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Description

Reference to Related Applications

[0001] The present application claims priority to Provi-
sional U.S. Application Nos. 61/373548, filed August 13,
2010 and entitled "Devices and Methods for Respiratory
Variation Monitoring by Measurement of Respiratory Vol-
umes, Motion and Variability," 61/449811, filed March 7,
2011 and entitled "Respiratory Variation Monitoring In-
strument," 61/480105 filed April 28, 2011 and entitled
"Systems and Methods of Respiratory Monitoring," and
61/509952, filed July 20, 2011 and entitled "Use of Im-
pedance Measurements for Measuring Intrathoracic Vol-
ume in Emergency Cardiovascular Care".

Background of the Invention

1. Field of the Invention

[0002] This invention is directed to methods and de-
vices for collecting and analyzing data to assess the res-
piratory status and health of human and/or animal sub-
jects. The invention incorporates and builds off of the
fields of impedance plethysmography, impedance pneu-
mography, acoustics and data analysis of the electrical
impedance signal.

2. Description of the Background

Physiological Monitoring - History and Evolution

[0003] Patient monitoring is essential because it pro-
vides warning to patient deterioration and allows for the
opportunity of early intervention, greatly improving pa-
tient outcomes. For example, modem monitoring devices
can detect abnormal heart rhythms, blood oxygen satu-
ration, and body temperature, which can alert clinicians
of a deterioration that would otherwise go unnoticed.
[0004] The earliest records of patient monitoring reveal
that ancient Egyptians were aware of the correlation be-
tween peripheral pulse and the heart beat as early as
1550 BC. Three millennia passed before the next signif-
icant advancement in monitoring was made, with Galileo
using a pendulum to measure pulse rate. In 1887, Waller
determined that he could passively record electrical ac-
tivity across the chest by using electrodes and correlated
the signal to activity from the heart. Waller’s discovery
paved the way for the use of electrical signals as a method
to measure physiological signals. However, it would still
take time before scientists recognized the advantages of
monitoring a physiological signal in a clinical environ-
ment.
[0005] In 1925, MacKenzie emphasized the impor-
tance of continuous recording and monitoring of physio-
logical signals such as the pulse rate and blood pressure.
He specifically stressed that the graphical representation
of these signals is important in the assessment of a pa-

tient’s condition. In the 1960s, with the advent of com-
puters, patient monitors improved with the addition of a
real-time graphical display of multiple vital signs being
recorded simultaneously. Alarms were also incorporated
into monitors and were triggered when signals, such as
a pulse rate or blood pressure, reached a certain thresh-
old.
[0006] The first patient monitors were used on patients
during surgery. As patient outcomes were shown to im-
prove, monitoring of vital signs spread to other areas of
the hospital such as the intensive care unit and the emer-
gency department. For instance, pulse oximetry was first
widely used in operating rooms as a method to continu-
ously measure a patient’s oxygenation non-invasively.
Pulse oximetry quickly became the standard of care for
the administration of general anesthetic and subsequent-
ly spread to other parts of the hospital, including the re-
covery room and intensive care units. The Growing Need
for Improved Patient Monitoring
[0007] The number of critically ill patients presenting
to the emergency department is increasing at a great
rate, and these patients require close monitoring. It has
been estimated that between 1-8% of patients in the
emergency department require a critical care procedure
to be performed, such as a cardiovascular procedure or
a thoracic and respiratory procedure (mechanical venti-
lation, catheter insertion, arterial cannulation).
[0008] Physiological scores, such as the Mortality
Probability Model (MPM), the Acute Physiology and
Chronic Health Education (APACHE), the Simplified
Acute Physiological Score (SAPS) and the Therapeutic
Intervention Scoring System (TISS) have shown signifi-
cant improvements in patient outcomes. Monitoring sick
patients by using physiological scores and vital signs in
their early stages of illness, even prior to organ failure or
shock, improves outcomes. Close monitoring of patients
allows for recognition of patient degeneration and the
administration of the appropriate therapy.
[0009] However, current scoring methods do not ac-
curately predict patient outcomes in approximately 15%
of ICU patients, and it may be worse for patients in a
respiratory intensive care unit, which provide care in hos-
pitals with large number of patients with acute respiratory
failure. Furthermore, differences in currently monitored
vital signs such
intensive care unit, which provide care in hospitals with
large number of patients with acute respiratory failure.
Furthermore, differences in currently monitored vital
signs such as blood oxygenation occur late in the pro-
gression of respiratory or circulatory compromise. Often
the earliest sign of patient degradation is a change in a
patient’s breathing effort or respiratory pattern.
[0010] Respiratory rate is recognized as a vital indica-
tor of patient health and is used to assess patient status.
However, respiratory rate alone fails to indicate important
physiological changes, such as changes in respiratory
volumes. Metrics derived from continuous volume meas-
urements have been shown to have great potential for
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determining patient status in a wide range of clinical ap-
plications. However, there are currently no adequate sys-
tems that can accurately and conveniently determine res-
piratory volumes, which motivates the need for a non-
invasive respiratory monitor that can trace changes in
breath volume.
[0011] WO 2009/036312 provides a device for assess-
ing a subject having at least one impedance measuring
element functionally connected to a programmable ele-
ment, programmed to analyze an impedance measure-
ment, and to provide an assessment of at least one res-
piratory parameter of the subject.

