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REAL-TIME AND CONTINUOUS
DETERMINATION OF EXCESS
POST-EXERCISE OXYGEN CONSUMPTION
AND THE ESTIMATION OF BLOOD
LACTATE

FIELD OF THE INVENTION

[0001] The present invention pertains to the field of exer-
cise science and physiological parameter determination.
Specifically, the current invention relates to the determina-
tion of excess post-exercise oxygen consumption (EPOC),
informally referred to as afterburn, as well as the estimation
of blood lactate levels. The apparatus and method of the
invention relies primarily on heart rate data gathered by a
wearable photoplethysmography (PPG) device and/or any
other heart rate monitor. Disclosed is a unique method for
determining EPOC and subsequently estimated blood lac-
tate, from a PPG signal, using a supply-demand differential
equation and without the need for expensive, uncomfortable
and/or invasive procedures such as indirect calorimetry and
blood sampling.

BACKGROUND OF THE INVENTION

[0002] In the exercise and physical fitness sphere, the
ability to track and assess excess post-exercise oxygen
consumption (EPOC) and blood lactate levels provides an
individual and his/her trainer with important information
about cardiorespiratory fitness, how hard the individual has
been training and how a training or recovery program can be
optimized to suit the individual. EPOC is defined as the
measurable increase in the rate of oxygen uptake following
exercise, especially after exercise that is at or above ~50-
60% of the individual’s maximal oxygen consumption (VO,
max). Exercise causes a marked disruption in the body’s
homeostasis and therefore an increase in oxygen consump-
tion post-exercise is required to restore the body to its resting
state. The amount of EPOC accumulated during exercise has
been shown to be affected by both the intensity and duration
of exercise as well as other factors such as type of exercise
and physical fitness level. Studies have shown that EPOC
has a curvilinear relationship with exercise intensity and a
linear relationship with the duration of exercise. In addition,
trained individuals typically have a faster EPOC recovery
time than untrained individuals.

[0003] Since the discovery of EPOC in 1910, the rationale
behind why an increase in oxygen consumption post-exer-
cise is observed has evolved with the publication of new
evidence. It is now generally accepted that the increase in
oxygen consumption following exercise is needed in order
to fulfill a number of different roles which include: the
replenishment of phosphagen stores that have become
depleted, replenishment of oxygen stores (myoglobin and
hemoglobin), the removal of lactate (via the conversion to
glycogen in the liver or via oxidation to pyruvate in the
kidneys, heart and liver so that it can enter the Kreb cycle
and produce ATP), restoration of muscle glycogen stores, the
fueling of an increase in metabolism that occurs with an
increase in temperature and circulation, catecholamine
release, activation of the sympathetic nervous system, tria-
cylglycerol/fatty acid (TCA/FA) cycling, the shift from
carbohydrate to fat substrate utilization and restorative pro-
cesses such as reparation of cells. The EPOC period is
classically divided into a, fast component, which decays
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exponentially and a slow component, which proceeds the
fast component and has a linear decay. There are, however,
conflicting opinions as to which mechanisms are responsible
for driving each of these components.

[0004] During strenuous exercise, when the body can no
longer keep up with the current level of exercise intensity by
means of its aerobic energy production system, the anaero-
bic energy system supplies the body with extra energy and
in doing so creates lactate as a byproduct. Since the removal
of lactate is one of the processes that occurs during the
EPOC period, EPOC and blood lactate profiles are related.
Blood lactate is a degradation product of glucose, the
primary energy source, and the point at which lactate levels
start to rise rapidly during exercise is termed the lactate
threshold. The lactate threshold is a predictor of exercise
performance and is directly related to an individual’s VO,
max score. The lactate threshold of trained individuals will
typically occur at 70-80% VO, ... whereas in untrained
individuals it occurs much sooner at around 50-60%. Lactate
is present in the bloodstream at rest at about 1-2 mmol/L,
however, this can rise to above 20 mmol/L during strenuous
exercise.

