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(57) ABSTRACT 

The physiological or mental functioning of a patient is 
assessed by Subjecting a patient to a protocol expected to 
activate or Suppress the neurhormonal systems that regulate 
blood flow. A physiological signal indicative of the cardiac 
cycle. Such as the electrocardiograph signal, is then moni 
tored in synchrony with performance of the protocol. The 
physiological signal is processed to quantify the low fre 
quency oscillation during different conditions during the 
protocol, and the results are interpreted in terms of cardio 
vascular changes, such as changes in blood flow to active 
tissues in the body. The results are then compared to 
normative data to assess the physiological or mental func 
tioning of the patent. 
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HEART RATE BASED BOASSESSMENT METHOD 
AND APPARATUS 

0001. This application claims priority of U.S. Provisional 
Patent Application No. 60/731,679, filed Oct. 31, 2005. 

BACKGROUND OF THE INVENTION 

0002) 1. Field of the Invention 
0003. The invention relates to a method and apparatus for 
measuring and analyzing physiological data for the purpose 
of evaluating the human body's response to various situa 
tions. The physiological data can be used to identify indi 
viduals who have biological weaknesses or abnormalities. 
0004 More specifically, this invention relates to a 
method and apparatus for quantitatively assessing cardio 
vascular changes in response to specific conditions. Many of 
the human body's responses to various situations require 
changes in blood flow. For example, increased muscular 
activity is Supported by increased heart rate and cardiac 
output. As a second example, mental activity is Supported by 
increased blood flow to the active region of the brain. Thus, 
measuring these changes in blood flow can provide a more 
convenient and noninvasive means of monitoring physi 
ological activities that are difficult to measure (e.g., mental 
activity). 

0005 The present invention is based on the principle that 
specific characteristics of the cardiac cycle (or other physi 
ological measures) reflect Sustained changes in blood flow. 
When this physiological characteristic is measured during 
specific conditions, it reflects the extent to which an indi 
vidual responded to the conditions with a change in blood 
flow to a tissue or an organ. The person’s physiological 
response can be characterized as healthy or abnormal by 
comparing his/her results to results of healthy individuals. 
The Inventor has discovered that this procedure can best be 
accomplished by analysis of the frequency spectrum of the 
heart rate time series while individuals perform a specific 
predetermined protocol; the protocols are designed to elicit 
specific physiological activities relevant to the disease of 
COC. 

0006 2. Description of Related Art 
0007. It has been known for some time that the body 
shifts blood flow to active tissues (i.e., parts of organs) when 
these tissues are actively performing required physiological 
function; increased tissue activity requires increased blood 
flow to support the increased work of the tissue. For 
example, blood flow increases in the specific areas of the 
brain which are involved in performing mental work, blood 
flow increases to the muscles during exercise, and blood 
flow increases to the gastrointestinal tract after meals. 
Changes in blood flow are achieved through a combination 
of vasodilation (more blood flow to the active tissues) and 
vasoconstriction (less blood flow to other tissues). In 
instances when the changes in blood flow must be main 
tained for prolonged periods of time, two neurohormonal 
systems play significant roles: the angiotensin-renin-aldos 
terone system (RAAS) and the sympathetic nervous system 
(SNS). Other systems are also involved in controlling blood 
flow to specific tissues within the body. 
0008 Changes in heart rate over time, or heart rate 
variability (HRV), have often been used as a measure of 
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cardiovascular functioning. For example, heart rate variabil 
ity has been used as a predictor of morbidity and mortality 
in patients after heart attacks (Kleiger, R. E. J. P. Miller, et 
al. (1987). “The Multicenter Post-Research Group: 
Decreased heart rate variability and its association with 
increased mortality after acute myocardial infarction.” 
American Journal of Cardiology 59: 256-262. And Nolan, J., 
P. D. Batin, et al. (1998). “Prospective study of heart rate 
variability and mortality in chronic heart failure: results of 
the United Kingdom heart failure evaluation and assessment 
of risk trial (UK-heart).” Circulation 98(15): 1510-6.). 
Sophisticated heart rate analyses. Such as the interbeat or 
R-R interval analysis described in U.S. Pat. No. 6,480,733, 
provide a general indication of potential for heart failure. 
However, these methods measure HRV during only one 
condition; they do not relate the HRV with a specific 
physiological process (i.e., regional changes in blood flow). 
To date, little attention has been paid to the possibility of 
using heart rate to assess neurohormonal activity in response 
to specific physiological or psychological conditions. 
0009 Heart rate changes from beat to beat; these 
increases and decreases are not random, but cyclical, in 
nature. Much research and several inventions have focused 
on the applications of heart rate variability (HRV) which is 
a measure of total, overall variability of instantaneous heart 
rate. Spectral analysis is group of methods for analyzing 
heart rate variability that separates heart rate variability into 
several categories based on the frequency of the beat-to-beat 
changes in heart rate. Fast Fourier transforms are one of the 
spectral analysis methods. 
0010. The normally occurring fluctuations in heart rate 
can be divided into several bands based on the frequency of 
the fluctuations. Frequency bands refer to the cyclic patterns 
of increasing and decreasing heart rate at a certain oscilla 
tion. Several cardiac oscillations occur simultaneously, but 
each one can be distinguished based on its period, or length, 
of the heart rate cycle. For example, the average cycle of the 
fast cardiac rhythm, respiratory sinus arrhythmia (RSA), has 
a duration of approximately three or four seconds, which 
occurs at the frequency of respiration. In contrast, the 
complete cycle of the low frequency band, has a duration of 
approximately 20 to 30 seconds. 
0011. It is well known in the field of signal processing (a 
filed that uses spectral analytical procedures extensively) 
that a signal that varies cyclically over time can often best 
be analyzed by separating the time-varying signal into 
multiple waveforms, and analyzing the amplitude of each 
waveform which is called the frequency spectrum. In elec 
tronics, it is common to generate a frequency spectrum using 
analog components. The fast Fourier Transform (FFT) is a 
mathematical technique that may be used in digital signal 
processing to carry out the transformation from a time 
domain signal to a frequency spectrum. The present inven 
tion uses the FFT to analyze heart rate data by transforming 
several minutes of heart rate data into a spectral density plot 
(or alternatively, to a periodogram). FIG. 3 shows a typical 
heart rate signal, in the form of a plot of heart rate (expressed 
as interbeat interval, or R-R interval, which is the duration 
of a cardiac cycle expressed in milliseconds or seconds) with 
respect to time. FIG. 4 shows the results of applying the FFT 
algorithm to the heart rate signal of FIG. 3, and in particular 
the various peaks or FFT “bands.” Each FFT band reflects 
the intensity of fluctuations at a specific frequency. When the 
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amplitude of heart rate oscillations within a frequency range 
is large, the FFT peak for that frequency band is larger. 
When the amplitude of heart rate oscillations within a 
frequency range is lower, the FFT peak for that frequency 
band is Smaller. A discussion of using the FFT in analyzing 
heart rate data is found in Pomeranz et al., “Assessment of 
Autonomic Function in Humans by Heart Rate Spectral 
Analysis. American Journal of Physiology, Vol. 248, p. 
H151 (1985). 
0012. The frequency bands in the FFT quantify heart rate 
fluctuations and contain important physiological informa 
tion. An interdisciplinary team at MIT used Surgical proce 
dures and pharmacological blockades to characterize the 
biological basis of three frequency bands, and described the 
results in Akselrod, S. D., et al., “Hemodynamic Regulation: 
Investigation By Spectral Analysis. American Journal of 
Physiology, vol. 249, pp. H867-H875 (1985). Their results 
may be Summarized as follows: 
0013 1.) The high frequency band is related to parasym 
pathetic activity (respiratory sinus arrhythmia heart rate 
(RSA) or vagal tone), 
0014 2.) The intermediate frequency band is related to 
baroreceptor activity (Trauge-Hering-Meyer wave THM), 
0015. 3.) The low frequency band (LFB) is related to 
RAAS and/or SNS activity. 
The MIT team established discrete frequency bands for 
these three systems. The present invention utilizes the low 
frequency band established by the MIT team. 
0016. Most of the previous frequency spectrum analysis 
of heart rate signals has focused on higher frequency bands. 
See, e.g., Richards et al., “Heart Rate Variability During 
Attention Phases in Young Infants. Psychophysiology, Vol. 
28, pp. 43-53 (1989). While studies carried out by the 
Inventor indicate that the low frequency band (LFB) may 
reflect neurohormonal activity involved in regulation of 
blood flow (i.e., vasodilation and/or vasoconstriction to 
different tissues or organs; blood pressure regulation) con 
flicting interpretations of the low frequency band have 
obscured its utility as an indication of blood flow changes to 
active tissues. 

