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SYSTEMS AND METHODS FOR ASSESSING AND 
MODIFYING AN INDIVIDUAL’S PHYSIOLOGICAL 

CONDITION 

BACKGROUND OF THE INVENTION 

[0001] This invention relates generally to systems and 
methods for assessing and modifying an individual’s physi 
ological condition. More particularly, this invention relates 
to systems and methods for assessing and modifying an 
individual’s physiological condition by analyZing heart rate 
data collected While the individual is exercising according to 
an exercise regimen. 

[0002] The human physiological condition is the result of 
complex interactions betWeen various underlying phenom 
ena that are internal as Well as external to the human body. 
For example, cardiac activity is an accumulation of complex 
interactions betWeen various internal phenomena such as 
muscular, neurological, vascular, pulmonary, endocrinal, 
chemical, and cellular phenomena. Cardiac activity also 
responds to external behavioral activity, such as physical 
activity that causes energy expenditure and recovery, and to 
naturally occurring environmental phenomena, such as day 
night cycles, lunar cycles, and Weather seasons. 

[0003] A perspective vieW of human physiology enables 
one to describe physiological functions in terms of Wave 
phenomena made up of a superposition of other underlying 
Wave phenomena. For example, cardiac activity manifests 
itself through repetitive pulsations of the heart as a heart 
Wave. The heart Wave is a result of a superposition of many 
underlying Waves (i.e., cycles) including behavioral Waves 
(e.g., energy expenditure and recovery cycles in response to 
physical activity), environmental Waves (e.g., day-night 
cycles), and internal Waves (e.g., molecular biological, cel 
lular, and chemical cycles). 

[0004] Heart rate variability (i.e., the variation in an indi 
vidual’s heart rate) is another manifestation of the superim 
posed effects of various endogenous and exogenous phe 
nomena on human physiology. Decreased heart rate 
variability has been associated With abnormal physiological 
conditions and increased mortality. Treatments Which 
increase heart rate variability in an individual’s serve both 
therapeutic as Well as prophylactic purposes. Dardik US. 
Pat. Nos. 5,007,430, 5,800,737, 5,163,439, and 5,752,521, 
Which are hereby incorporated by reference in their entire 
ties, further elaborate on the Wave nature of cardiac activity. 

[0005] Current methods for analyZing cardiac activity, 
hoWever, are inadequate because they do not analyZe the 
cyclical properties of heart Waves With a vieW to unraveling 
details of their superimposed Wave structure. In the absence 
of quantitative information on the cyclical properties of 
heart Waves, it is dif?cult to provide a complete or accurate 
assessment of an individual’s physiological condition, and 
individually tailor exercise regimens. For example, most 
methods of prescribing exercise regimens are often based on 
general criteria, such as age, rather than an individual’s 
actual physiological condition. 

[0006] It Would therefore be desirable to have systems and 
methods that more completely and quantitatively character 
iZe heart Waves. 

[0007] It Would further be desirable to characteriZe heart 
Waves in a manner that provides an accurate quantitative 
metric of an individual’s physiological condition. 
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[0008] It Would also be desirable to be able to generate 
individually tailored exercise regimens for modifying an 
individual’s physiological condition, based on a quantitative 
metric. 

SUMMARY AND OBJECTS OF THE 
INVENTION 

[0009] It is an object of the present invention to provide 
systems and methods for a detailed characteriZation of heart 
Waves that enables a relatively complete assessment of an 
individual’s physiological condition. 

[0010] It is a further object of the present invention to 
provide quantitative metrics of an individual’s physiological 
condition, based on detailed characteriZation of cyclic prop 
erties of heart Waves. 

[0011] It is also an object of the present invention to 
provide systems and methods for generating individually 
tailored exercise regimens that are independent of general 
criteria, such as age, but are based on more experimentally 
determined metrics. 

[0012] It is a still further object of the present invention to 
provide systems and methods for generating individually 
tailored exercise regimens based on these metrics, With a 
goal of increasing heart rate variability. 

[0013] These and other objects of the invention are accom 
plished in accordance With the principles of the present 
invention by providing systems and methods for assessing 
an individual’s physiological condition by extracting cycle 
parameters from a recorded time trace of heart rate data 
collected While an individual is exercising according to an 
exercise regimen. While exercising, the individual’s heart 
Wave includes energy expenditure and recovery cycles in 
response to cycles of physical activity. The cycle parameters 
containing relevant information can include discrete param 
eters and shape speci?c parameters. Discrete parameters 
include, for example, maximum, minimum, and resting heart 
rates, as Well as upWard, doWnWard, and baseline slopes. 
The shape speci?c parameters (discussed beloW) can be used 
to characteriZe the shapes of portions of the time trace that 
are believed to contain physiologically important informa 
tion. Based on these parameters, an individual’s physiologi 
cal condition can be quanti?ed (e.g., in a heart Wave index 
or a capacity index), Which can incorporate some or all of the 
relevant physiological information contained in a time trace. 

