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Fig.1

102 Obtaining segment of signal recorded with accelerometer

108 Aligning plurality of segments

114 Filtering plurality of segments with band-pass filter

116 Determining mean segment based on plurality of segments

118 Determining first temporal feature in the mean segment

120 Determining second temporal feature in the mean segment

122 Determining a measure based on first temporal features

128 Providing output information based on determined measure

Fig.2
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102 Obtaining segment of signal recorded with accelerometer

104 Recording signal with accelerometer

I
106 Dividing recorded signal into plurality of segments

108 Aligning plurality of segments

110 Determining second heart sound ($2) in each segment
|
112 Aligning plurality of segments by second heart sounds (S2)

114 Filtering plurality of segments with band-pass filter
]

116 Determining mean segment based on plurality of segments
]

118 Determining first temporal feature in the mean segment
]

120 Determining second temporal feature in the mean segment
]

122 Determining a measure based on first and second temporal features

124 Determining signal strength of first temporal feature

126 Determining difference in time of first and second temporal features

128 Providing output information based on determined measure

Fig.3
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Fig.5

202 Obtaining a signal portion

204 Recording signal with accelerometer
]

206 Forming signal portion

208 Determining maximum and minimum in signal portion
I

210 Providing difference between maximum value and minimum value as
output information

Fig.6
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CARDIOVASCULAR AND
CARDIORESPIRATORY FITNESS
DETERMINATION

TECHNICAL FIELD OF THE INVENTION

[0001] The present invention generally relates to tech-
niques for monitoring purposes relating to cardiovascular or
cardiorespiratory fitness, and in particular to techniques for
assisting in determining maximal oxygen consumption or
uptake.

BACKGROUND OF THE INVENTION

[0002] Cardiovascular fitness and cardiorespiratory fitness
refer to the ability of the circulatory and respiratory systems
to supply oxygen to muscles. The latter term is generally
used for the ability to supply oxygen to skeletal muscles
during sustained physical activity, which may therefore be
regarded as a subset of cardiovascular fitness.

[0003] These types of fitness are affected by physiological
parameters, including heart rate, stroke volume, cardiac
output, and maximal oxygen consumption. Regular exercise
makes these systems more efficient by enlarging the heart
muscle, enabling more blood to be pumped with each stroke,
and increasing the number of small arteries in trained
skeletal muscles, which supply more blood to working
muscles.

[0004] There is both a clinical demand and a consumer
demand for a low-cost and portable technology that can give
an indication of cardiovascular and cardiorespiratory fitness.
[0005] Seismocardiography (SCG) is the analysis of sub-
audible low-frequency vibrations at the chest wall caused by
the beating heart. More generally, SCG typically relates to
non-invasive measurement of accelerations in the chest wall
produced by myocardial movement. Heart sounds are
audible components of the chest wall vibrations that typi-
cally are above 40-60 Hz, while SCG vibrations typically are
below 5 Hz.

[0006] SCG is typically measured using an accelerometer.
However, when an accelerometer is used, both low fre-
quency SCG components and audible components are
simultaneously sampled. The SCG components and the
audible components reveal different cardiovascular func-
tions, thus enabling different approaches to diagnosing a
cardiovascular function. For example, SCG is typically
suitable for estimation of time intervals between features in
the cardiac cycle, while heart sounds are appropriate for
detection of murmurs caused by flow disturbances.

[0007] When using an accelerometer, the heart sounds or
audio components in the accelerometer signal are dominated
by the high intensity of the low-frequency vibrations, or
SCG waves. If the accelerometer signal is high pass filtered,
for example with a lower cutoff of 50 Hz, the heart sounds
are revealed. In the heart sound, the most dominating sounds
are the first heart sound (S1) and second heart sounds (52),
which are related to the mitral valve closure (MC) and the
aortic valve closure (AC), respectively.

OBJECT OF THE INVENTION

[0008] An object of the present invention is to meet the
abovementioned demands of a technology that can give an
indication of cardiovascular and cardiorespiratory fitness,
and in particular a technology that is inexpensive and
portable.

Jun. 13,2019

SUMMARY OF THE INVENTION

[0009] According to a first aspect, the aforementioned
objects are accomplished by a method for quantifying, or
determining an indication of; cardiovascular fitness or car-
diorespiratory fitness. The method comprises: obtaining a
plurality of segments of a signal recorded with an acceler-
ometer placed on the chest of a person for measuring
accelerations and vibrations of the chest wall of the person
caused by myocardial movement, wherein each segment
covers, or corresponds to, a cardiac cycle. The method
further comprises: aligning the plurality of segments, deter-
mining a mean segment based on the plurality of segments,
and filtering the plurality of segments prior to determining
the mean segment, or filtering the mean segment, with a
band-pass filter having a lower cutoff frequency below 5 Hz,
preferably below 1 Hz, and an upper cut-off frequency in the
range 60-500 Hz. The method further comprises: determin-
ing a first temporal feature in the filtered mean segment,
determining a measure based on at least one of the signal
strength, or amplitude, of the first temporal feature and the
location in time of the first temporal feature, and providing
output information based on the determined measure.