0017. In contrast, the present invention uniquely focuses 
on the low frequency band, based on studies carried out by 
the Inventor and colleagues, one of which is described in 
Hyde et al., “Cardiac Rhythmicities And Attention in Young 
Children.” Psychophysiology, vol. 34, pp. 547-552 (1997). 
The Hyde et al. article compares the three frequency bands 
and concludes that the low frequency band best distin 
guishes the condition of attention from an unfocused resting 
condition in young children, but this article does not 
describe any practical application for this discovery or the 
means for practicing this discovery. 

0018. In summary, the elements of this patent are well 
known: changes in blood flow to tissues based on activity in 
the tissue, heart rate variability, and spectral analysis of time 
series data. However, there is no recognition of the general 
utility of heart rate oscillations as a measure of Sustained 
vasodilation and vasoconstriction, much less the specific use 
of the low frequency band (LFB) of a heart rate frequency 
spectrum, for a physiological monitoring and diagnostic 
purposes. In addition, there is little recognition of the utility 
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of analyzing heart rate variability under controlled condi 
tions, much less under two conditions designed to specifi 
cally elicit physiological processes related to a specific 
medical condition or physiological function. The advantages 
of Such analysis are that heart rate can be measured inex 
pensively and non-invasively and yet, for many conditions, 
provides unique information about the functional activation 
of physiological systems that cannot be obtained from 
conventional tests. 

SUMMARY OF THE INVENTION 

0019. It is accordingly an objective of the invention to 
provide a method of quantitatively analyzing changes in 
heart rate related to shifts in blood to tissues or organs in 
response to a particular activity or stimulus, and of utilizing 
the results of the quantitative analysis to diagnose specific 
medical conditions by comparing the results to the normal 
results obtained from healthy people collected under iden 
tical conditions. The results of the quantitative analysis may 
also be used to select treatment options, monitor response to 
treatment (i.e., titration), and side effects of treatments. 
0020. It is a second objective of the invention to provide 
a method of continuously and non-invasively monitoring the 
activity of the neurohormonal system that regulates long 
term changes in blood flow to different tissues or organs. 
0021. It is a third objective of the invention to provide a 
method of monitoring blood flow to tissues and organs 
which is less expensive and can be used much more con 
veniently than current technologies that monitor blood flow, 
such as PET scanners and Doppler monitors. 
0022. It is a fourth objective of the invention to provide 
an apparatus for carrying out the method of the first three 
objectives. 

0023. It is a fifth objective of the invention to provide 
normative databases of heart rate spectra that are related to, 
and useful for diagnosis of specific physiological condi 
tions. 

0024. These objectives are accomplished, in accordance 
with the principles of the invention, by a method of assess 
ing physiological or mental functioning that includes the 
steps of Subjecting a patient to a protocol expected to 
activate or Suppress the neurohormonal systems that regulate 
blood flow; in Synchrony with the protocol, monitoring a 
physiological signal indicative of the cardiac cycle; process 
ing the physiological signal to obtain frequency spectra 
during the different conditions of the protocol; comparing 
selected bands of the spectra to determine differences indica 
tive of changes in blood flow; and comparing the changes in 
frequency spectra to predetermined normative values. 
0025 The objectives of the invention are also accom 
plished by apparatus for carrying out the method of the 
invention, including a first device for administrating a pro 
tocol; a second device for capturing a physiological signal 
indicative of the cardiac cycle; and a third device for 
analyzing the signal indicative of the cardiac cycle, wherein 
administration of the protocol is to capture and analysis of 
the physiological signal in Synchrony with the events of the 
protocol, and wherein the third device for analyzing the 
physiological obtains the frequency spectra at different 
conditions during the protocol; comparing selected bands of 
the spectra to determine differences indicative of changes in 
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blood flow; and comparing the changes in blood flow to 
values from a normative database. 