[0014] The quantitative ?gure of merit can be used to 
gauge the progress of an individual under an exercise 
regimen and to design individually tailored exercise regi 
mens for modifying the individual’s physiological condi 
tion. When used, exercise regimens modify the individual’s 
condition by shaping the heart Wave With a goal of increas 
ing the individual’s heart rate variability. IndividualiZed 
heart Wave shaping can be achieved in accordance With this 
invention by application of the principles for therapeutic 
treatment and bio-rhythmic feed back taught by Dardik, US. 
Pat. Nos. 5,800,737, 5,752,521, 5,163,439, and 5,007,430. 

[0015] According to one embodiment of the present inven 
tion, an exercise regimen having at least one exercise session 
that contains one or more exercise cycles is used for assess 
ing an individual’s physiological condition. The individual’s 
heart rate is monitored during the exercise session, and a 
time trace of the heart rate is recorded in an electronic ?le. 
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Then, the time trace is analyzed to determine one or more 
cycle parameters, such as a peak heart rate, a minimum heart 
rate, a resting heart rate, and a base line slope. These 
parameters can then be used to determine a heart Wave index 
indicative of the individual’s physiological condition. 

[0016] Additional parameters, such as parabolic coef? 
cients, Which characteriZe the shape of one or more portions 
of the time trace, can also be obtained. These parameters can 
also be incorporated into the heart Wave index or another 
?gure of merit. 

[0017] According to another aspect of this invention, a 
quantitative determination of an individual’s physiological 
condition or capability can be used to prescribe an exercise 
regimen. In one embodiment of this invention, an individual 
is subject to an exercise test to determine an initial physi 
ological capability. During the test the individual’s heart rate 
is monitored and preferably stored in the form of an elec 
tronic ?le. The test typically includes at least one, and 
preferably several exercise cycles, including a maximum 
effort cycle in Which the individual attempts to exercise to 
the individual’s maximum capability. Cycle parameters are 
then obtained by analyZing the heart rate data. The cycle 
parameters (such as those that characteriZe the maximum 
effort cycle) can be incorporated into a ?gure of merit. Then, 
an individualiZed exercise regimen can be generated using 
an algorithm that relates the ?gure of merit, or the cycle 
parameters directly, to exercise regimens. 

[0018] In accordance With the principles of the present 
invention, a system for assessing an individual’s physiologi 
cal condition or capability includes at least an electronic 
monitor, a recorder, and an analyZer. The monitor monitors 
the individual’s heart rate. The recorder records a time trace 
of the individual heart rate in an electronic ?le. The analyZer 
analyZes the electronic ?le, using one or more routines (i.e., 
procedures, programs, or algorithms) to, for example, deter 
mine at least one cycle parameter, such as a peak heart rate, 
a maximum heart rate, a minimum heart rate, an upWard 
slope, a doWnWard slope, and a base line slope. The analyZer 
can derive shape parameters by ?tting one or more parabolas 
or other mathematical models to portions of the time trace, 
and can determine a ?gure of merit based on the determined 
cycle parameters. 

[0019] According to another aspect of this invention, 
electronic netWorks, such as the Internet, can be used to 
receive data and provide information to the individual 
remotely. 

BRIEF DESCRIPTION OF THE DRAWINGS 
AND THE APPENDIX 

[0020] The above and other objects and advantages of the 
present invention Will be apparent upon consideration of the 
folloWing detailed description, taken in conjunction With the 
accompanying draWings, in Which like reference characters 
refer to like parts throughout, and in Which: 

[0021] FIG. 1 is a schematic block diagram of an illus 
trative system constructed in accordance With the present 
invention; 

[0022] FIG. 2 is an illustrative exercise regimen that can 
be generated and used in accordance With the present 
invention; 
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[0023] FIG. 3 is an illustrative time trace of heart rate data 
collected over an exercise session, in accordance With the 
present invention; 

[0024] FIG. 3a is an illustrative time trace of heart rate 
data collected over an exercise cycle, in accordance With the 
present invention; 