[0010] Here, and throughout these specifications, quanti-
fying, or determining an indication of cardiovascular fitness
and cardiorespiratory fitness are understood to be limited to
a normal function of the cardiovascular or cardiorespiratory
system, and to be disassociated with, an abnormal cardio-
vascular or cardiorespiratory function, condition or struc-
ture, or a cardiovascular or cardiorespiratory disorder or
disease. Thus, quantifying, or determining an indication of
cardiovascular or cardiorespiratory fitness is understood to
include quantifying, or determining an indication of, aerobic
fitness, such as maximal oxygen consumption or uptake
(VO, Max).

[0011] Quantifying, or determining an indication of, car-
diovascular fitness or cardiorespiratory fitness is understood
to not include quantifying, or determining an indication, of
function, such as cardiovascular function. Thus, quantifying,
or determining an indication of, cardiovascular fitness or
cardiorespiratory fitness is understood to not encompass
quantifying, or determining an indication of, a heart disease
relating to myocardial performance, such as heart failure.
Here, function, or cardiovascular function, are understood to
be limited to an abnormal cardiovascular or cardiorespira-
tory function, condition or structure, or a cardiovascular or
cardiorespiratory disorder or disease, and to be disassociated
with normal function of the cardiovascular or cardiorespi-
ratory system.

[0012] Throughout these specifications, a temporal feature
may correspond to a feature or stage in a cardiac cycle. A
temporal feature may correspond to a peak, valley, local
extremum, local minima, local maxima, maximal change,
maximal increase, or maximal decrease of the filtered mean
segment. A measure may, throughout these specifications,
correspond to or be based on, a signal strength or an
amplitude, or a difference in time. The signal strength or
amplitude of a temporal feature may correspond to an
acceleration affecting the accelerometer. Signal strength of a
temporal feature is here, and throughout these specifications,
understood to encompass a signal sample or a signal value
of the temporal feature. The amplitude may be determined
relative to the mean signal in the mean segment. An ampli-
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tude is understood to encompass a peak value, or the
extreme value of a temporal feature, such as a local maxima
or minima.

[0013] The accelerometer may comprise a piezoelectric
element. The signal may represent a voltage generated by
the piezoelectric element. Thus, the signal strength or ampli-
tude of a temporal feature may represent a voltage value for
the temporal feature.

[0014] According to a second aspect, the objects are
achieved by system for quantifying, or determining an
indication of, cardiovascular fitness or cardiorespiratory
fitness. The system comprises: (A) an accelerometer con-
figured to be placed on the chest of a person for measuring
accelerations and vibrations of the chest wall of the person
caused by myocardial movement, and (B) a processor opera-
tively connected to the accelerometer. The processor is
configured to: obtain a plurality of segments of a signal
recorded with the accelerometer, wherein each segment
covers, or corresponds to, a cardiac cycle. The processor is
also configured to: align the plurality of segments, determine
amean segment based on the plurality of segments, and filter
the plurality of segments prior to determining the mean
segment, or filter the mean segment, with a band-pass filter
having a lower cutoff frequency below 1 Hz and an upper
cut-off frequency in the range 60-500 Hz. The processor is
further configured to: determine a first temporal feature in
the mean segment, determine a measure based on at least
one of the signal strength, or amplitude, of the first temporal
feature and the location in time of the first temporal feature,
and provide output information based on the determined
measure.

[0015] In the above aspects, to obtain a plurality of seg-
ments of a signal may comprise: obtaining the signal and
forming the plurality of segments from the signal.

[0016] According to a third aspect, the objects are
achieved by a system for quantifying, or determining an
indication of, cardiovascular fitness or cardiorespiratory
fitness. The system comprises: an accelerometer configured
to be placed on the chest of a person for obtaining a signal
representing accelerations and vibrations of the chest wall of
the person caused by myocardial movement, and a segmen-
tation module for forming a plurality of segments from the
signal, wherein each segment covers, or corresponds to, a
cardiac cycle. It further comprises: an align module for
aligning the plurality of segments, a first calculation module
for determining a mean segment based on the plurality of
segments, and a filter module for filtering the plurality of
segments prior to determining the mean segment, or for
filtering the mean segment, with a band-pass filter having a
lower cutoff frequency below 1 Hz and an upper cut-off
frequency in the range 60-500 Hz. The system also com-
prises: a second calculation module for determining a first
temporal feature in the mean segment and, a third calcula-
tion unit for determining a measure based on at least one of
the signal strength, or amplitude, of the first temporal feature
and the location in time of the first temporal feature, and an
output module for providing output information based on the
determined measure.

[0017] According to a fourth aspect, the objects are
achieved by a computer program product for being used in
a system for quantifying, or determining an indication of,
cardiovascular fitness or cardiorespiratory fitness, wherein
the system comprises: (A) an accelerometer for being placed
on, or configured to be placed on, the chest of a person for
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measuring accelerations and vibrations of the chest wall of
the person caused by myocardial movement, and (B) a
processor operatively connected with the accelerometer. The
computer program product comprising program code
instructions configured to, when executed by the processor
of the system, cause the processor to: obtain a signal with the
accelerometer, and forming a plurality of segments from the
signal, wherein each segment covers, or corresponds to, a
cardiac cycle. The program code instructions further causes
the processor to: align the plurality of segments, determine
amean segment based on the plurality of segments, and filter
the plurality of segments prior to determining the mean
segment, or filter the mean segment, with a band-pass filter
having a lower cutoff frequency below 1 Hz and an upper
cut-off frequency in the range 60-500 Hz. The program code
instructions are further configured to cause the processor to:
determine a first temporal feature in the mean segment,
determine a measure based on at least one of the signal
strength, or amplitude, of the first temporal feature and the
location in time of the first temporal feature, and provide
output information based on the determined measure.
[0018] According to a fifth aspect, the objects are achieved
by a non-transient memory on which a computer program
product according to the fourth aspect is stored.