[0005] Several prior art methods exist for the determina-
tion of exercise-related parameters such as EPOC and blood
lactate. In patent EP 2371278 to Suunto Oy, exercise param-
eters such as recovery time and energy consumption are
calculated from what they term the “changed pulse value”.
This value is calculated by deducting a recovery pulse from
a heart rate measured directly using a physiological sensor.
The recovery pulse is defined as the pulse level achieved
when exercise is interrupted. This is based on tabulated
pre-data which describes the level to which the pulse would
increase if the current exercise intensity continues for a long
period of time (what they term the saturation level). The
recovery pulse is also based on a fitness index which
describes the current fitness level of the subject. U.S. Pat.
No. 7.192,401 to Firstbeat Technologies discloses a method
for estimating a body fatigue index (BFI) which is based on
a number of factors including: a measurement of the inten-
sity of the exercise, a pre-determined initial BFI, a calcula-
tion of upslope and downslope components, a prediction of
the time interval required for recovery as well as measured
heart rate data. The BFI is subsequently used in an estima-
tion of oxygen consumption and energy consumption and
this process is applied to a wearable computer, PC-software
and/or ECG/pulse monitoring equipment. In U.S. Pat. No.
7,805,186 a method and wearable device for the determi-
nation of continuous, real-time EPOC is described. EPOC is
determined using a measurement of exercise intensity winch
may include external power, motion, energy consumption,
heart rate, oxygen consumption, respiration rate or heat flow
from the surface of the skin. In an embodiment of this
invention the heart rate, respiration rate and load stage
(oxygen consumption) are all used to determine the percent-
age share of maximum oxygen consumption, which is
subsequently used to determine EPOC. In addition, other
parameters which are based on EPOC are output by the
device. These include target state, intensity of future exer-
cise and duration of remaining exercise. Training effect is
also determined based on the EPOC peak value. Lastly, U.S.
Pat. No. 8,292,820 to Suunto Oy describes a wrist-worn
sensor that measures a hemodynamic signal and uses this
signal with a low pass filter to determine respiration fre-
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quency. Respiration frequency is subsequently used to deter-
mine EPOC or a derivative thereof.

[0006] Prior art describing methods for the estimation of
blood lactate levels also exists. EP 1127543 to Polar Electro
Oy describes a method which uses a mathematical neural
network physiological model that includes parameters such
as age, weight, height, gender, stress level, fitness level (in
the form of maximal oxygen consumption), lactate produc-
tion rate, lactate removal rate and blood volume. Heart rate
data is then fed into the model, including an estimation of
max heart rate (based on age) and the blood lactate concen-
tration is estimated. These models are trained with large
datasets and the estimated lactate concentration can also be
used as an estimation of the duration of recovery from
exercise. Patent application US 20060234386 uses a differ-
ent approach which uses near-infrared Raman spectroscopy
to determine lactate concentration.

[0007] The current invention proposes a method for the
determination of a real-time continuous projection of EPOC
and the subsequent estimation of current blood lactate levels
by way of a simple heart rate measurement and a supply
demand differential equation that is unique to this invention.
The formulations (i) describe EPOC accumulation and
decay in a, mechanistic fashion and (ii) can be used to
continuously and instantaneously determine EPOC. The
heart rate measurements which are used to determine EPOC
can be taken using the apparatus of the current invention, a
wearable PPG device, or from any other heart rate monitor.
Continuous access to FPOC levels and a blood lactate
profile during and after exercise will provide valuable infor-
mation pertaining to the physiological effect of exercise to
motivate and/or guide users to achieve and maintain per-
sonal health, wellness and fitness goals.