Shortcomings of Current Methods

[0012] Currently, a patient’s respiratory status is mon-
itored with methods such as spirometry and end tidal
CO2 measurements. These methods are often inconven-
ient to use and inaccurate. While end tidal CO2 monitor-
ing is useful during anesthesia and in the evaluation of
intubated patients in a variety of environments, it is inac-
curate for non-ventilated patients. The spirometer and
pneumotachometer are limited in their measurements
are highly dependent on patient effort and proper coach-
ing by the clinician. Effective training and quality assur-
ance are a necessity for successful spirometry. However,
these two prerequisites are not necessarily enforced in
clinical practice like they are in research studies and pul-
monary function labs. Therefore quality assurance is es-
sential to prevent misleading results.
Spirometry is the most commonly performed pulmonary
function test. The spirometer and pneumotachometer
can give a direct measurement of respiratory volume. It
involves assessing a patient’s breathing patterns by
measuring the volume or the flow of air as it enters and
leaves the patient’s body. Spirometry procedures and
maneuvers are standardized by the American Thoracic
Society (ATS) and the European Respiratory Society
(ERS). Spirometry can provide important metrics for eval-
uating respiratory health and diagnosing respiratory
pathologies. The major drawback of mainstream spirom-
eters is in order to record the metrics suggested by the
ATS and ERS, patients must undergo taxing breathing
maneuvers, which excludes most elderly, neonatal, and
COPD patients from being able to undergo such an ex-
amination. The outcomes of the procedures are also
highly variable dependent on patient effort and coaching,
and operator skill and experience. The ATS also recom-
mends extensive training for healthcare professionals
who practice spirometry. Also, many physicians do not
have the skills needed to accurately interpret the data
gained from pulmonary function tests. According to the
American Thoracic Society, the largest source of in-
trasubject variability is improper performance of test.
Therefore much of the intrapatient and interpatient vari-
ability in pulmonary function testing is produced by hu-
man error. Impedance-based respiratory monitoring fills
an important void because current spirometry measure-

ments are unable to provide continuous measurements
because of the requirement for patient cooperation and
breathing through a tube. Therefore there is a need for
a device that provides near-real-time information over
extended periods of time (vs. spirometry tests which last
a minute or less) in non-intubated patients that can show
changes in respiration related to a provocative test or
therapeutic intervention.
[0013] In order to acquire acceptable spirometry meas-
urements, as dictated by ATS standards, healthcare pro-
fessionals must have extensive training and take refresh-
er courses. A group showed that the amount of accept-
able spirometry measurements was significantly greater
for those who did a training workshop (41% vs. 17%).
Even with acceptable spirometry measurements, the in-
terpretations of the data by primary physicians were
deemed as incorrect 50% of the time by pulmonologists .
However, it was noted that aid from computer algorithms
showed improvement in interpreting spirograms when
adequate spirometry measurements were collected.
[0014] Rigorous training is needed for primary care
clinics to acquire acceptable spirometry measurements
and make accurate interpretations. However, resources
to train a large number of people and enforce satisfactory
quality assurance are unreasonable and inefficient. Even
in a dedicated research setting, technician performance
falls over time.
[0015] In addition to human error due to the patient and
healthcare provider, spirometry contains systematic er-
rors that ruin breathing variability measurements. Useful
measurements of breath by breath patterns and variabil-
ity have been shown to be compounded by airway at-
tachments such as a facemask or mouthpiece. Also, the
discomfort and inconvenience involved during measure-
ment with these devices prevents them from being used
for routine measurements or as long-term monitors. Oth-
er less intrusive techniques such as thermistors or strain
gauges have been used to predict changes in volume,
but these methods provide poor information on respira-
tory volume. Respiratory belts have also shown promise
in measuring respiration volume, but groups have shown
that they are less accurate and have a greater variability
than measurements from impedance pneumography.
Therefore, a system that can measure volume for long
periods of time with minimal patient and clinician inter-
action is needed.