[0019] According to a sixth aspect, the objects are
achieved by a method for quantifying, or determining an
indication of, cardiorespiratory fitness. The method com-
prises: obtaining a signal portion of a signal recorded with
an accelerometer placed on the chest of a person for mea-
suring accelerations and vibrations of the chest wall of the
person caused by myocardial movement, determining a
maximum value in the signal portion, and providing output
information indicating cardiorespiratory fitness based on the
maximum value.

[0020] Alternatively to determining a maximum value and
providing output information on the maximum value, the
method may comprise: determining the standard deviation
or variance of the signal portion, and providing output
information indicating cardiorespiratory fitness based on the
standard deviation or variance.

[0021] The signal portion may be, or correspond to, a
segment of the plurality of segments described in relation to
the above aspects.

[0022] According to a seventh aspect, the objects are
achieved by a system for quantifying, or determining an
indication of, cardiorespiratory fitness. The system com-
prises: (A) an accelerometer configured to be placed on the
chest of a person for measuring accelerations and vibrations
of the chest wall of the person caused by myocardial
movement, and (B) a processor operatively connected to the
accelerometer. The processor is configured to perform any of
the steps described in relation to the sixth aspect.

[0023] According to an eighth aspect, the objects are
achieved by a system for quantifying, or determining an
indication of, cardiorespiratory fitness. The system com-
prises: an accelerometer configured to be placed on the chest
of a person for measuring accelerations and vibrations of the
chest wall of the person caused by myocardial movement, a
calculation module for obtaining a signal portion of a signal
recorded with the accelerometer placed on the chest of a
person, a determining module for determining a maximum
value in the signal portion, and an output module for
providing output information indicating cardiorespiratory
fitness based on the maximum value.



US 2019/0175072 A1

[0024] According to a ninth aspect, the objects are
achieved by a computer program product for being used in
a system for quantifying, or determining an indication of,
cardiorespiratory fitness. The system comprises: (A) an
accelerometer configured to be placed on the chest of a
person for measuring accelerations and vibrations of the
chest wall of the person caused by myocardial movement,
and (B) a processor operatively connected to the accelet-
ometer. The computer program product comprises program
code instructions configured to, when executed by the pro-
cessor of the system, cause the processor to: perform any of
the steps described in relation to the sixth aspect.

[0025] According to a tenth aspect, the objects are
achieved by a non-transient memory on which a computer
program product according to the ninth aspect is stored.
[0026] In the different aspects above, the output informa-
tion may represent the actual determined measure. Alterna-
tively, the output information may represent a score based on
the determined measure. The output information may indi-
cate, or be an indication of, cardiovascular fitness or car-
diorespiratory fitness, or more precisely an indication of
VO, Max, for example as one or more numerical values.
Additionally or alternatively, the aligning may be performed
prior to the filtering, and the filtering may be performed prior
to determining the mean segment.

[0027] In the method of the first aspect, the accelerometer
may be placed on the chest of a person and attached to the
skin of the person by an adhesive for measuring the accel-
erations and vibrations. The systems of the second, third and
fourth aspects may further comprise an adhesive patch
configured for supporting the accelerometer and for being
attached to the skin of the person. By attaching the accel-
erometer to the skin, the quality of the recorded signals is
improved.

DETAILED DESCRIPTION

[0028] The different aspects described above may be
modified as described below.

[0029] The step of obtaining a segment of a signal
recorded with an accelerometer may comprise: recording a
signal with an accelerometer placed on the chest of a person
for measuring accelerations and vibrations of the chest wall
of the person caused by myocardial movement, wherein the
signal is recorded over a period of time covering a plurality
of cardiac cycles of the person. The step further may
comprise: dividing the recorded signal into the plurality of
segments, wherein each segment covers a single cardiac
cycle. The accelerometer may be placed on the front of the
chest of the person. The accelerometer being placed on the
chest of a person means that it is placed on the outside and
not on the inside of the body. This has the advantage of a
simple application that does not require any chirurgical
skills and that it can be performed in non-sterile environ-
ments.

[0030] Obtaining a plurality of segments of a signal
recorded with an accelerometer may comprise: recording the
signal with the accelerometer placed on the chest of a person
for measuring accelerations and vibrations of the chest wall
of the person caused by myocardial movement, and filtering
the signal to obtain an audio signal. Obtaining a plurality of
segments may further comprise: identifying a plurality of
heart sounds in the audio signal, wherein each heart sound
relates to a single cardiac cycle, and dividing the recorded
signal into the plurality of segments based on the identified
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plurality of heart sounds. The filtering may comprise a
high-pass filtering having lower cut-off frequency in the
range 40-80 Hz, or approximately equal to 50 Hz or 65 Hz.
[0031] Here, the plurality of heart sounds may be the first
heart sound (S1). Alternatively, the plurality of heart sounds
may be the second heart sound (S2). Throughout these
specifications, a microphone is understood as a transducer
that converts sound into an electrical signal.