[0025] FIG. 4 is an illustrative top portion of a cycle in a 
time trace including an illustrative theoretical parabola that 
has been ?t thereto in accordance With the present invention; 

[0026] FIG. 5 shoWs tWo illustrative top portions of a time 
trace, each corresponding to an abnormal physiological 
condition, including tWo illustrative theoretical parabolas 
that have been ?t thereto, in accordance With present inven 
tion; 
[0027] FIGS. 6a, 6b and 6c shoW three illustrative time 
traces having cumulative rest portions With varying degrees 
of parabolicity corresponding to good, moderate and poor 
physiological conditions, respectively; 
[0028] FIG. 7 is an illustrative look-up table that can be 
used in accordance With this invention; and 

[0029] FIG. 8 is an illustrative exercise regimen that has 
been generated in accordance With the present invention; 

[0030] FIG. 9 is a How chart of a process used to extract 
cycle parameters from a time trace, in accordance With the 
present invention; 

[0031] FIG. 10 is a How chart of a process used to extract 
shape parameters from top portions of a time trace, in 
accordance With the present invention; 

[0032] FIG. 11 is a How chart of a process used to extract 
shape parameters from rest portions of a time trace, in 
accordance With the present invention; and 

[0033] Appendix A contains actual exercise regimens 
appropriate for individuals With nominal capacity indices 
ranging from 120 to 180 units, in accordance With this 
invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0034] In order that the invention herein described can be 
fully understood, the folloWing detailed description is set 
forth. 

[0035] FIG. 1 shoWs illustrative systems for assessing an 
individual’s physiological condition during performance of 
an exercise regimen. Individual 10 is shoWn exercising on 
exerciser 20. Exerciser 20, for example, can be a treadmill 
machine, a trampoline, a stationary bicycle, or any other 
suitable exercising apparatus. Exerciser 20, hoWever, is 
optional because exercise can be done Without the aid of an 
exercise apparatus (e.g., running, jogging, jumping, Walk 
ing, moving arms and shoulders, or sWinging legs). Elec 
tronic monitor 30 monitors the heart rate of individual 10. 

[0036] Monitor 30 can be any commercially available unit 
that measures the heart rate and transmits heart rate data to 
recorder 40 through link 50. Link 50 can be, for example, a 
magnetic coupling, a Wireless transmission system, or any 
other electronic or electromagnetic netWork. Monitor 30 can 
be connected through link 50 to user interface 60. Interface 
60 can provide to users visual, auditory, or tactile informa 
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tion regarding the heart rate or any other type of data. 
Recorder 40 can be, for example, a printer, a chart recorder, 
or other device (or combination of devices) that can record 
the time trace in an electronic ?le 70. 

[0037] Monitor 30, recorder 40, link 50, and interface 60 
can be obtained commercially as an integrated heart moni 
toring and recording unit (such as Model Polar M52 or 
Model Polar NV sold under the trademark POLARTM, by 
Polar Electro Inc., of Woodbury, NY). Link 80 connects 
recorder 40 to analyZer 90, and can be local or remote to 
exerciser 20. According to one embodiment, and as shoWn 
in FIG. 1, link 80 can include Watch reading interface 81 
(such as “Polar Advantage Interface System” Model 
900622K sold under the under the trademark POLARTM, 
also by Polar Electro Inc.), personal computer 82, and 
Internet link 83. It Will be appreciated, hoWever, that link 80 
can be any electronic netWork that couples recorder 40 to 
analyZer 90 for data communication. 

[0038] AnalyZer 90 can include one or more electronic 
computing devices, preferably programmable computing 
devices (such as Model HP-VEE sold by HeWlett Packard 
Company, of Palo Alto, Calif). It Will be appreciated that 
analysis could, in some cases, involve manual computation 
or revieW. AnalyZer 90 analyZes electronic ?le 70, Which 
contains at least one time trace of the heart rate, to determine 
at least one exercise cycle parameter (e. g., a maximum heart 
rate). Based on that parameter, analyZer 90 can calculate a 
heart Wave index indicative of the individual’s physiological 
condition. 

[0039] FIG. 2 shoWs illustrative exercise regimen 200, 
Which includes exercise session 201. FIG. 3 shoWs corre 
sponding illustrative time trace 300 of an individual’s heart 
rate, When exercising according to session 201. Exercise 
session 201 includes ?ve successive exercise cycles 210-214 
of increasing dif?culty With each of cycles 210-214 associ 
ated With generally increasing target heart rates 215-219. It 
Will be appreciated that an exercise session according to this 
invention could include more or less than ?ve cycles and that 
the target heart rates need not increase monotonically. 