Pulmonary Function Testing and Preoperative, Postop-
erative Care

[0016] Preoperative care is centered on identifying
what patient characteristics may put the patient at risk
during an operation and minimizing those risks. Medical
history, smoking history, age, and other parameters dic-
tate the steps taken in preoperative care. Specifically,
elderly patients and patients with pulmonary diseases
may be at risk for respiratory complications when placed
under a ventilator for surgery. In order to clear these pa-
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tients for surgery, pulmonary function tests such as
spirometry are performed which give the more informa-
tion to determine whether the patient can utilize the ven-
tilator. Chest x-rays may also be taken. However, these
tests cannot be replicated mid-surgery, or in narcotized
patients or those who cannot or will not cooperate. Test-
ing may be uncomfortable in a postoperative setting and
disruptive to patient recovery.

End Tidal CO2 and Patient Monitoring

[0017] End tidal CO2 is another useful metric for de-
termining pulmonary state of a patient. The value is pre-
sented as a percentage or partial pressure and is meas-
ured continuously using a capnograph monitor, which
may be coupled with other patient monitoring devices.
These instruments produce a capnogram, which repre-
sents a waveform of CO2 concentration. Capnography
compares carbon dioxide concentrations within expired
air and arterial blood. The capnogram is then analyzed
to diagnose problems with respiration such as hyperven-
tilation and hypoventilation. Trends in end tidal CO2 are
particularly useful for evaluating ventilator performance
and identifying drug activity, technical problems with in-
tubation, and airway obstruction. The American Society
of Anesthesiologists (ASA) mandates that end-tidal CO2
be monitored any time an endotracheal tube or laryngeal
mask is used, and is also highly encouraged for any treat-
ment that involves general anesthesia. Capnography has
also been proven to be more useful than pulse oximetry
for monitoring of patient ventilation. Unfortunately, it is
generally inaccurate and difficult to implement in the non-
ventilated patient, and other complementary respiratory
monitoring methods would have great utility. Echocardi-
ograms
[0018] Fenichel et al. determined that respiratory mo-
tion can cause interference with echocardiograms if it is
not controlled for. Respiratory motion can block anterior
echoes through pulmonary expansion and it chances the
angle of incidence of the transducer ray relative to the
heart. These effects on the echocardiography signal can
decrease the accuracy of measurements recorded or in-
ferred from echocardiograms. Combining echocardiog-
raphy with accurate measurement of the respiratory cycle
can allow an imaging device to compensate for respira-
tory motion.

Impedance Pneumography

[0019] Impedance pneumography is a simple method
that can yield respiratory volume tracings without imped-
ing airflow, does not require contact with the airstream,
and does not restrict body movements. Furthermore, it
may be able to make measurements that reflect function-
al residual capacity of the lungs.
[0020] While attempting to measure cardiac activity,
Atzler and Lehmann noted transthoracic electrical im-
pedance changed with respiration. They regarded the

respiratory impedance changes as artifacts and asked
the patients to stop breathing while measurements were
made. In 1940, while also studying cardiac impedance,
Nyboer noticed the same respiratory impedance artifact
in his measurement. He confirmed the origin of the artifact
by being the first person to relate changes in transthoracic
impedance to changes in volume using a spirometer by
simultaneously recording both. Goldensohn and Zablow
took impedance pneumography a step further by being
the first investigators to quantitatively relate respired vol-
ume and transthoracic impedance. They reported diffi-
culty in separating the cardiac signal artifacts and also
noted artifacts during body movements. However, after
comparing the impedance changes and respired volume
changes by a least squares regression, they importantly
determined that the two are linearly related. Other groups
have confirmed the linear relationship between transtho-
racic impedance changes and respiratory breaths and
have found that approximately 90% of the spirometric
signal can be explained by the thoracic impedance sig-
nal. While the relationship has been shown to be linear,
many groups found the calibration constants for intrap-
atient and interpatient to be highly variable between trials.
These differences in calibration constants can be attrib-
uted to a variety of physiological and electrode charac-
teristics, which must be taken into account.