0026. In preferred embodiments of the method and appa 
ratus of the invention, the protocol comprises two comple 
mentary conditions (e.g., focused mental activity versus 
unfocused mental activity) with instructions administered by 
a computer (i.e., the first device cited in the paragraph 
above), the physiological signal that is monitored is the 
electrical activity of the heart which is measured with a 
electrocardiograph and is recorded with an analog-to-digital 
board and a computer (i.e., the second device cited in the 
paragraph above), the heart rate time series is analyzed with 
a fast Fourier transform which interprets differences in the 
low frequency bands as an indication of person’s response to 
the events of the protocol (i.e., the third device cited in the 
paragraph above). The final result of the analysis for each of 
the controlled conditions is the oscillation intensity in the 
low frequency band, which is inversely related to the activity 
of the neurohormonal systems that regulate blood flow. The 
change in oscillation intensity indicates how well the indi 
vidual was able to activate or Suppress the neurohormonal 
system during the controlled conditions, and is interpreted 
by comparing it to a normative database obtained from 
people who followed the same protocol. 
0027 More specifically, the objectives of the invention 
are accomplished, in accordance with the principles of a 
preferred embodiment of the invention, by a method includ 
ing, and apparatus for performing, the steps of 

0028 monitoring a physiological signal such as the 
electrical activity of the heart, while the patient per 
forms an activity or is Subjected to a particular stimulus 
for a predetermined period according to a protocol, 
capture of the physiological signal being synchronized 
with performance of the protocol; 

0029 mathematically processing the physiological 
signal, preferably by performing a fast Fourier trans 
form (FFT) on the physiological signal; 

0030 selecting a frequency band in the FFT spectrum, 
said frequency band corresponding to a neurohormonal 
system contribution to the FFT 

0031 comparing the change in neurohormonal activity 
represented by the FFT spectrum in the selected fre 
quency band to a database of normative values. 

0032. In a preferred embodiment of the invention, the 
selected low frequency band is indicative of the RAAS 
and/or SNS response to the activity or stimulus, these 
systems controlling vasodilation and vasoconstriction of 
blood vessels that regulate blood flow to particular tissues or 
Organs. 

0033. The “protocol is administered by a device which 
a) is synchronized with the heart rate measurements and b) 
presents instructions that tell the subject/patient what to do. 
The response of the neurohormonal system is best measured 
when at least two conditions are measured and one of the 
two conditions is designed to activate the neurohormonal 
system and the other condition is designed to suppress the 
neurohormonal system (or remain in a default State). The 
protocol is designed to elicit a physiological response rel 
evant to the disease, medical, mental, or physical condition 
of concern. Unhealthy people would be characterized by 
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inappropriate responses (four possibilities: insufficient acti 
Vation, insufficient Suppression, excessive activation, exces 
sive Suppression); the magnitude of the inappropriate 
response would reflect the severity of the medical condition. 
0034 Heart rate is preferably measured by means of an 
electrocardiogram (ECG). The ECG is a very robust signal 
that can be reliably collected with minimal artifacts. Many 
other alternate physiological data indicative of heart rate 
could also be collected and are intended to be within the 
scope of the invention, but these data tend to be less reliable, 
i.e., they tend to have more problems with signal/noise ratio, 
artifacts, and loss of signal. These other physiological data 
include pulse measurements (which may be detected at the 
finger tip, ear lobe or other point); cardiac impedance, heart 
Sounds, heart vibrations, blood pressure, Doppler measure 
ments of heart activity or vascular activity. The electrocar 
diograph signal is present as an artifact in other devices Such 
as electroencephalographs; thus, these devices can also be 
used to collect the heart rate signal for performing this 
invention. 

0035) In the preferred embodiment of the invention, 
physiological and protocol information is be synchronized 
(i.e., physiological data collected during a specific condition 
can be precisely identified), on the order of millisecond 
accuracy to obtain useful results. However, there may be 
situations in which less or more accurate synchronization is 
required. 
0036. The goal of data analysis is to answer the following 
question: how much did the LFB increase or decrease from 
Condition 1 to Condition 2. The change in the low frequency 
band (ALFB) may be interpreted as either an “appropriate' 
response or abnormal response to the condition. The term 
“appropriate' may be defined as a dichotomous measure 
(“within normal limits’ or abnormal) or as a continuous 
measure (e.g., the patient has a risk level of 90% for 
increased blood pressure if he/she maintains a high salt diet). 
In either case, interpretation requires “norm tables, which 
are databases containing heart rate frequency spectrum 
obtained by testing large numbers of individuals to deter 
mine what are normal values for the frequency spectra 
associated with a particular protocol. Those skilled in the art 
will appreciate that norm tables are a key to the evaluation 
of data in a variety of medical and psychological applica 
tions. 

0037. In order to obtain a useful frequency spectrum, the 
method of the invention may include the steps of detrending 
the FFT in order to remove unwanted ultra-low frequencies 
from the spectral plot, and use of co-variance techniques to 
minimize contributions of the sympathetic contributions of 
physiological systems other than the neurohormonal system 
of interest (i.e., the RAAS system). Detrending and co 
variance techniques are both known method of data analysis, 
though not previously used for the purpose of analyzing 
FFT-transformed heart rate data synchronized to a patient 
testing protocol. 
0038. By carefully selecting the appropriate controlled 
conditions, the invention has, by way of example and not 
limitation, application to at least the following conditions: 
1.) attention deficit/hyperactivity disorder; 2.) addictions 
including Substance abuse; 3.) aggression; 4.) anxiety; 5.) 
other psychiatric disorders involving impulsivity and/or 
disordered attention, such as obsessions, compulsions, and 
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Schizophernia; 6.) autism; 7.) cardiovascular diseases Such 
as chronic heart failure; 8.) hypertension, including salt 
sensitivity; 9.) spinal cord injuries; 10.) stroke; 11.) sleep 
disorders; 12.) toxic shock syndrome, 13.) eating disorders; 
14.) obesity; 15.) metabolic disorder syndrome; 16.) sexual 
disorders such as erectile dysfunction; 17.) psychological 
disorders related to sex offenders: 18.) autonomic disorders 
Such as Reynaud's syndrome; 19.) cardiovascular and cog 
nitive changes associated with pregnancy; 20.) headaches; 
21.) diabetes; 22.) kidney disorders; 23.) traumatic brain 
injury; 24.) rapidly growing tissues, such as cancer, and 25.) 
any other disorder or pathology that involves abnormal 
blood flow. In addition, the invention may also be used to 
evaluate non-pathological conditions such as mental effort 
or alertness, which are also related to changes in oscillation 
intensity that reflects the activation or suppression of the 
neurohormonal system responsible for the Sustained vasodi 
lation or vasoconstriction of cerebral blood vessels. 