[0040] In each of exercise cycles 210-214, the individual 
is expected to commence physical activity and continue the 
activity over ?rst time period 222 in an attempt to raise the 
heart rate to one of respective target heart rates 215-219. 
Period 222 can be ?xed or variable. Preferably, period 222 
is variable but has an upper time limit. When period 222 is 
variable and has an upper time limit (e.g., variable cycle 
214), the individual exercises only until either the target 
heart rate is reached or the upper time limit is reached. 
Preferably, the upper time limit is about one minute. HoW 
ever, When period 222 is ?xed, the individual exercises for 
a ?xed amount of time even if the individual’s heart rate 
goes over or stays under the target heart rate. Period 222 
When ?xed is preferably betWeen about 30 seconds and 
about 90 seconds, and more preferably about one minute 
(e.g., cycles 210-213). 

[0041] One type of variable cycle is a spike cycle. In spike 
cycle 214 (represented as “S”), an individual exercises as 
vigorously as possible to reach target heart rate 219 in as 
short a time as possible. Thus, the actual time period 
depends on the condition of the individual. 
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[0042] In each cycle 210-214, after initial period 222, the 
individual relaxes during time period 223 by gradually 
diminishing, or preferably, by abruptly ceasing physical 
activity. Period 223 can also be ?xed or variable. Preferably, 
period 223 is variable and ends When the heart rate substan 
tially stabiliZes (i.e., levels off). A heart rate can be consid 
ered “stabilized” When the heart rate changes less than a 
certain amount over a pre-determined period of time. For 
example, a heart rate can be considered to be stabiliZed When 
the heart rate changes less than about 3 beats/min. over an 
interval, such as a one minute interval. 

[0043] Exercise session 201 can include intervening rest 
periods 224 betWeen successive exercise cycles 210-214. 
Additional intervening rest period 224 can also be inserted 
before post-exercise recovery period 225. Rest periods 221, 
224, and 225 can have ?xed durations or can be determined 
by the individual’s performance by the amount of time 
required for the heart rate to substantially stabiliZe. 

[0044] A time trace can contain heart rate data collected 
over any time period ranging, for example, from a feW 
seconds to several days. Thus a time trace can include data 
collected over a single or multiple exercise cycles, sessions, 
or regimens. FIG. 3 shoWs illustrative time trace 300 of an 
individual’s heart rate during exercise session 201. Trace 
300 includes pre-exercise portion 310, Which represents the 
heart rate during time period 221. During period 221, the 
individual can stay still, acclimatiZe to exerciser 20 and 
surroundings, and alloW the heart rate to stabiliZe over 
several minutes before commencing an exercise cycle. Por 
tion 310 is believed to contain information on the individu 
al’s resting heart rate and can serve as a reference or base 
line heart rate from Which to assess changes in the individu 
al’s physiological condition, for example, due to exercise. 

[0045] Each of portions 320 represents a rising heart rate 
during each of time periods 222 (FIG. 2). It is believed that 
each of portions 320 contains physiological information on 
the individual’s ability to sustain increasing stress. 

[0046] Each of portions 330 represents a portion of an 
exercise cycle in Which the heart rate of the individual falls. 
The heart rate often exhibits a natural overshoot phenomena 
at the end of portion 330, typically falling beloW an initial 
base line heart rate (prior to cycles 210-214). After over 
shooting, the heart rate normally recovers to a neW base line 
heart rate. Portion 330 is believed to contain physiological 
information on the individual’s short term ability to recover 
from stress. 

[0047] Each of top portions 325 represents the heart rate as 
it transitions betWeen periods 222 and 224, Which roughly 
correspond to time trace portions 320 and 330. In each of 
cycles 210-214, the individual attains a peak (i.e., maxi 
mum) heart rate during top portion 325. Peak heart rates 
have been found to be a signi?cant measure of an individu 
al’s physiological condition. 

[0048] Each of portions 340 represents the heart rate 
during stabiliZing periods 224 Which alloW the individual’s 
heart rate to stabiliZe betWeen cycles 210-214. Portions 340 
are believed to contain physiological information on shifts in 
the resting heart rates to neW base line levels in response to 
exercise cycles 210-214. 
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[0049] Portion 350 represents the heart rate during post 
exercise recovery period 225. Portion 350 is believed to 
contain physiological information on an individual’s ability 
to recover from the cumulative effects of exercise cycles 
210-214, including any shift in base line heart rates. 