Transthoracic Impedance Theory

[0021] Electrical impedance is a complex quantity de-
fined as the sum of the resistance (R), the real compo-
nent, and the reactance (X), the imaginary component
(Z=R+jX=|Z|ejΘ). It is used as the measurement of oppo-
sition to an alternating current. Mathematically, imped-
ance is measured by the following equation, which is
analogous to Ohm’s law: 

[0022] Where voltage=V, current=I, and imped-
ance=Z. An object that conducts electricity with unknown
impedance can be determined from a simple circuit. Ap-
plying a known alternating current across the object while
simultaneously measuring the voltage across it and using
equation (1) yields the impedance. The thorax represents
a volume conductor, and because of that, the laws gov-
erning ionic conductors can be applied. In addition, the
movement of organs and the enlargement of the thoracic
cage during breathing create a change in conductivity,
which can be measured. Impedance across the thorax
can be measured by introducing a known current and
measuring the change in voltage across the thorax with
electrodes.

5 6 



EP 2 603 138 B1

6

5

10

15

20

25

30

35

40

45

50

55

Origins of the Transthoracic Impedance Signal

[0023] The tissue layers that makeup the thorax and
the abdomen, all influence the measurement of transtho-
racic impedance. Each tissue has a different conductivity
that influences the direction of current flow between elec-
trodes. Beginning with the outermost layer, the surface
of the body is covered by skin, which presents a high
resistivity but is only about 1mm thick. Under the skin is
a layer of fat, which also has a high resistivity. However,
the thickness of this layer is highly variable and depends
on body location and the body type of the subject. Moving
posterior to anterior, below the layer of skin and fat are
the postural muscles, which are anisotropic. They have
a low resistivity in the longitudinal direction but a high
resistivity in all other directions, which leads to a tendency
to conduct current in a direction that is parallel to the skin.
Below the muscle are the ribs, which, as bone, are highly
insulating. Therefore, current through the thorax can only
flow between bones. Once current reaches the lungs, it
is hypothesized that current travels through the blood,
which has one of the lowest resistances of any body tis-
sue. Aeration of the lungs changes the size of the lung
and the pathway of current flow, and manifests itself as
a change in resistance or impedance that can be meas-
ured.
[0024] Due to the anisotropic properties of the tissues,
radial current flow through the chest is much less than
would be expected. Much of the current goes around the
chest rather than through it. As a result, impedance
changes come from changes in thoracic circumference,
changes in lung size, and movement of the diaphragm-
liver mass. Measurements at lower thoracic levels are
attributed to movement of the diaphragm and liver, and
at higher thoracic levels they are attributed to aeration
and expansion of the lungs. Therefore, the impedance
signal is the sum of the change from the expansion and
aeration of the lungs and the movement of the dia-
phragm-liver mass. Both the abdominal and thoracic
components are needed in order to observe a normal
respiratory signal. In addition, the different origins of im-
pedance changes in the upper and lower thorax could
explain why greater linearity is observed at higher tho-
racic levels.

Influences of Electrode Placement

[0025] Transthoracic impedance is measured with
electrodes attached to the patient’s skin. Geddes et al.
determined that the electrode stimulation frequency
should not be below 20 kHz because of physiological
tissue considerations. It is a matter of safety and elimi-
nating interference from bioelectric events. In addition,
impedance measurements of a subject were found to
differ depending on subject position, including sitting, su-
pine, and standing. It was shown that for a given change
in volume, laying supine yielded the greatest signal am-
plitude and lowest signal to noise during respiration.