[0032] The aligning the plurality of segments may com-
prise: determining a heart sound in each of the plurality of
segments, and aligning the plurality of segments by the
determined heart sound of each segment. The heart sound
may be the first heart sound (S1) or the second heart sound
(S2). The first heart sound (S1) may correspond to the
closing of the atrioventricular valves. The second heart
sound (S2) may correspond to the closing of the semilunar
valves.

[0033] The measure may correspond to, or be based on,
the signal strength, or amplitude, of or at the first temporal
feature. For example, the measure may correspond to the
amplitude of the first heart sound (S1). This has been found
to be an advantageous measure to study when examining
cardiovascular fitness.

[0034] Further, determining a measure may comprise:
determining the signal strength, or amplitude, of the first
temporal feature. The first temporal feature may correspond
to: the aortic valve opening (AO) of a heart cycle or the or
the aortic valve closing (AC).

[0035] The method according to the first aspect may
further comprise: determining a second temporal feature in
the filtered mean segment, and wherein determining a mea-
sure is further based the signal strength, or amplitude, of the
second temporal feature and on the location in time of the
second temporal feature. By having two or more temporal
features, additional measures can be used, thus contributing
to an improved technology for determining cardiorespira-
tory fitness.

[0036] Alternatively or additionally, the measure may be
based on the signal strength, or amplitude, of the first
temporal feature and on the signal strength, or amplitude, of
the second temporal feature. The signal strength, or ampli-
tude, of the first temporal feature may be normalized by the
signal strength, or amplitude, of the second temporal feature.
Determining a measure may comprise: determining the
difference or ratio between the signal strength, or amplitude,
of the first temporal feature and the signal strength, or
amplitude, of the second temporal feature, wherein the
measure is based on the determined difference or ratio.
[0037] The first temporal feature may correspond to the
aortic valve opening (AO) and the second temporal feature
may correspond to the isovolumic movement (IM).

[0038] The method, or determining the first temporal
feature, may further comprise: determining a first point in
time in the mean segment corresponding to the onset of a
heart sound. Determining the first temporal feature may
further comprise: determining the first temporal feature
relative to the first point in time. Similarly, determining the
second temporal feature may further comprise: determining
the second temporal feature relative to the first point in time.
The heart sound may be the first heart sound (S1) or the
second heart sound (S2). As mentioned above, the first heart
sound (S1) may correspond to the closing of the atrioven-
tricular valves and the second heart sound (S2) may corre-
spond to the closing of the semilunar valves.
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[0039] If the heart sound is the first heart sound (S1),
determining a first temporal feature may comprise: detet-
mining the first local minima (IM) subsequent to the first
point in time, and assigning the first local minima to
represent the isovolumic movement (IM). Alternatively or
additionally, determining a first temporal feature may com-
prise: determining the global maxima subsequent to the first
point in time, and assigning the global maxima to represent
the aortic valve opening (AQ).

[0040] The lower cutoff frequency of the band-pass filter
may be below 0.5 Hz, 0.2 Hz, or approximately 0.1 Hz. The
upper cutofl frequency may be the range of 100-500 Hz,
150-250 Hz, 175-225 Hz, or approximately 200 Hz, or in
one of the ranges 60-100 Hz, 100-150 Hz, 150-200 Hz,
200-250 Hz, and 250-300 Hz. Preferably, the upper cutoff
frequency is in the range of 60-500 Hz, but is may also be
in the range 30-500 Hz. These frequencies for providing the
SCG signal have been found to give reliable results.
[0041] The method may further comprise: determining a
heart rate of the beating heart. Similarly, the processor may
be configured to: determine a heart rate of the beating heart,
and the computer program product may comprise program
code instructions configured to, when executed by the pro-
cessor of the system, cause the processor to: determine a
heart rate of the beating heart. The heart rate may be
determined based on the signal recorded with the acceler-
ometer. The heart rate may indicate the number of contrac-
tions of the heart per minute or another suitable period of
time.

[0042] Determining the measure may further be based on
the heart rate. For example, determining the measure may
comprise: determining the difference between the location in
time of a first temporal feature and the location in time of a
second temporal feature and dividing the difference with the
heart rate. It is contemplated that by taking the heart rate into
account, the measure can be determined more accurately for
persons having a high heart rate at rest and for persons that
are active or exercising when the signal is recorded with the
accelerometer.

[0043] Inthe method of the sixth aspect, obtaining a signal
portion may comprises: recording a signal with an accelet-
ometer placed on the chest of a person, and forming the
signal portion from the signal, wherein the signal portion
covers one or more complete cardiac cycles of the person.
[0044] The method according to the sixth aspect may
further comprise: determining a minimum value in the signal
portion, and the output information indicating cardiorespi-
ratory fitness may further be based on the difference between
the maximum value and the minimum value. The maximum
value may correspond to the peak of a first temporal feature
in a cardiac cycle. Similarly, the minimum value may
correspond to the peak of a second temporal feature in a
cardiac cycle.

[0045] Here, the first temporal feature and the second
temporal feature may belong to the same cardiac cycle. The
first temporal feature may follow immediately after the
second temporal feature, and/or the peak of the first temporal
feature may be within 100 ms of the peak of the second
temporal feature. Alternatively, the first temporal feature and
the second temporal feature may belong to different cardiac
cycles.