0.039 The invention has six applications (this paragraph 
defines the word “application' as used in the above para 
graph) for each of the above disorders or conditions: 
0040 1.) The invention can be used to study the normal 
biological processes as well as the disease states that 
result when the underlying biological processes do not 
function normally; norm tables are developed from the 
data collected from healthy individuals. 

0041). 2.) The invention can be used to assess and monitor 
the status of these disorders. For example, comparing an 
individual’s results to the norm tables could be used in 
diagnosing a medical disorder; the invention could also be 
used to diagnose medical Vulnerability (e.g., the likeli 
hood of developing high blood pressure on a high salt 
diet); the invention could be used to also track the 
progression or remission of hypertension. 

0042. 3.) The invention can be used to predict an indi 
viduals response to medications. For example, many of 
the above-identified disorders are treated by medication 
but predicting an individual’s response to these medica 
tions is often difficult. One application of this invention is 
predicting which of several possible medications is best 
for an individual. The invention could be used identify 
individuals likely to have an adverse reaction to a given 
medication. 

0043. 4.) The invention can be used to titrate medication. 
The disorders listed above are often treated with medica 
tion. However, determining the most appropriate dose for 
these medications, i.e., titrating the dosage, can be a time 
consuming process of trial and error. The invention can 
quickly assess the efficacy of various doses of medication 
by quantifying the effect of the medication on the oscil 
lation intensity. 

0044 5.) The invention could also be used to monitor the 
effect of non-medical treatments, including but not lim 
ited to, biofeedback, relaxation, physical therapies, psy 
chotherapy, diet, and physical exercise, in which case the 
invention could be used to quickly assess the efficacy of 
various non-medicinal treatments on the oscillation inten 
sity. 

0045 6) The invention could be used to assess the 
cardiovascular side effects of various medical disease or 
medications. For example, children with autism may also 
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have atypical metabolism and the metabolic byproducts 
adversely affect their behavior; this invention could be 
used to assess this side effect of the medical condition of 
autism. As another example, medications used to treat 
ADHD can affect blood pressure in some children; this 
invention could be used to detect children who are likely 
to have significant blood pressure elevations as a side 
effect of their medication. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0046 FIG. 1 is a schematic view of a bioassessment 
apparatus constructed in accordance with the principles of a 
preferred embodiment of the invention. 
0047 FIG. 2 is a schematic diagram illustrating the use of 
two conditions of a protocol to obtain data that reflects 
changes in the neurohormonal system. 
0048 FIG. 3 is a graph of heart rate changes with time, 
from which the low frequency oscillation may be obtained. 
0049 FIG. 4 is a frequency spectrum of the time domain 
signal illustrated in FIG. 3. 
0050 FIG. 5 is flowchart illustrating the seven step data 
processing according to a preferred embodiment of the 
invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0051 FIG. 1 shows a system according to a preferred 
embodiment of the invention. The illustrated system is 
divided into at least two Subsystems: a) protocol adminis 
tration and b) data collection. In addition to protocol admin 
istration and data collection, either of the illustrated sub 
systems or an additional Subsystem may be added for data 
analysis (Subsystem c in FIG. 1) or data interpretation 
(subsystem d in FIG. 1). 
0052 The protocol administration subsystem (a) admin 
isters cognitive tasks and gives instructions to the patient/ 
Subject. These functions may be done by equipment that 
includes an instruction screen 1 to display instructions, a 
response box 2 such as a touch screen, joystick, or a keypad 
or buttons through which the patient/subject indicates his or 
her responses to the instructions on the screen, and a 
computing device 3 for controlling the instruction screen 1 
and response box 2 according to a specific protocol. 
0053. It will be appreciated that although FIG. 1 shows an 
instruction screen and response box, the protocol adminis 
tration Subsystem (a) may take any form necessary to elicit 
a response or administer Stimuli appropriate to the condition 
being tested. For example, Subsystem (a) may be arranged to 
facilitate administration of medicine or another Substance 
Such as a salt pill based on instructions presented on the 
instruction screen 1 or oral instructions from a technician (or 
both). Response box 2 may be used for the purpose of 
allowing a patient to manually input background informa 
tion about the patient, to Supply answers to questions dis 
played on the response Screen, to input patient responses to 
stimuli, and so forth, or it may be omitted entirely for tests 
involving Small children or for tests involving physical 
activities. In the latter case, Subsystem (a) may include 
exercise equipment or other devices designed to cause the 
patient/subject to perform a the physical activity. While the 
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protocol will in many cases be managed by a computing 
device, the computing device may be omitted if the protocol 
involves tasks that can be carried out manually, such as 
administration of a pill, a sleep test, or the like, though it 
should be understood that whether or not the protocol is 
completely automated, strict control of the patient’s activi 
ties is required in order to elicit a physiological response 
relevant to the medical condition, physiological function or 
mental function of interest. 