SUMMARY OF THE INVENTION

[0008] The present invention overcomes problems and
obstacles associated with the traditional measurement of
EPOC and blood lactate by disclosing a method for con-
tinuous and real-time determination of these parameters in a
setting that is accessible to all individuals. The apparatus is
comprised of a wearable PPG device which houses an
optical sensor(s) and acquires absorbance data when in
contact with the user’s skin. Heart rate is then determined
from the PPG absorbance data on the processor of the device
or by other means. The heart rate data, measured from the
wearable or from any heart rate monitor, is then used by the
current method to track and monitor EPOC and estimated
blood lactate over time. In an embodiment of the present
invention the exercise intensity or Percentage VO, .. of a
subject is used in a supply-demand differential equation to
continuously project EPOC at any given time. This inven-
tion also describes how estimated blood lactate can be
calculated as a function of EPOC.

[0009] The invention accordingly comprises several steps
which are reliant on the relationship between the HR
(HR,,..-HR,.,) and VO,,,,.. (VOs,,~V0,,,). Once
this is established, Percentage VO,,, .. can be calculated and
included in a differential equation that determines the
change in EPOC, as a function of Percentage VO,,, . and
also takes into account the EPOC from the previous time
point, since there is an accumulation of EPOC over time.
With this knowledge, blood lactate can be estimated as a
function of EPOC. Included in this equation are values for
lactate,,,., dvar (a parameter that ensures that lactate does

reserve

max’
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not drop below 0 mmol/l during rest) and klactate, an
empirically derived variable. The practical usage of the
differential equation to determine EPOC and the equation
for blood lactate estimation are discussed in the detailed
description. This method for EPOC and blood lactate deter-
mination can also be linked directly to a cloud-based bioma-
thematical model of metabolism, body composition change,
hormonal changes or any other biomathematical model that
describes a physiological process so as to access additional
parameters. While the present invention is described in
detail with reference to various descriptions in subsequent
pages, it will be appreciated that the present invention is not
limited to the description herein, and that modifications may
be made without departing from the scope of the invention
defined in the accompanying description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The preferred embodiments of the invention will be
described by way of example only, with reference to the
accompanying drawings:

[0011] FIG. 1: Time plot of excess post-exercise oxygen
consumption after exercise.

[0012] FIG. 2: A basic embodiment of the apparatus of the
invention in the context of mobile and internet technologies.

[0013] FIG. 3: A schematic representation of the overall
method of the current invention illustrated by a flow dia-
gram.

[0014] FIG. 4: (A) EPOC and (B) estimated blood lactate

determined using the method of the current invention. Esti-
mated blood lactate is compared to measured blood lactate
levels.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0015] The following detailed description and drawings
describe different aspects of the current invention. The
description and drawings serve to enable one skilled in the
art to fully understand the current invention and are not
intended to limit the scope of the invention in any manner.
Before the present methods and systems are disclosed and
described, it is to be understood that the methods and
systems are not limited to special methods, special compo-
nents, or to particular implementations. It is also to be
understood that the terminology used herein is for the
purpose of describing particular aspects only and is not
intended to be limiting. As used in the specification and the
appended claims, the word “comprise” and variations of the
word, such as “comprising” and “comprises,” means
“including but not limited to,” and is not intended to
exclude, for example, other components or steps. “Exem-
plary” nmeans “an example of”” and is not intended to convey
an indication of a preferred or ideal embodiment. “Such as”
is not used in a restrictive sense, but for explanatory pur-
poses. The singular forms “a,” “an,” and “the” also include
plural elements unless the context clearly dictates otherwise.
“Optional” or “optionally” means that the subsequently
described event or circumstance may or may not occur and
that the description includes instances where said event or
circumstance occurs and instances where it does not.

[0016] FIG. 1 depicts a time plot of oxygen consumption
during and after a bout of strenuous exercise. Since EPOC
is defined as a measurable increase in oxygen consumption
following exercise, it is calculated by integrating the area
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underneath the curve after exercise (1) and subtracting the
resting oxygen consumption (2) from this value. This
method relies on the direct measurement of oxygen con-
sumption and is the gold standard for measuring EPOC. The
method of the current invention aims to circumvent this
problem by providing a means for determining continuous,
real-time EPOC as well as estimated blood lactate from
heart rate data. The wearable PPG device of the current
invention provides a means for collecting the heart rate data
that is necessary to determine these exercise parameters.

