values obtained
from medical-grade equipment.
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