0054. In contrast, the data collection subsystem (b) col 
lects physiological and cognitive/performance measures 
from the patient/subject and therefore requires equipment 
that includes, at least, a physiological measuring device, 
(ECG, pulse detectors, heart sounds, etc., described further 
below, and analog-to-digital equipment). Physiological data 
collected by the data collection subsystem may include 
ECG, heart rate derived from ECG, pulse detectors, heart 
Sounds, heart vibrations, and/or transcranial Doppler which 
measures the velocity of blood in blood vessels. Perfor 
mance data may, by way of example and not limitation, 
include the patient/subjects response to cognitive tasks 
(e.g., an individuals reaction time on a cognitive test) and 
other measures such as physical movement (e.g., amount of 
fidgeting). 
0.055 Data interpretation, which may be performed by 
either of the illustrated computers A and B or by a separate 
Subsystem C, begins with processing the raw physiological 
data and performing calculations necessary to obtain a 
usable spectrum of the data that can be analyzed by com 
parison with a norm. The processing steps include opera 
tions such as conversion from ECG to a time series of 
interbeat intervals (IBIs, also known as R-R intervals), 
artifact recognition and correction, detrending the corrected 
data, and performing a fast Fourier Transform (FFT) on the 
corrected and detrended data, and interpreting the results as 
normal or abnormal. In a preferred embodiment of the 
invention, the process captures a low frequency band LFB of 
the patient's heart rate that reflects changes in the physi 
ological systems that regulate the Supply of blood flow to 
different parts of the body, though other indications of 
physiological response to administration of the protocol 
may, in certain circumstances, be used. The low frequency 
band is typically includes the range of approximately 0.02 to 
approximately 0.10 Hertz, although the exact range of 
frequencies chosen may vary for different groups of patients, 
conditions, data processing requirements, and so forth. 
0056. The term physiological response relates to the 
notion that the body must respond appropriately to various 
situations to perform specific functions. For example, the 
heart must beat faster when physical activity increases, such 
as when walking up stairs. If a person cannot increase his or 
her heart rate (the physiological response), then that person 
will have difficulty performing physical activities (the func 
tion). A physiological response can be either an activation or 
a Suppression of a physiological system. For example, a 
good physiological response to eating salt is Suppression of 
the renin-angiotensin-aldosterone system (RAAS); in con 
trast, an unhealthy response is little or no Suppression of the 
RAAS System, which results in poor functioning (salt sen 
sitive hypertension, in this case). As another example, a 
good physiological response to the need to pay attention is 
activation of the angiotensin System, while an unhealthy 
response is little or no activation, which is reflected in poor 
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attention (the function) such as occurs in ADHD patients. 
The lack of an appropriate response correlates with deficient 
functioning for that particular condition. In the example of 
salt sensitive hypertension, insufficient RAAS Suppression 
(physiological response) leads to hypertension when exces 
sive salt is consumed (impaired functioning). In the example 
of ADHD, insufficient RAAS activation (physiological 
response) leads to hyperactivity, impulsivity, and inattention 
(impaired functioning) By carefully designing a protocol, 
the conditions can be controlled so that a specific function is 
elicited. The physiological response to the conditions can be 
quantified in Such a way as to provide a diagnosis or 
assessment of a medical disorder. 

0057 The term “protocol” as used herein and illustrated 
in FIG. 2 refers to what the patient does during physiological 
monitoring. It is not sufficient to collect these physiological 
measures during uncontrolled conditions, i.e., when no 
instructions are given to a patient/Subject. The patient/ 
subject’s behavior must be carefully controlled to ensure 
that they follow the instructions as closely as possible. The 
conditions must be carefully designed to elicit the intended 
physiological response. 

0058 As illustrated in FIG. 2, conditions are adminis 
tered in complementary pairs, with the goal being to com 
pare physiological responses to these complementary con 
ditions. This invention involves performing the above 
described data collection while each of the conditions is 
administered according to the protocol. In the illustrated 
example, one result is a first low frequency band (LFB) 
obtained by taking an ECG during the first condition of the 
protocol, extracting a heart rate time series, detrending, and 
performing a fast Fourier Transform of the time series data. 
The other result is a second low frequency band (LFB) 
calculated in the same manner as the first low frequency 
band but based on the time series data obtained during the 
second condition of the protocol. 
0059) Two possible results for above data (LFB versus 
LFB) are possible: LFB is greater than LFB, or LFB is 
less than LFB. The change in LFB between conditions may 
represent a change from activated to suppressed neurohor 
monal activity (or vice versa); a change from activated to 
default activity (or vice versa); or a change from a Sup 
pressed to default activity (or vice versa). 
0060. In the example of salt sensitive hypertension, one 
condition elicits Suppression of a physiological response and 
the other condition elicits activation of a physiological 
response. Salt restriction in the first condition elicits angio 
tensin activation (which promotes salt conservation) in 
“healthy” individuals, while eating high salt foods elicits 
angiotensin Suppression (promoting salt excretion) in 
“healthy” individuals. In the example of ADHD diagnosis, 
described in more detail below, focused attention elicits 
angiotensin activation in "healthy’ individuals compared to 
a default level of angiotensin activity when individuals have 
unfocused attention. Norm tables are constructed by testing 
many healthy individuals under the conditions of the pro 
tocols. The physiological data from these healthy individu 
als define what results constitute an appropriate physiologi 
cal response for a given protocol. These tables are only valid 
for these conditions under which they were determined. 
0061 Cognitive tasks are part of the protocol when the 
system is used for psychological purposes Such as assessing 
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impulsivity associated with ADHD or substance abuse, or 
assessing anxiety. Cognitive tasks can also be used as a part 
of a medical protocol, to control for mental state when 
measuring a physiological response for medical reasons. 

0062. It will be appreciated that there are numerous ways 
to measure heart rate, including electrical signals such as 
ECG, Holter monitor, or the cardiac signal as it appears in 
other methods such as EEG, EMG, etc. where it is usually 
considered noise (in which case the heart rate analysis 
provided by the invention could provide information to 
supplement the EEG, EMG, etc.). In addition, acoustic 
signals, i.e., heart Sounds or related technologies; optical 
signals such as plethysmographs or related technologies; 
magnetic signals such as MEG or related technologies; or 
Doppler based signals such as TCD, echo cardiography or 
related signals; or other signals such as near infrared signals 
may be used to extract or derive a heart rate time series, and 
that any of these signals may be used as an indicator of the 
cardiac cycle in connection with the present invention. 