[0050] An assessment of an individual’s physiological 
condition can be quanti?ed in a ?gure of merit (e.g., a heart 
Wave index). This ?gure can incorporate some or all of the 
relevant physiological information contained in a time trace 
of the heart rate, including any of the cycle parameters 
discussed herein. A heart Wave index, for example, is a 
single metric that can be used to summariZe an assessment 
of the physiological condition. The heart Wave index can 
also be regularly determined and used to gauge the progress 
of an individual under an exercise regimen. Use of one or 

more quantitative ?gures of merit enables an accurate deter 
mination of causes and effects of changes that occur in an 
individual’s physiological condition based on an exercise 
routine. As explained more fully beloW, exercise regimens 
for an individual can be designed to cause speci?c changes 
in an individual’s heart Wave index. 

[0051] Information contained in a time trace can be char 
acteriZed by cycle parameters (such as peak heart rates, 
minimum heart rates, upWard slopes and doWnWard slopes), 
that are achieved during one or more exercise cycles in an 

exercise regimen. Other cycle parameters such as baseline 
slopes and resting heart rates can be used to characteriZe 
pre-exercise, intervening, and post-exercise rest periods. 

[0052] Information contained in a time trace can be further 
characteriZed by shape speci?c cycle parameters that 
describe the shapes of portions of the time trace. These shape 
parameters can be incorporated into the heart Wave index. 
For example, cycle parameters that describe the parabolicity 
of a top portion or a rest portion can be used to determine a 

heart Wave index. Moreover, multiple shape parameters can 
be used in combination. For example, parabolic coefficients 
can be used in combination of baseline slopes. 

[0053] A time trace can be analyZed to determine a maxi 
mum heart rate achieved by the individual in the course of 
an exercise session. According to one embodiment of the 
present invention this maximum rate serves as the heart 
Wave index that is used to determine the target heart rates in 
an individually tailored exercise regimen. 

[0054] A time trace can be further analyZed to determine 
other cycle parameters, such as an upWard slope Sup, a 
doWnWard slope SdOWn, a peak heart rate Rpeak, and a 
minimum heart rate Rmin. FIG. 3a shoWs an illustrative 
cycle 214 of time trace 300. Starting heart rate RO is 
determined by ?nding the heart rate at time to, at or about the 
start of period 222. Peak heart rate Rpeak and corresponding 
time t5 are determined by ?nding the highest heart rate 
datum Within top portion 325. Time t5 is often located at or 
about the end of period 222 by Which time the target heart 
rate has been reached. Minimum heart rate Rrnin and corre 
sponding time t6, are determined by ?nding the loWest heart 
rate datum in portion 330. Time t6 is often located at or about 
the end of period 223 by Which time the heart rate has 
stabiliZed. 
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[0055] The upWard slope can be calculated as a derivative, 
for example, using the change in the heart rate from R0 to 
Rpeak over all of portion 320 (corresponding to time period 
222), substantially according to: 

[0056] The doWnWard slope can also be calculated as a 
derivative, for example, using the change in the heart rate 
from R k to R substantially according to: 

[0057] It Will be appreciated that other formulations of the 
upWard and doWnWard slope can be used in accordance With 
the present invention. For example, an upWard slope can be 
calculated by ?rst identifying a segment of portion 320 
Which is substantially linear. Such a substantially linear 
portion is shoWn in FIG. 3a as the segment betWeen heart 
rates R1 and R2, corresponding to times t1 and t2, respec 
tively. UpWard slope Sup can be calculated according to: 

ruin a 

[0058] Similarly, doWnWard slope Sdown can be calculated 
by identifying a segment of portion 330 Which is substan 
tially linear, such as the segment betWeen heart rates R4 and 
R5 corresponding to times t3 and t4, respectively. DoWnWard 
slope S can be calculated according to: 

[0059] A heart Wave index can be determined using one or 
more of these cycle parameters. For example, heart Wave 
index HWI can be de?ned as a Weighted sum of at least tWo 
of upWard slope Sup, doWnWard slope RdOWn, peak heart rate 
Rpeak, and minimum heart rate Rmin, for example, according 
to: 

[0060] Where a, b, c and d are Weight factors that can be 
positive, Zero, or negative numbers. 

[0061] For example, a heart Wave index can be a straight 
linear sum of upWard slope Sup, doWnWard slope SdOWn, and 
peak heart rate Rpeak. In this case, Weight factors a, b, and 
c set are equal to 1, and factor d is equal to Zero: 

[0062] It Will be appreciated that any convenient formu 
lation could be used, depending on the nature or properties 
of the particular quantities being measured. 