[0017] FIG. 2 depicts a basic embodiment of the invention
where 3 is the wearable PPG device containing the neces-
sary sensor and processor means to measure an absorbance
signal and determine heart rate. The wearable device option-
ally contains a display (4) and is capable of transmitting data
to a mobile device (5) and or directly to an internet based
platform (6). The data can be stored and further processed on
a server (7) for future retrieval and to be viewed on a
computing platform exemplified by the personal computer
(8), the mobile phone (5) and or wearable device (3). It
should be appreciated that the EPOC and estimated blood
lactate levels determined using the current invention can be
linked to a biomathematical model (9) of human physiology
(in a preferred embodiment this biomathematical model is
cloud based but can also be run on a local processor) to
access hormonal changes, body composition changes or
other physiological fluctuations or transient physiological
behavior. The above-mentioned biological models can be
coupled to the supply-demand differential equation that is
used to determine EPOC. In an embodiment of the current
invention, PPG and accelerometer signals are input into a
biomathematical model linked to the demand block of the
supply-demand EPOC equation and this can provide addi-
tional information about the exact physiological load/work
intensity or real-time VO, demand of the subject. Incorpo-
rated herein in its entirety is the provisional patent applica-
tion 62/068,882 which describes how real-time physiologi-
cal load is determined from PPG and accelerometer data.
This method assumes a mapping between measured activity
and physiological energy demand. It is able to predict what
the steady-state oxygen consumption is given a measure of
activity level in conjunction with heart rate data. Similarly
in another embodiment of the current invention, where one
keeps in mind that EPOC is determined by integrating over
time the difference between the supposed steady state oxy-
gen consumption rate for a given physiological state (nearly
always considered as rest after an exercise session in the
literature) and the measured or inferred time varying oxygen
consumption rate, it is possible to include biomathematical
models to augment our estimate of either said steady state
rate or said time varying rate to improve the accuracy of the
EPOC calculation. Here the provisional patent application
62/068,882 is again a good example, showing how the
steady state oxygen consumption rate can be estimated using
easily accessible physiological signals.

[0018] FIG. 3 depicts a flow diagram of an exemplary
embodiment of the current invention. In the first step, the
heart rate is determined (10), using the measured R-R
intervals, frequency domain technique such as Fourier spec-
trum analysis or other means, and the relationship between
the HRreserve(HRmax_HRrest) and VOZreserve (VOZMax_

VO,,..,) is computed. From this relationship, it is possible to
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determine the current oxygen consumption (VO,) (11) and
therefore the Percentage VO (12) that the subject is
currently performing at.

[0019] The change in EPOC over time (13) is determined
by a supply in reactions that increases EPOC and a demand
in reactions that decreases EPOC. These reactions are con-
veniently incorporated into a supply (f,,,,;) and demand
(fomana) reaction block (equation 1). Percentage VO,
(V), whether directly measured or inferred from heart rate,
is used to parameterize the supply block (£, ) and V is
also used, along with EPOC, to parameterize the demand
block (f,,,...a)- A non-abstracted version of equation 1 is
presented in equation 2 where fsupply:a*ebw and
£ man=BPOCHc*e™ ") From the Ly €quation it is
evident that, as V increases the f,, ,, reaction also increases.
The parameters a and b (14) in the f, , equation are
empirically determined and e is the base of the natural
logarithm. Also, from the f,, . equation it is evident that,
as V increases the T, . ,reaction decreases. In addition, the
EPOC term in the f,,, ..., €equation simply indicates that, as
EPOC increases, the f,,, ., reaction increases causing the
change of EPOC (equation 2) to slow down. The parameters
cand d (14) in the £, , equation are empirically deter-
mined and e is the base of the natural logarithm. Equation 2,
including both the 1, ,, and f,,,,,, blocks, ensures that as
an individual trains at a higher V' the positive rate of change
in EPOC also increases until a point of saturation is
achieved. V can also denote percentage VO, instead of
percentage VO, max, but then the parameters a, b, ¢ and d

will be different when determined empirically.