0063. In addition, it will be appreciated that data pro 
cessing will depend on the specific signal involved. How 
ever, in the illustrated embodiment of a heart rate signal 
illustrated in FIG. 3. physiological data reduction is prefer 
ably accomplished with an seven-step data reduction process 
prior to final analysis. Subsystem c uses algorithms to 
automate the following steps of data porcessing: In the first 
step, the ECG data are converted to interbeat intervals (IBI). 
Second, the IBI data are edited to correct artifacts (verified 
by comparing the heart rate to the original ECG data). Third, 
the data are converted from the event domain to the time 
domain. Fourth, the data are detrended with a numeric 
analytical technique known as a cubic spline approximation. 
The cubic spline parameters are selected to remove the 
undesired low frequency noise. Without detrending, the 
assumptions of the FFT are violated and the low frequency 
oscillations can be greatly overestimated. Fifth, specific 
conditions of the protocol are identified and, sixth, a FFT is 
performed with or without spectral Smoothing (e.g., a nine 
point Hamming window). Seventh, the area under the curve 
is integrated for subsequent interpretation. The FFT data 
may be normalized as required by the specific application, or 
the FFT data may be used without normalization. 
0064. It will be appreciated by those skilled in the art that 
various mathematical algorithms may be substituted for any 
of the signal processing steps listed above, including digital 
filters such as FIR and IIR filters, and analog filters or 
bandpass filters. The purpose of detrending or filtering is to 
separate the low frequency band (LFB) from the noise 
induced low frequency tail that appears in the FFT power 
spectrum. One way to reduce low frequency noise is simply 
to record data for short periods of less than three minutes, 
but this reduces the reliability of the measurement of the 
LFB. By using appropriate noise reduction algorithms or 
filters, it is possible to extend the data recording period for 
more than three minutes. 

0065. In addition to use of FFT, those skilled in the art 
will appreciate that frequency detection may be accom 
plished by alternative methods such as polynomial filtering, 
quantifying the RMS variation with appropriate filters, and 
wavelet analysis, and that all Such frequency detection 
methods of algorithms are intended to be included within the 
Scope of the invention. 
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EXAMPLES 

Example #1 

Assessment of ADHD 

0066. This example illustrates how the system can be 
used as an assessment technique for ADHD. The protocol is 
designed to test how well the neurohormonal systems are 
activated when an individual attempts to pay attention for a 
prolonged period of time. All references to apparatus are to 
the apparatus illustrated in FIG. 1. 

0067. During the protocol, a computer A administers the 
instructions for the Subject/patient. During a resting condi 
tion in which the Subject/patient is instructed to not focus on 
any particular thoughts (i.e., to let their minds drift) for 6.5 
minutes (first condition). The Subject/patient sits quietly and 
watches an uninteresting stimulus on a computer Screen 
during this first condition. Then in the second condition, the 
Subject/patient performs a cognitive task which requires him 
or her to press a specific button depending on the stimulus 
that is presented on the screen (second condition). This task 
requires a) quickly processing information and making the 
appropriate response; b) being able to inhibit one’s 
responses when required; c) sustaining attention during an 
uninteresting task. Performance information includes reac 
tion time measured with millisecond accuracy, which is a 
measure of mental efficiency, and number of errors,which is 
a measure of ability to remain focused for a prolonged 
period of time. Those skilled in the art will appreciate that 
longer times provide better measures of the LFB of any 
signal, but that length of time is limited by the length of time 
for which a person will reasonably sit. 6.5 minutes is a 
compromise between these two competing constraints (Suf 
ficient data versus tolerable protocol) but may of course be 
varied depending on the protocol (for example, how fun or 
interesting the task) and the characteristics of the Subject, 
Such as age. 

0068. Second, for this example, computer B collects one 
or more channels of physiological data. ECG is preferred, as 
noted above, but other methods can also be used. Computer 
B interfaces with the physiological monitors through a 
known analog-to-digital conversion board. 

0069. Third, for this example, computers A and B are 
synchronized to within one millisecond accuracy. Digital 
signals are sent between computer A and computer B at 
specific points in the protocol to synchronize the two com 
puters, after which the data analysis and data interpretation 
procedure described above (heart rate time series extraction, 
detrending, and FFT application) is performed. 

Example #2 

Titration of Medication for ADHD 

0070 This example illustrates how the system can be 
used as antitration technique for medication of ADHD. The 
protocol is designed to test how medication activates a 
neurohormonal response or, in other words, how medication 
facilitates the body to make the appropriate physiological 
response necessary for paying attention. 
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0071 According to the protocol, computer Aadministers 
five conditions: 

0072 a) 6.5 minutes of unfocused mental condition, with 
no medication; 
0.073 b) 6.5 minutes of paying attention condition, with 
no medication; 
0074 c) patient takes medication and waits sufficient 
time (commonly 60 minutes) for the medication to take 
effect: 
0075 d) repeat of condition A (unfocused mental condi 
tion), but now with medication active in the bloodstream; 
and 

0.076 e) repeat of condition B (focused mental condition) 
but now with medication active in the bloodstream. 

0.077 Data analysis and interpretation again involves the 
steps described above, including detrending and FFT con 
version. The medicine is titrated to an optimal dose when the 
change in LFB from condition (d) to condition (e) is in the 
expected range for healthy individuals. The steps (c), (d) and 
(e) may be repeated with Successively higher doses to 
determine the optimal level of medication. 

Example #3 

Side Effects of Medications for ADHD 

0078. This example illustrates how the system can be 
used to assess side effects of medication for ADHD. The 
protocol is designed to test how medication activates the 
cardiovascular system and blood pressure. ADHD medica 
tions increase sympathetic nervous system (SNS) activity 
resulting in increased blood pressure and heart rate. For most 
patients, these effects are nominal changes that pose little or 
no health risks. However, some patients have adverse 
effects, such as clinically elevated blood pressure. Extremely 
high blood pressure elevations are potentially damaging 
because of the long term impact of high blood pressure on 
nearly all the organs in the body. This application may or 
may not involve LFB data. 
0079 Data analysis and data interpretation is the same as 
before but with the addition of measuring the blood pressure 
before and after administering medication; unlike conven 
tional blood pressure measurement (which typically mea 
sure blood pressure only once), hundreds of blood pressure 
data points are collected during the medicated and unmedi 
cated conditions. Many data points are needed to overcome 
the high degree of beat-to-beat variability in blood pressure. 
Individuals who are vulnerable to medicine-related hyper 
tension will have significantly elevated blood pressure after 
taking medication in this test. 
0080. In rare cases, a person may die while taking ADHD 
medication due to Sudden cardiac death. The risk of cardiac 
Sudden death is indicated by several cardiac markers, such 
as prolonged QT interval and decreased heart rate variabil 
ity. In the case of ADHD, the data collected by this invention 
is intended primarily to assess the LFB as it pertains to the 
ability to pay attention. However, by analyzing different 
aspects of the ECG data, this invention can be used to assess 
the risk of cardiac sudden death. 