[0063] A heart Wave index could also incorporate one or 
more other cycle parameters that characteriZe pre-exercise, 
intervening and post-exercise rest portions determined from 
the time trace. For example, resting heart rate Rrest can be 
used to characteriZe any of rest portions 310, 340, and 350. 
Resting heart rate Rrest can be determined, for example, by 
averaging the heart rate after it has substantially stabiliZed. 
Further, for example, a base line slope Sbase can be used to 
characteriZe any one or any combination of rest portions. (A 
combination of rest portions can, for example, consist of all 
of portions 310, 340, and 350). Base line slope Sbase can be 
calculated by determining the change in the heart rate during 
one or more rest portions, in a manner analogous to the 
determination of upWard and doWnWard slopes described 
above. 
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[0064] Thus, the heart Wave index can be any function of 
cycle parameters: 

[0065] HWI=function(cycle parameters). 

[0066] A heart Wave index can be equal, for example, to 
the difference in the resting heart rates determined from 
portions 310 and 350. 

[0067] FIG. 9 shoWs a How diagram of process 900 of one 
embodiment used to analyZe a time trace contained in an 
electronic ?le. Process 900 begins at step 910 by selecting 
or receiving an electronic ?le for analysis. Next, in step 920, 
any ?le headers attached to the electronic ?le can be stripped 
aWay. In step 930, any header information can be stored in 
a database. Steps 920 and 930 are optional, but can be useful 
When the ?le is received in the form of an e-mail, for 
example. 

[0068] In step 950, the time trace is further analyZed by 
determining various cycle parameters, such as baseline 
slope, upWard and doWnWard slopes, and/or maxima and 
minima for each cycle. In addition to determining cycle 
parameters, a heart Wave index can also be calculated in step 
950. In step 960, analysis results are optionally stored in a 
data base. 

[0069] Shape parameters can also be derived from the time 
trace, for example, by ?tting one or more top portions 325, 
or through all of rest portions 310, 340 and 350 With a 
theoretical parabola, 

[0070] Regression analysis techniques can be used to ?t 
the parabola to obtain coefficients A, B, and C. Any suitable 
statistical test (e. g., chi-square) can be used to determine the 
quality of the ?t. At least one goodness of ?t parameter (e.g., 
coef?cient of correlation R, or coefficient of determination 
R2) that characteriZes the quality of the ?t can also be 
calculated. 

[0071] FIG. 4 illustrates hoW a parabola can be ?t to a top 
portion, such as top portion 325, to obtain one or more shape 
parameters. Time trace portion 400 represents a top portion 
of an exercise cycle. Theoretical parabola 410 represents a 
best ?t generated, for example, by regression analysis. The 
heart Wave index can then be determined using any of the 
cycle parameters and one or more shape parameters, such as 
the parabolic coef?cients and one or more goodness of ?t 
parameters. The heart Wave index can itself be equal to a 
goodness of ?t parameter. 

[0072] FIG. 10 shoWs a How diagram of process 1000 of 
one embodiment used to ?t a parabola to top portions 
contained in an electronic ?le. In step 1001, an electronic ?le 
to be analyZed is selected or received. Next, any ?le headers 
attached to the electronic ?le can be stripped. In step 1020, 
a maximum heart rate for each relevant cycle is determined, 
Which could involve locating the top portion of each cycle. 
In step 1030, the top portions are ?t to theoretical shapes 
(e.g., parabolas) using, for example, regression analysis. 
Parabolic coef?cients are obtained and at least one goodness 
of ?t parameter is preferably calculated for each ?t. In step 
1040, analysis results can optionally be stored in a data base. 

[0073] Similarly, FIG. 11 shoWs a How diagram of process 
1100 of one embodiment used to ?t a parabola to resting 
portions in a time trace. In step 1101, an electronic ?le to be 
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analyZed is selected or received. In step 1110, any ?le 
headers attached to the electronic ?le can be stripped aWay 
and optionally stored. In step 1120, a minimum heart rate for 
each cycle is determined. In step 1130, a recovery baseline 
is chosen. This can involve determining a portion of the time 
trace in Which the heart rate is stabiliZed after recovering 
from a minimum determined in step 1120. In this manner, 
rest portions 340 corresponding to each cycle can be iden 
ti?ed. In step 1140, regression analysis or any other type of 
comparable analysis routines are used to ?t a parabola to 
each rest portion. For each ?t, parabolic coef?cients and/or 
at least one goodness of ?t parameters can be obtained. In 
step 1150, analysis results can be optionally stored in a data 
base. 