[0046] The method according to the sixth aspect may
further comprise: determining the minimum value and the
maximum value within a time interval having a length that
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is less than 100 ms. The maximum value, or the first
temporal feature, may correspond to the signal strength, or
amplitude, of the aortic valve opening (AO). The minimum
value, or the second temporal feature, may correspond to the
signal strength, or amplitude, of the isovolumic movement
(IM). The maximum value and/or the minimum value may
be a peak amplitude value. Effectively, this means that the
maximum value corresponds to the peak value of the aortic
valve opening (AO), and the minimum value corresponds to
the peak value of the isovolumic movement (IM).

[0047] The method according to the sixth aspect may
further comprise: obtaining information indicating the Body
Mass Index (BMI) of the person, and the output information
indicating cardiorespiratory fitness may further be based on
the indication of BMI. It has been found that there is a strong
correlation between BMI and the indication of VO, Max,
and that the indication can be corrected for BMI. It is
contemplated that this correlation is an effect of fat damp-
ening vibrations of the of the chest wall caused by myocar-
dial movement.

[0048] The method according to the sixth aspect may
further comprise: filtering the signal portion with a band-
pass filter having a lower cutoff frequency below 1 Hz and
an upper cut-off frequency in the range 100-500 Hz. The
lower cutoff frequency of the band-pass filter may be below
0.5 Hz, 0.2 Hz, or approximately 0.1 Hz. The upper cutoff
frequency may be in the range of 60-500 Hz, 100-400,
150-250 Hz, 175-225 Hz, or approximately 200 Hz, or in
one of the ranges 60-100 Hz, 100-150 Hz, 150-200 Hz,
200-250 Hz, and 250-300 Hz. Preferably, the upper cutoff
frequency is in the range of 60-500 Hz, but is may also be
in the range 30-500 Hz. These frequencies for providing the
SCG signal have been found to give reliable results. The
signal portion may cover one complete cardiac cycle, less
than ten cardiac cycles, less than 30 cardiac cycles, or less
than 60 cardiac cycles. The signal portion may have a length
that is less than 10 seconds, 30 seconds, or 60 seconds.
[0049] The systems of the above aspects may comprise a
non-transient memory storing program code instructions
that, when executed by the processor, configure the proces-
sor to perform the described steps and/or have the described
functions.

[0050] The systems may comprise a smart-phone. The
processor and/or the non-transient memory may be integral
parts of the smart-phone. Further, the accelerometer may be
an integral part of the smart-phone. The system may also
comprise a casing or holder for supporting the smart-phone,
and the casing or holder may comprise an adhesive patch
configured for attaching the casing or holder to the skin of
the person. Alternatively to the accelerometer being an
integral part of the smart-phone, the accelerometer may form
part of an auxiliary unit configured to communicate with the
smart-phone by wire or wirelessly, such as a fitness band that
can be strapped around the chest of person.

[0051] Providing the output information may further com-
prise: storing the plurality of segments, the mean segment,
the signal portion, and/or the measure in the non-transient
memory or in an auxiliary non-transient memory. The aux-
iliary non-transient memory may form part of computer
server system, which may be at a remote location.

[0052] Providing the output information may further com-
prise: providing a previously obtained measure and the
output information may further be based on the previously
obtained measure. The previously obtained measure may be
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stored in the non-transient memory or in the auxiliary
non-transient memory. The output information may be based
on the difference between the measure and the previously
obtained measure. For example, the output information may
be the difference in amplitude between an amplitude of the
aortic valve opening (AQ) and a previously obtained ampli-
tude of the aortic valve opening (AO).

[0053] Additionally or alternatively, providing the output
information may further comprise: providing a previously
obtained mean segment, or signal portion, and the output
information may further be based on the mean segment, or
signal portion, and the previously obtained mean segment,
or signal portion. The previously obtained mean segment, or
signal portion, may be stored in the non-transient memory or
in the auxiliary non-transient memory. The output informa-
tion may comprise: a graph overlying the mean segment, or
signal portion, with the previously obtained mean segment,
or signal portion. More specifically, the output information
may comprise: a graph overlying a portion of the mean
segment and the corresponding portion of the previously
obtained mean segment. For example, the portion may cover
the first heart sound (S1). The graph may be displayed on the
screen of abovementioned smart-phone.

[0054] The previously obtained measure or previously
obtained mean segment, or signal portion, may have been
determined in the same manner as the measure or the mean
segment, or by the same steps as performed for determining
the measure or the mean segment. The previously obtained
measure or previously obtained mean segment, or signal
portion, may have been determined at an earlier point in
time, such as more than five days, ten days, or eight weeks
prior to determining the measure, the mean segment, or the
signal portion. This is particularly advantageous when
studying how cardiovascular fitness changes during an
extended period of training or exercising.

[0055] Further advantages with and features of the differ-
ent aspects will be apparent from the following description
of the drawing.