2max

dEPOC N
T = fsupply(v) - fdemand(va EPOC)
dEPOC 2
—— =axe —cse™1 ) EPOC @
[0020] Practically, EPOC is initialized at zero (equation

3). Subsequently EPOC at time t+1 is determined by adding
the fS“FPIy— emana Value to EPOC at time t (15) (equatipn 4).
Equation 5 shows a non-abstracted version of equation 4.
The parameters a, b, ¢ and d are the same as previously

described.

EPOC=0 3)
EPOC 1. 1y=EPOCE st~ demana 4
EPOCy,,=EPOC(1)+a*e* P =c*e™ " *EPOC(1) (5)
[0021] Even though there is no clear causal association

between lactate metabolism and elevated oxygen uptake,
post-exercise oxygen can be used to estimate blood lactate
(16). lactate,,,,,, (17) is the maximal blood lactate achievable
(approximately 25 mmol/l). klactate (18) is empirically
derived and dvar (19) is a parameter that ensures that, at
EPOC=0, blood lactate is initialized at a non zero value
(resting blood lactate value).

lactateyg, * (dvar + EPOC) (6)

Estimated blood lactate =
klactare + EPOC

[0022] FIG. 4A depicts an exemplary embodiment of a
plot of EPOC (L) (20) over time (seconds) generated using
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heart rate data from a wearable PPG sensor and the method
of the current invention. The data was collected from a
subject who was performing a VO,,, . test and therefore the
EPOC value rises to approximately 10 L after 20 minutes
(1200 seconds).

[0023] FIG. 4B depicts an exemplary embodiment of a
plot comparing measured (21) and estimated (22) blood
lactate over time using the method of the current invention.
Blood lactate is measured in mmol/L.

What is claimed:

1. A method for the continuous and/or instantaneous
determination of excess post-exercise oxygen consumption
(EPOC) and/or estimated blood lactate, the method com-
prising:

(a) The acquisition of continuous heart rate (HR) data
and/or the acquisition of raw physiological signals and
the subsequent determination of HR from these physi-
ological signals,

(b) The determination of the physiological parameters
HR ... (the difference between an individual’s
HR,,. and HR,. ) and VO, .., (the difference
between an individual’'s VO, .. and VO, ),

(¢) The calculation of an individual’s percentage VO, ..
or exercise intensity,

(d) The application of a supply-demand differential equa-
tion to determine EPOC,

(e) The calculation of estimated blood lactate levels as a
function of EPOC,

(D The incorporation of a biomathematical model of
human physiology so as to access parameters includ-
ing, but not limited to, transient physiological behav-
iours and physiological fluctuations, such as hormonal
changes and body composition changes.

(2) The transmission of the HR and/or EPOC and/or
estimated blood lactate data.

2. The method of claim 1 which can be performed on
continuous HR data measured using any physiological
monitor capable of measuring heart rate.

3. The method of claim 1 where percentage VO, .. or
exercise intensity is calculated as a function of the relation-
ship between HR and VO

4. The method of claim 1 where continuous and/or
instantaneous EPOC is determined by a supply-demand
differential equation, where there is a supply in reactions that
increases EPOC (f,,,,,;), and a demand in reactions that
decreased EPOC (f,,.....)- The supply-demand differential
equation is as follows:

2 reserve’

EPOC,, ;=EPOC(t)+a*e?" - ce® I PHEPOC(1)

where,
V is the Percentage VO
EPOC=0 (initialized),

a*e®" is the L
c*e™ M is the f

demand>

a, b, ¢ and d are empirically determined parameters,

2max?

e is the base of the natural logarithm,
tis time.