[0074] As explained above, the shapes of the top portions 
and the resting portions are believed to contain information 
on the physiological condition of the individual. In particu 
lar, it has been discovered that abnormal physiological 
conditions are often associated With non-parabolic shapes. 
FIG. 5 shoWs a heart rate trace that includes tWo illustrative 
top portions 501 and 502. These portions correspond to 
abnormal physiological conditions because their shapes 
deviate strongly from symmetric parabolas 503 and 504, 
respectively. 
[0075] FIGS. 6a, 6b, and 6c shoW actual measured time 
traces 601, 602, and 603, of heart rate data from three 
different individuals. The time traces represent heart rate 
data collected over exercise sessions consisting of ?ve 
exercise cycles (i.e., trace 601 and 602) or six exercise 
cycles (I e., trace 603). Analysis of pre-exercise rest portions 
of these traces yields baseline heart rates of 86, 58, and 78 
beats per minute, respectively. 
[0076] Analysis also includes identi?cation of peak heart 
rates and minimum heart rates for each of the last four 
exercise cycles in each trace. The peak heart rates are 
indicated by square symbols in FIGS. 6a, 6b, and 6c. The 
peak heart rates for the last four cycles in trace 601, in 
descending order, are 169, 164, 158, and 149 beats per 
minute. Similarly, for trace 602 the peak heart rates are 169, 
165, 168, and 158 beats per minute, and for trace 603 the 
peak heart rates are 105, 102, 104, and 95 beats per minute. 

[0077] Analysis also includes calculating upWard and 
doWnWard slopes for the last exercise cycle in each trace. 
For traces 601, 602, and 603, upWard and doWnWard slope 
pairs have values of (48, 24), (72, 60) and (24, 24), respec 
tively. 
[0078] In each of FIGS. 6a, 6b, and 6c, the pre-exercise 
rest portion, the intervening rest portions, and the post 
exercise rest portion can be combined to form a cumulative 
rest portion. Analysis of the leading edge of the cumulative 
rest portions yields baseline slopes that are positive. The 
magnitude of these slopes is proportional to the rate of 
increase of base line heart rates during the exercise sessions. 
The baseline slopes for traces 601, 602, and 603 are 150.9, 
60.3, and 9.4, respectively. These baseline slopes are exem 
pli?ed With lines 607, 608, and 609, respectively. It has been 
empirically found that the baseline slope correlates posi 
tively With an individual’s physiological condition. It is 
believed that higher (i.e., steeper) baseline slopes corre 
spond to better physiological conditions. Thus, measure 
ment of a baseline slope can be used to assess an individual’s 
physiological condition and to monitor an individual’s 
progress. 
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[0079] Based on these peak and base line heart rates, 
baseline, upward, and downward slopes, heart Wave indices 
for each individual are calculated, for example, according to: 

HWI=(peak heart rate of last cycle)+baseline slope 

[0080] By this analysis of traces 601, 602, and 603, heart 
Wave indices of 320, 229, and 114 are obtained for the three 
different individuals, respectively. The relatively loW heart 
Wave index of 114 obtained from the analysis of trace 603 
correlates positively With the poor physiological condition 
of the third individual, Who Was clinically found to suffer 
from congestive heart disease. 

[0081] The shape cumulative rest portions of time traces 
601, 602, and 603 exhibit different degrees of parabolicity, 
Which are believed to correspond to good, moderate, and 
poor physiological conditions, respectively. As an alternate 
or in addition to baseline slopes, the degree of parabolicity 
can be quanti?ed by ?tting a parabola to the cumulative rest 
portion. Fitted parabolas 604-606 exhibiting varying degrees 
of parabolicity are shoWn in FIGS. 6a, 6b, and 6c, respec 
tively. 

[0082] Catalogs can be prepared that link measured coef 
?cients and goodness of ?t parameters, or other theoretical 
models (e.g., based on baseline slopes) to one or more 
speci?c abnormal physiological conditions. These catalogs 
can be based upon actual clinical data and/or theoretical 
data. 