BRIEF DESCRIPTION OF THE DRAWINGS

[0056] A more complete understanding of the abovemen-
tioned and other features and advantages of the present
invention will be apparent from the following detailed
description of the drawings, wherein:

[0057] FIG.11is a schematic illustration of an embodiment
of a system 12 for quantifying cardiovascular or cardiorespi-
ratory fitness,

[0058] FIG. 2 is a flow chart illustrating the basic steps of
a method employed in the system described in relation to
FIG. 1,

[0059] FIG. 3 is a flow chart illustrating sub-steps and
additional steps of a method based on the method described
in relation to FIG. 2,

[0060] FIGS. 4a and 45 show a segment that has been
filtered by a band-pass filter and to a high-pass filter,
respectively,

[0061] FIG.5is a schematic illustration of an embodiment
of a system an alternative embodiment for quantifying the
function of a beating heart, and

[0062] FIG. 6 is a flow chart illustrating the steps of an
alternative method employed in the system described in
relation to FIG. 1.
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DETAILED DESCRIPTION OF DRAWINGS

[0063] FIG. 1 schematically illustrates an embodiment of
a system 12 for quantifying cardiovascular or cardiorespi-
ratory fitness. The system 12 has an accelerometer 14 in the
form of a piezoelectric element that can be placed on the
chest of a person 18 and for measuring vibrations of the
chest wall caused by movements of the heart. A processor 20
is connected with the accelerometer 14. The processor 20
has a transient memory 22 which can store a signal received
from the accelerometer 14, and by which it can execute
program code instructions. The system 12 comprises a
support 26 that supports the accelerometer 14 and a housing
28 that accommodates the processor 20. The system 12 also
has a non-transient memory 24 storing program code
instructions for the processor 20. For example, the system 12
as a whole can be an integral part of a smart-phone, or all
parts except the accelerometer 20 and the support 26 can
form part of a smart-phone. In one embodiment, the accel-
erometer is an integrated accelerometer of a smart-phone.
[0064] Inone embodiment of the system 12, it additionally
has an indicator 25 operatively connected with the processor
20. The indicator 25 can, for example, have an LCD display,
or the like, that can display output information from the
processor 20, such as a number.

[0065] The program code instructions in the non-transient
memory cause the processor 20 to perform a method that is
shown in FIG. 2. The accelerometer is placed on the chest
of a person and a signal is recorded. A plurality of segments
is then obtained 102, where each segment corresponds to a
heartbeat or a cardiac cycle. This is followed by an align-
ment 108 and a filtering 114. Here, a band-pass filter is
employed having a lower cut-off frequency of approxi-
mately 0.1 Hz, and an upper cut-off frequency of approxi-
mately 200 Hz. Subsequently, a mean segment is determined
118 from the plurality of segments.

[0066] With the mean segment formed, a temporal feature
is determined 120. The temporal feature in turn is used to
determine 122 a measure. Examples of temporal features
and measures are described below. Output information is
then provided 128 based on the determined measure. [n one
embodiment, the output information is a number that is
displayed on the abovementioned indicator 25.

[0067] Further details of the method are shown in the flow
chart of FIG. 3. The step of obtaining 102 the plurality of
segments includes the sub-steps of recording 104 the signal
with the accelerometer, and dividing 106 the recorded signal
into the plurality of segments, for example by a technique as
described in U.S. Pat. No. 8,235,912 B2 and U.S. Pat. No.
8,469.896 B2 relying on audible components of the accel-
erometer signal.

[0068] In an alternative embodiment, an electrocardiogra-
phy (ECG) signal is acquired simultaneously to the accel-
erometer signal, and the ECG signal is used for the segmen-
tation of the latter. For example, a segmentation as described
in Jensen et al. (Computing in Cardiology 2014; 41:29-32)
can be used.

[0069] When obtaining 102 the plurality of segments, a
method similar to the method described in Jensen et al. is
employed to remove noisy segments. A high-pass filter with
a lower cut-off of 65 Hz is applied to the segments and the
onset of the first heart sound S1 is then determined by a
known technique. Similarly, a high-pass filter with a lower
cut-off of 50 Hz is applied to the segments and the onset of
the second heart sound S2 is then determined by a known
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technique. The segments are then aligned according to the
determined second heart sound S2. In an alternative embodi-
ment, the first heart sound is used instead.

[0070] The mean segment is determined 116 by summing
the aligned segments to a single segment and dividing the
resulting signal strength, or amplitude, by the number of
segments in the sum.

[0071] FIG. 4a shows a segment that has been subjected to
the above described band-pass filtering. The abscissa rep-
resents an acceleration in g (ms™>) and the ordinate the time
in milliseconds (ms). Here, g is proportional to the voltage
from the accelerometer 14. The zero point of the ordinate
corresponds to the R peak in a simultaneously recorded
segment of an ECG signal. A number of temporal features
are indicated in FIG. 44, which are further described below.
[0072] FIG. 4b shows a segment that has been subjected to
a high-pass filter with a lower cut-off of 50 Hz, as described
above. The abscissa represents the signal strength X (no
unit) and the ordinate the time in milliseconds (ms). The
latter has been aligned by the simultaneously recorded
segment of an ECG signal in the same manner as described
in relation to FIG. 4a. The onset of the first heart sound (S1)
and the second heart sound (S2) are indicated in FIG. 4b.
[0073] In the steps of determining 118 the first temporal
feature and determining 120 the second temporal feature 120
in the mean segment, the following temporal features are
identified in the mean segment: the isovolumic movement
(IM), the aortic valve opening (AQ), and the aortic valve
closure (AC).

[0074] For example, with the first point in time determined
to be the onset of the first heart sound (S1), see FIG. 45, the
isovolumic movement (IM) is determined as the first local
minima (IM) subsequent to the first point in time and the
aortic valve opening (AO) is determined as the global
maxima subsequent to the first point in time. For example,
the first point in time can be determined by a technology
similar to the technology described in U.S. Pat. No. 8,235,
912 B2 and U.S. Pat. No. 8,469,896 B2. In an alternative
embodiment, the isovolumic movement (IM) is determined
as the global minima and the aortic valve opening (AO) is
determined as the global maxima of the mean segment.
[0075] Measures or values are determined for the ampli-
tudes or signal strengths of the aortic valve opening (AO)
and aortic valve closure (AC) is determined, and the differ-
ence in amplitudes or signal strengths of the aortic valve
opening (AO) and the isometric contraction (IM).