5. The method of claim 1, where blood lactate is calcu-
lated as a function of EPOC by applying the following
equation:
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lactateg, * (dvar + EPOC)

Estimated blood lactate = tlocinle - EPOC

where,

lactate,_ is the maximal blood lactate achievable (ap-
proximately 25 mmol/L),

klactate is an empirically derived parameter,

dvar is a parameter that ensures that, at EPOC=0, blood
lactate 1s initialized at a non-zero value.

6. The method of claim 1 where the biomathematical
model may include, but is not limited to, a cloud-based
biomathematical model.

7. The method of claim 1, which includes the transmission
of HR and/or EPOC and/or estimated blood lactate data to
a mobile electronic device, such as a mobile phone or
personal computer.

8. The method of claim 1, which includes the transmission
of the HR and/or EPOC and/or estimated blood lactate data
wirelessly to a platform where said data can be stored,
analyzed and viewed on client computing platforms, includ-
ing but not limited to mobile computing devices, home
computers or wearable electronic devices.

9. An apparatus and method for the continuous and/or
instantaneous determination of excess post-exercise oxygen
consumption (EPOC) and/or estimated blood lactate from a
photoplethysmography (PPG) signal, the apparatus and
method comprising:

(a) The acquisition of light absorbance data using a

wearable PPG device which contacts the user’s skin,

(b) The determination of heart rate from the PPG absor-
bance data on the processor of the PPG device and/or
by other means,

(¢) The determination of the physiological parameters
HR,,,.,.. (the difference between an individual’s
HR,,. and HR, ) and VO, ... (the difference
between an individual’s VO,,,,. and VO,,..,),

(d) The calculation of an individual’s percentage VO, ..
or exercise intensity,

(e) The application of a supply-demand differential equa-
tion to determine EPOC,

(D) The calculation of estimated blood lactate levels as a
function of EPOC,

2) The incorporation of a biomathematical model of
human physiology so as to access parameters includ-
ing, but not limited to, transient physiological behav-
iours and physiological fluctuations, such as hormonal
changes and body composition changes.

(h) The transmission of the HR and/or EPOC and/or
estimated blood lactate data.

10. The apparatus and method of claim 9 where percent-
age VO, ... or exercise intensity is calculated as a function
of the relationship between HR ., and VO, , . .

11. The apparatus and method of claim 9 where continu-
ous and/or instantaneous EPOC is determined by a supply-
demand differential equation, where there is a supply in
reactions that increases EPOC ({[,,,,,,), and a demand in
reactions that decreased EPOC (f,, . .). The supply-de-
mand differential equation is as follows:

EPOC,,, ;"EPOC(@)+a*e"""~c*e?" - *EPOC()
where,

V is the Percentage VO
EPOC=0 (initialized),

2max
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# .
a*e®™ " is the Topptys

c*e” UM isthef, . .

a, b, ¢ and d are empirically determined parameters,

e is the base of the natural logarithm,

t is time.

12. The apparatus and method of claim 9, where blood
lactate is calculated as a function of EPOC by applying the
following equation:

lactate e, * (dvar + EPOC)

Estimated blood lactate =
klactate + EPOC

where,
lactate,,,, is the maximal blood lactate achievable (ap-
proximately 25 mmol/L),

Kklactate is an empirically derived parameter,
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dvar is a parameter that ensures that, at EPOC=0, blood

lactate is initialized at a non-zero value.

13. The apparatus and method of claim 9 where the
biomathematical model may include, but is not limited to, a
cloud based biomathematical model and/or where the
biomathematical model may run on a local processor of the
apparatus.

14. The apparatus and method of claim 9, which includes
a means to transmit the HR and/or EPOC and/or estimated
blood lactate data to a mobile electronic device, such as a
mobile phone or personal computer.

15. The apparatus and method of claim 9, which includes
a means to transmit the HR and/or EPOC and/or estimated
blood lactate data wirelessly to a platform where said data
can be stored, analyzed and viewed on client computing
platforms, including but not limited to mobile computing
devices, home computers or wearable electronic devices.

* #* * #* #®
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