[0083] Abnormal physiological conditions then, can be 
diagnosed by ?tting a parabola through one or more portions 
of the time trace (e.g., a top portion or a resting portion) to 
obtain parabolic coef?cients and/or goodness of ?t param 
eters. Abnormal physiological conditions can then be iden 
ti?ed by determining Which of the measured parabolic 
coef?cients and/or goodness of ?t parameters are like those 
listed in the catalog. Abnormal physiological conditions 
Which may be amenable to diagnosis in this manner, can 
include conditions, such as congestive heart disease, leuke 
mia, anorexia, multiple sclerosis, HIV or other immune 
de?ciencies, astrocytoma of the brain, peripheral ischemia 
and neuropathy, ileitis, chronic hepatitis, and chronic fatigue 
syndrome. 

[0084] The present invention also can be used to modify 
an exercise regimen. First, a representative heart Wave index 
for an individual exercising under the regimen is obtained. 
This heart Wave index may represent the results of analyZing 
time traces from one or more exercise sessions. For 
example, the representative heart Wave index may represent 
the average of heart Wave indices from the analysis of tWo 
consecutive exercise sessions, or the average of highest three 
of ?ve exercise sessions. 

[0085] The representative heart Wave index is then com 
pared to a target heart Wave index associated With the 
exercise regimen. This comparison is used to determine a 
need to modify the exercise regimen, such as When the 
comparison indicates that the individual is not bene?tting 
from the exercise regimen. The exercise regimen can be 
modi?ed to make it more appropriate to the individual’s 
physiological condition, for example, by raising the target 
heart rates. In one embodiment of the present invention, the 
target heart rate can be changed in direct proportion to the 
difference betWeen the target heart Wave index and the 
representative heart Wave index. For example, if the repre 
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sentative heart Wave index exceeds the target heart Wave 
index by an amount (e.g., by 20 units), then the target heart 
rates in the previous regimen can be uniformly increased by 
one half of the difference (i.e., by 10 units) in the modi?ed 
regimen. 

[0086] An individual’s initial physiological capability can 
be determined and used to individually tailor and prescribe 
an exercise regimen. 

[0087] For example, an individual can be subject to an 
“exercise test” during Which the individual’s heart rate is 
monitored. A time trace is recorded, for example, on a chart 
recorder or any other electronic recording device. 

[0088] The exercise test can include a plurality of test 
cycles that may be designed to be similar to the exercise 
cycle described above. The ?rst feW cycles can be Warm-up 
cycles, folloWed by a plurality of intermediate cycles, Which 
are then folloWed by at least one maximum effort cycle. 

[0089] The Warm-up cycles can or cannot have de?ned 
target heart rates. The intermediate cycles preferably have 
target heart rates. Most preferably, each of the intermediate 
cycles have a target heart rate that is greater than that of its 
immediately preceding cycle. The increase in target heart 
rates could vary substantially over an exercise session and in 
some cases decrease. The amount of the increase, hoWever, 
is generally less than about 15 beats per minute. Amaximum 
effort cycle does not have a ?xed target heart rate but 
requires that the individual exercise up to the individual’s 
maximum physical capability. 

[0090] Test cycles can include a stress portion over a ?xed 
time interval of betWeen about 30 seconds and about 90 
seconds, folloWed by a relaxation portion over another time 
interval. Preferably, the stress portion is over a time interval 
that is not in excess of about one minute. The relaxation 
portion need not be ?xed and could be determined by the 
time it takes the individual’s heart rate to recover and 
stabiliZe. 

[0091] The individual’s capability can be assessed in 
terms of a quantitative ?gure of merit based on cycle 
parameters obtained by analyZing the exercise cycles’ time 
trace. In one embodiment, maximum heart rate Rmax, Which 
is achieved by the individual during each of the test cycles, 
is determined by analyZing the time trace as described 
above. Then, a capacity index is assigned a value that is a 
function of one or more maximum heart rates. For example, 
the capacity index can be assigned a value equal to the 
average of maximum heart rates achieved during tWo con 
secutive maximum effort cycles. Alternatively, a Weighted 
sum could be used. 

[0092] The time trace can be further analyZed to determine 
upWard slopes and doWnWard slopes in the manner dis 
cussed above. Then, the capacity index can be assigned a 
value based on one or more of test cycle parameters, such as 
maximum heart rates, upWard slopes, and doWnWard slopes. 
For example, the capacity index can be assigned a value 
equal to a straight or Weighted sum or product of a maximum 
heart rate, upWard slope, and doWnWard slope of a maxi 
mum effort cycle. 

[0093] Once a capacity index is determined, an exercise 
regimen can be generated. A heart Wave index can also be 
used to generate the regimen. For example, a metric, such as 


