[0076] Output is then provided 128 in the form of values
that are displayed on an LCD display of the indicator 206,
where the values represent the determined signal strengths
and differences in time in the examples above.

[0077] FIG. 5 illustrates an alternative embodiment of the
system described in relation to FIG. 1, with the only differ-
ence that the support 26 forms part of the housing 28 such
that the housing 28 covers at least a portion of the acceler-
ometer 14. In this embodiment, the housing 28 is placed on
the chest of a person, which means that the accelerometer 14
is also placed on the chest of a person.

[0078] FIG. 6 is a flow chart illustrating the steps of an
alternative method employed in the systems described in
relation to FIG. 1 or 5. The program code instructions in the
non-transient memory cause the processor 20 to perform a
method that is shown in FIG. 6. The accelerometer 14 is first
placed on the chest of a person and a signal portion is first
obtained 202 by recording 204 a signal with the accelerom-
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eter 14. The signal portion is then formed 206 from the
signal covering a complete cardiac cycle. A band-pass filter
is employed to the signal portion having a lower cut-off
frequency of approximately 0.1 Hz, and an upper cut-off
frequency of approximately 200 Hz.

[0079] The maximum value in the signal portion is then
determined 206. Effectively, the maximum value corre-
sponds to the amplitude of the aortic valve opening (AO), or
a first temporal feature, which can be seen in FIG. 44. In one
embodiment not illustrated in FIG. 6, the maximum value is
provided as output information indicating cardiorespiratory
fitness.

[0080] The minimum value in the signal portion is also
determined 208. Effectively, the minimum value corre-
sponds to the amplitude of the isovolumic movement (IM),
or a second temporal feature.

[0081] The maximum value corresponds to the peak of a
first temporal feature in a cardiac cycle. Similarly, the
minimum value corresponds to a peak of a second temporal
feature in a cardiac cycle. The first temporal feature and the
second temporal feature belong to the same cardiac cycle.
The first temporal feature follows immediately after the
second temporal feature, and the peak of the first temporal
feature is within 100 ms of the peak of the second temporal
feature, as can be seen in FIG. 4a.

[0082] Output information indicating cardiorespiratory
fitness is then provided 120 as the difference between the
maximum value and the minimum value.

[0083] In an alternative embodiment, the system com-
prises an interface for inputting information to the processor.
The method then also includes the step of obtaining infor-
mation indicating the BMI of the person via the interface,
and the output information indicating cardiorespiratory fit-
ness is further be based on the indication of BMI, for
example as part of a correction for BMI.

Proof of Concept

[0084] A custom lightweight 8 g piezoelectric accelerom-
eter was developed for acquisition of the SCG signals. The
low weight provides a better signal and the miniaturization
allows for the accelerometer to be incorporated in another
device. The accelerometer was used in a system as described
above in relation to FIGS. 1-4. It should be noted that the
system identifies AO, IM, and AC.

[0085] The system was used on a group of 17 untrained
females undergoing a fitness program for an 8 week period.
All subjects were tested before and after entering the pro-
gram with a traditional VO, Max test (including ECG
recordings) and a SCG recording at rest. The effect of the
exercise program was significant by increasing the mean
VO, Max from 28.7 ml/min/kg to 31.2 ml/min/kg (p=0.002).
VO,max was increased in 13 (76%) out the 17 subjects.
[0086] The study shows a strong correlation between VO,
Max and SCG measures exemplified in the table below
showing that the SCG is qualified for determining the
cardiorespiratory fitness of a person.

Correlation
Amplitude coefficient P-value
peakAO - peakIM 0.62 0.0001
peakAC - bottomAC 0.71 0.0000025
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-continued
Correlation
Amplitude coefficient P-value
AO 0.58 0.00035
BMI -0.7 0.0000039
[0087] Table 1 shows the correlation of the selected fea-

tures to VO, Max. Here, peakAO is the maximum value of
the AO feature, peakIM is the minimum value of the IM
feature, peakAC the maximum value of the AC feature, and
bottomAC is the minimum value of the AC feature. It is
contemplated that the difference peakAO-peakIM corre-
sponds to the peak-to-peak amplitude of the AO and IM
features, and that the difference peak AC-bottomAC corre-
sponds the peak-to-peak amplitude AC feature. BMI is the
Body Mass Index.

Feasible Modifications of the Invention

[0088] The invention is not limited only to the embodi-
ments described above in relation to the drawings, which
primarily have an illustrative and exemplifying purpose.
This patent application is intended to cover all adjustments
and variants of the preferred embodiments described herein,
thus the present invention is defined by the wording of the
appended claims and the equivalents thereof. Thus, the
equipment may be modified in all kinds of ways within the
scope of the appended claims and the detailed description.

1. A method for quantifying, or determining an indication
of, cardiorespiratory fitness comprising:

obtaining a signal portion of a signal recorded with an

accelerometer placed on the chest of a person for
measuring accelerations and vibrations of the chest
wall of the person caused by myocardial movement,
determining a maximum value in the signal portion, and
providing output information indicating cardiorespiratory
fitness based on the maximum value.