0081 Data analysis and data interpretation is the same as 
before but with the addition of calculating the QT interval 
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from the ECG data to determine if a person may be suscep 
tible to sudden cardiac death. Individuals who are vulnerable 
to cardiac Sudden death have significantly prolonged QT 
interval and/or significantly reduced heart rate variability. 
These results could be confirmed by a closely monitored 
trial of medication in which the patient repeats the protocol 
with a dose of medication; such trials would require appro 
priate medical monitoring. 

Example #4 

Assessment of Salt Sensitivity 
0082. This example illustrates how the system can be 
used as an assessment technique for salt sensitive hyperten 
sion. The protocol is designed to test how well the neuro 
hormonal systems are Suppressed when an individual con 
Sumes salt. All references to apparatus are to the apparatus 
illustrated in FIG. 1. 

0083. The salt sensitivity protocol requires that individu 
als come to the testing session in a salt depleted State. It is 
not possible to become salt depleted quickly. Usually, one or 
more days of following a salt restricted diet are required. 
Individuals limit their salt intake to <500 mg sodium per day 
prior to the actual test. Following a salt restricted diet 
activates the angiotensin System. 
0084 First, the computer Aadministers six conditions in 
the salt restricted state (approximately 40 minutes of base 
line data): 
0085 a.) 6.5 minutes of paced breathing (controls for 
respiration rate effects); 
0086 b.) 6.5 minutes of paying attention condition (con 
trols for mental activity effects); 
0087 
0088 d.) Conditions a, b, and c are repeated: 
0089 e.) Patient takes salt (in the form of tablets or 
solution) and is monitored for the next 110 minutes to assess 
the effect of the salt. During this 110 minutes, conditions a, 
b, and c are repeated five times each. 

c.) 6.5 minutes of spontaneous breathing; 

0090 The data is processed as described above, including 
detrending and FFT conversion. A large increase in LFB 
indicates that the RAAS has been suppressed which helps 
the body excrete excess Sodium. RAAS Suppression is 
healthy in this protocol because it helps to keep blood 
pressure in the normal, healthy range. However, people who 
cannot suppress their RAAS will have little or no increase in 
LFB. They are at higher risk for having high blood pressure 
and other health problems if they regularly eat a high salt 
diet. 

Example #5 

Titration of Medication for Blood Pressure 

0091. This example shows how the system can be used to 
titrate medication for treating high blood pressure, also 
known as hypertension. The protocol is designed to test how 
medication activates a neurohormonal response for main 
taining healthy blood pressure or, in other words, how 
medication facilitates the body to make the appropriate 
physiological response necessary to maintain healthy blood 
pressure. High blood pressure is associated with excessive 
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RAAS activity. The advantage of the system for this appli 
cation is to reduce the time needed to select the optimal 
medication for high blood pressure and then to titrate dose 
of medication. Without individual information, this process 
can involve extensive trial-and-error. The generic term for 
this type of application is individualized medicine. This 
approach uses individual information to choose a treatment 
for an individual, in contrast to using population-based 
recommendations that may or may not be appropriate for an 
individual patient. 
0092 According to the blood pressure titration protocol, 
the patient comes for initial testing in a high blood pressure 
state. Computer A administers five conditions: 
0093 a.) 6.5 minutes of unfocused mental condition, no 
medication; 
0094) b.) 6.5 minutes of paying attention condition, no 
medication; 

0.095 c.) Patient takes medication and waits for the 
medication to take effect, which may be hours or days; 
0.096 d.) Condition A, unfocused mental condition, is 
repeated with medication in the bloodstream; 
0097 e.) Condition B, focused mental condition, is 
repeated with medication active in the bloodstream. 
0098. The data are processed as described above. The 
effectiveness of the medication will be determined by how 
much LFB is increased. An increase in LFB is considered a 
beneficial because it indicates that the medication has suc 
cessfully suppressed the RAAS system. 

0099] The invention could also be used to test the effec 
tiveness of medicine and could be used to ascertain the 
optimum use of various foods, such as determining what 
amount, if any, of Salt (or cholesterol) content could have an 
adverse or positive effect on a user. 
0100 Having thus described a preferred embodiment of 
the invention and various examples in Sufficient detail to 
enable those skilled in the art to make and use the invention, 
it will nevertheless be appreciated that numerous variations 
and modifications of the illustrated embodiment may be 
made without departing from the spirit of the invention, and 
it is intended that the invention not be limited by the above 
description or accompanying drawings, but that it be defined 
solely in accordance with the appended claims. 

What is claimed is: 
1. A method of biological assessment comprising the steps 

of a) monitoring an individual using at least one physiologi 
cal signal indicative of the cardiac cycle, b) collecting the 
physiological signal during at least one controlled condition, 
c) evaluating the intensity of the low frequency oscillations 
in the cardiac cycles, d) utilizing said oscillation intensity as 
an indication of the individuals ability to activate or Sup 
press the neurohormonal activity, and e) interpreting the 
oscillation intensity as normal or abnormal by comparison to 
normative data which were obtained from people with 
similar characteristics during the same controlled condi 
tions. 

2. The method of claim 1, wherein the physiological 
signal is the electrocardiograph (ECG) signal collected in 
digital form and then converted to a heart rate time series 
which is detrended using a cubic spline method; and the low 

May 3, 2007 

frequency oscillations in the heart rate time series are 
quantified as the area under the spectral density plot between 
0.02 and 0.08 HZ. 

3. The method of claim 1, wherein two controlled con 
ditions are used, each condition being three minutes or 
longer; the Subject follows instructions and performs a 
specific activity in each condition; the conditions are 
designed to be complementary Such that the Subject’s activi 
ties in the two conditions elicit opposing changes in the 
neurohormonal systems that regulate the flow of blood to 
active tissues in the body; the conditions are designed to 
elicit activity in specific tissues (e.g., regions of the brain) or 
organs (e.g., the brain); these two controlled conditions may 
be repeated several times and/or in different orders. 

4. The method of claim 1, wherein the neural component 
of the neurohormonal system is the autonomic nervous 
system (which comprises the parasympathetic and the sym 
pathetic branches) and the hormonal component of the 
neurohormonal system is the renin-angiotensin-aldosterone 
system. 

5. The method of claim 1, wherein the normative data are 
based on the low frequency oscillation data from the same 
conditions obtained from a) healthy people, b) people with 
a specific medical condition, and/or c) people with a specific 
response to a treatment during the same controlled condi 
tion(s). 