2. The method according to claim 1, wherein obtaining a
signal portion comprises:

recording a signal with an accelerometer placed on the

chest of a person, and

forming the signal portion from the signal, wherein the

signal portion covers one or more complete cardiac
cycles of the person.

3. The method according to claim 1, further comprising:

determining a minimum value in the signal portion,

wherein the output information indicating cardiorespi-
ratory fitness is further based on the difference between
the maximum value and the minimum value.

4. The method according to claim 3, wherein the maxi-
mum value corresponds to a peak of a first temporal feature
in a cardiac cycle and the minimum value corresponds to a
peak of a second temporal feature in a cardiac cycle.

5. The method according to claim 4, wherein the first
temporal feature and the second temporal feature belong to
the same cardiac cycle.

6-7: (canceled)

8. The method according to claim 3, further comprising:

determining the minimum value and the maximum value

within a time interval having a length that is less than
100 ms.
9-11: (canceled)
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12. The method according to claim 1, further comprising:

filtering the signal portion with a band-pass filter having
a lower cutoff frequency below 1 Hz and an upper
cut-off frequency in the range 60-500 Hz.

13-15: (canceled)

16. The method according to claim 5, wherein the peak of
the first temporal feature is within 100 ms of the peak of the
second temporal feature.

17. A system for quantifying, or determining an indication
of, cardiorespiratory fitness, comprising:

an accelerometer configured to be placed on the chest of

a person for measuring accelerations and vibrations of
the chest wall of the person caused by myocardial
movement, and to generate a signal indicative of the
measured accelerations and vibrations of the chest wall;
and

a processor operatively connected to the accelerometer so

as to receive the signal, wherein the processor is
configured to execute program code, which, when
executed, causes the processor to perform the steps of:
determining a maximum value of the signal; and
providing output information indicating cardiorespiratory
fitness based on the maximum value.

18. The system of claim 17, wherein the processor is
further caused by the executed program code to perform the
step of forming a signal portion from the signal, wherein the
signal portion covers one or more complete cardiac cycles of
the person.

19. The system of claim 18, wherein the processor is
further caused by executed program code to perform the step
of determining a minimum value in the signal portion,
wherein the output information indicating cardiorespiratory
fitness is further based on the difference between the maxi-
mum value and the minimum value.

20. The system of claim 19, wherein the maximum value
corresponds to a peak of a first temporal feature in a cardiac
cycle and the minimum value corresponds to a peak of a
second temporal feature in a cardiac cycle.

21. The system of claim 20, wherein the first temporal
feature and the second temporal feature belong to the same
cardiac cycle.

22. The system of claim 19, wherein the processor is
further caused by the executed program code to perform the
step of determining the minimum value and the maxinmum
value within a time interval having a length that is less than
100 ms.

23. The system of claim 18, wherein the processor is
further caused by the executed program code to perform the
step of filtering the signal portion with a band-pass filter
having a lower cutoff frequency below 1 Hz and an upper
cut-off frequency in the range 60-500 Hz.

24. The system of claim 21, wherein the peak of the first
temporal feature is within 100 ms of the peak of the second
temporal feature.

25. A non-transient memory on which is stored a com-
puter program for use in a system for quantifying, or
determining an indication of, cardiorespiratory fitness,
wherein the system comprises: (A) an accelerometer con-
figured to be placed on the chest of a person for measuring
accelerations and vibrations of the chest wall of the person
caused by myocardial movement, and (B) a processor opera-
tively connected to the accelerometer, wherein the computer
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program comprises program code instructions that, when
executed by the processor, cause the processor to perform
the steps of:

determining a maximum value of the signal; and

providing output information indicating cardiorespiratory

fitness based on the maximum value.

26. The non-transient memory of claim 25, wherein the
computer program further comprises program code instruc-
tions that, when executed by the processor, cause the pro-
cessor to perform the step of forming a signal portion from
the signal, wherein the signal portion covers one or more
complete cardiac cycles of the person.

27. The non-transient memory of claim 26, wherein the
computer program further comprises program code instruc-
tions that, when executed by the processor, cause the pro-
cessor to perform the step of determining a minimum value
in the signal portion, wherein the output information indi-
cating cardiorespiratory fitness is further based on the dif-
ference between the maximum value and the minimum
value.

28. The non-transient memory of claim 27, wherein the
maximum value corresponds to a peak of a first temporal
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feature in a cardiac cycle and the minimum value corre-
sponds to a peak of a second temporal feature in a cardiac
cycle.

29. The non-transient memory of claim 28, wherein the
first temporal feature and the second temporal feature belong
to the same cardiac cycle.

30. The non-transient memory of claim 27, wherein the
computer program further comprises computer code instruc-
tions that, when executed by the processor, cause the pro-
cessor to perform the step of determining the minimum
value and the maximum value within a time interval having
a length that is less than 100 ms.

31. The non-transient memory of claim 26, wherein the
computer program further comprises computer code instruc-
tions that, when executed by the processor, cause the pro-
cessor to perform the step of filtering the signal portion with
a band-pass filter having a lower cutoff frequency below 1
Hz and an upper cut-off frequency in the range 60-500 Hz.

32. The non-transient memory of claim 29, wherein the
peak of the first temporal feature is within 100 ms of the
peak of the second temporal feature.

L S T T
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