6. The method of claim 1, wherein the results are used to 
assess normal functioning or to detect abnormal functioning 
indicative of a medical disorder or secondary conditions 
associated with a medical disorder; the term “medical dis 
order” includes psychological and psychiatric disorders. 

7. The method of claim 1, wherein the results are used to 
results are used to select an optimal treatment plan including 
type of treatment, dosage (or strength of non-medical treat 
ment), and potential side effects of the treatment. 

8. A method of biological assessment comprising a) 
monitoring an individual using at least one physiological 
signal indicative of the cardiac cycle, b) collecting the 
physiological signal during two or more controlled condi 
tions in which one condition is focused mental activity 
elicited by a cognitive task and the other condition is an 
unfocused mental state, c) evaluating the intensity of the low 
frequency oscillation in the cardiac cycles, d) utilizing said 
oscillation intensity as an indication of the individuals 
ability to activate or suppress the neurohormonal activity, e) 
interpreting the oscillation intensity as normal or abnormal 
by comparison to normative data which were obtained from 
people without attention/impulse control deficits, people 
with attention/impulse control deficits, people with positive 
responses to medications for attention/impulse control defi 
cits and people with little or no benefit from medications for 
attention/impulse control deficits, and f) the results are used 
for assessment of mental functioning including attention 
deficits and impulsivity; the results are used for titration of 
medication or other treatments for attention deficits and 
impulsivity; the results are used to estimate risk of side 
effects of medication or other treatments for attention defi 
cits and impulsivity. 

9. A method of biological assessment comprising a) 
monitoring an individual using at least one physiological 
signal indicative of the cardiac cycle, b) collecting the 
physiological signal on a continual basis during a specific 
task or job, c) evaluating the intensity of the low frequency 
oscillations in the cardiac cycles, d) utilizing said oscillation 
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intensity as an indication of the individuals ability to 
activate or Suppress the neurohormonal activity, e) interpret 
ing the oscillation intensity as normal or abnormal by 
comparison to normative data which were previously 
obtained from the individual being monitored while per 
forming the task, and f) the results are used for assessment 
of alertness, mental functioning, and/or fitness for duty as 
well as means of maintaining or remedying alertness 
required to perform said task. 

10. A method of biological assessment comprising a) 
monitoring an individual using at least one physiological 
signal indicative of the cardiac cycle, b) collecting the 
physiological signal during two or more controlled condi 
tions in which a Substance has been restricted in one 
condition and another condition in which that Substance is 
administered to the Subject/patient; these conditions may be 
repeated several times with similar or different doses; these 
conditions may be repeated several times in different orders, 
c) evaluating the intensity of the low frequency oscillations 
in the cardiac cycles, d) utilizing said oscillation intensity as 
an indication of the individuals ability to activate or Sup 
press the neurohormonal activity, e) interpreting the oscil 
lation intensity as normal or abnormal by comparison to 
normative data which were obtained from people with 
positive responses to the Substance and people with neutral 
or negative responses to the Substance, and f) the results are 
used for assessment of quality and degree of response to said 
Substance and/or the results are used for determining 
whether a treatment is needed to remedy inappropriate 
responses to said Substance. 

11. The method of claim 10, wherein the substance is salt 
and the results are used for the assessment and treatment of 
salt sensitivity. 

12. The method of claim 10, wherein the substance is a 
medication and the results are used for selecting an optimal 
medication, titrating the medication to an optimal dose, 
and/or assessing or managing the side effects of that medi 
cation. 

13. A method of biological assessment comprising a) 
monitoring an individual using at physiological signals 
indicative of cardiac intervals and blood pressure, b) col 
lecting the physiological signals during one or more con 
trolled conditions, c) evaluating overall heart rate variability, 
QT interval from ECG, pre-ejection period, and blood 
pressure, d) interpreting the cardiac parameters as normal or 
abnormal by comparison to normative data obtain from 
many people, and e) using the individual results to predict 
Susceptibility to cardiovascular complications such as car 
diac Sudden death or hypertension. 

14. The method of claim 13 in which two conditions 
include at least one condition in which a Substance is 
restricted and another condition in which a Substance is 
administered to the Subject/patient; the conditions may be 
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repeated several times and/or in different orders; the sub 
stance can be administered in various levels or doses; and 
the cardiac parameters are used to predict how Susceptible 
an individual is to developing cardiovascular complications 
from administering or restricting the Substance. 

15. Apparatus for assessing physiological or mental func 
tioning, comprising: 

a) Subsystem for administrating protocol(s) that provides 
instructions and may collect responses during condi 
tions designed to elicit activation or suppression of the 
neurohormonal systems that regulate the flow of blood 
to active tissues in the body; 

b) a Subsystem for collecting physiological data indicative 
of the cardiac cycle in synchrony with the protocol 
administration; 

c) a Subsystem for data processing and analysis which 
evaluates the intensity of the low frequency oscillations 
in the cardiac cycles; 

d) a Subsystem which interprets the oscillation intensity as 
an indication of neurohormonal activation or Suppres 
sion, and which also interprets the oscillation intensity 
as normal or abnormal by comparison to normative 
data which were obtained from people with similar 
characteristics during the same controlled conditions. 

16. Apparatus for assessing physiological or mental func 
tioning as claimed in claim 15, wherein the protocol admin 
istration Subsystem includes a means of presenting instruc 
tions, such as a screen, and a means for the Subject to make 
responses and record these responses, such as a one or more 
buttons or keys. 

17. Apparatus for assessing physiological or mental func 
tioning as claimed in claim 15, wherein the physiological 
data collection Subsystem monitors ECG and the physiologi 
cal data collection Subsystem is synchronized and coordi 
nated with the protocol system. 

18. Apparatus for assessing physiological or mental func 
tioning as claimed in claim 15, wherein the data processing 
subsystem includes conversion from ECG to an interbeat 
interval time series (IBI, also known as R-R interval), 
recognition and correction of artifacts and ecotopic beats; 
detrending the IBI times series and quantifying the intensity 
of the low frequency oscillations using spectral analysis 
(FFT). 

19. Apparatus for assessing physiological or mental func 
tioning as claimed in claim 15, wherein the data interpreta 
tion Subsystem includes a normative data set of physiologi 
cal results collected during equivalent conditions from 
appropriate and comparing individual results to this table of 
normative results. 
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