[0026] Another potential signal artifact comes from
subject movements, which may move electrodes and dis-
turb calibrations. Furthermore, electrode movements
may be more prevalent in obese and elderly patients,
which may require repetitive lead recalibration during pe-
riods of long-term monitoring. Because of the calibration
variability between trials, some have suggested that cal-
ibration should be performed for each individual for a
given subject posture and electrode placement. Howev-
er, a group was able to show that careful intrapatient
electrode placement can reduce impedance differences
between measurements to around 1%.
[0027] Despite having the same electrode placements,
calibration constants and signal amplitudes for individu-
als of different sizes showed variability. It was determined
that the change in impedance for a given change in vol-
ume is the largest for thin-chested people and smaller
for people who are more amply sized. These observed
differences may be due to the greater amount of resistive
tissue, such as adipose tissue and muscle, between the
electrodes and lungs in larger subjects, yielding an over-
all smaller percent change in impedance for a given
change in volume for larger subjects. On the other hand,
it is noticeable that in children the cardiac component of
the impedance trace is greater than in adults. This may
be due to greater fat deposition around the heart in adults
than in children, which serves to shield the heart from
being incorporated into the impedance measurement.
[0028] Electrodes attached to the mid-axillary line at
the level of the sixth rib yielded the maximum impedance
change during respiration. However, the greatest linear-
ity between the two variables was attained by placing the
electrodes higher on the thorax. Despite the high degree
of linearity reported, large standard deviations of imped-
ance changes during respiration have been reported.
However, the variability observed in impedance meas-
urements is comparable to those seen in measurements
of other vital signs, such as blood pressure. Groups have
shown that impedance pneumography methods are suf-
ficiently accurate for clinical purposes. Furthermore, in
the 40 years since these studies, electrode materials and
signal processing of the impedance measurements have
greatly improved, yielding even more reliable measure-
ments. Digital signal processing allows for the near in-
stantaneous filtering and smoothing of real-time imped-
ance measurements, which allows for the minimization
of artifacts and noise. More recently, respiratory imped-
ance has been used successfully in long-term patient
monitoring. As long as the electrodes remain relatively
unmoved, the relationship of change in impedance to
change in volume is stable for long periods of time.

Active Acoustic System

[0029] The most common use of acoustics in relation-
ship to the lungs is to evaluate sounds that originate in
the lungs acquired by the use of a stethoscope. One fre-
quently overlooked property of lung tissue is its ability to
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act as an acoustic filter. It attenuates various frequencies
of sound that pass through them to different extents.
There is a relationship between the level of attenuation
and the amount of air in the lungs. Motion of the chest
wall also results in frequency shift of acoustic signals
passing through the thorax.

Potential for Detecting Abnormalities

[0030] Many useful indicators, such as the forced vital
capacity (FVC) and forced expiratory volume in one sec-
ond (FEV1), can be extracted from monitoring the volume
trace of a patient’s respiration with impedance pneumog-
raphy. The FVC and FEV1 are two benchmark indicators
typically measured by a spirometer and are used to di-
agnose and monitor diseases such as COPD, asthma,
and emphysema. In addition to monitoring the respira-
tion, impedance pneumography can also simultaneously
record the electrocardiogram from the same electrodes.

Breath-to-Breath Variability

[0031] Calculations such as breath to breath variability,
coefficient of variance, standard deviation, and symmetry
of a tidal volume histogram have been shown to be de-
pendent on age and respiratory health. Compared to nor-
mal subjects it has been shown that some of these pa-
rameters, particularly coefficient of variance, are signifi-
cantly different in patients with tuberculosis, pneumonitis,
emphysema, and asthma. Furthermore, it has been not-
ed in the literature that impedance measurements were
satisfactory as long as the electrodes did not move on
the patient . In general, it has been determined by many
groups that healthy subjects show greater variability in
breathing patterns than subjects in a pulmonary disease
state.
[0032] The nonlinear analysis of respiratory wave-
forms has been used in a wide array of applications. In
examining the regularity of nonlinear, physiologic data,
studies have shown that within pulmonary disease
states, patients exhibit a decrease in breath-to-breath
complexity. This decrease in complexity has been dem-
onstrated within chronic obstructive pulmonary disease,
restrictive lung disease, and within patients that fail ex-
tubation from mechanical ventilation. Reduced variability
has also been determined to be a result of sedation and
analgesia. In broad terms, normal patients have greater
breath to breath variability than those afflicted by some
form of pulmonary disease or compromise.
[0033] The respiratory pattern is nonlinear, like any
physiologic data, as it is influenced by a multitude of reg-
ulatory agents within the body. Within the analysis of
breath-to-breath variability, various entropy metrics are
used to measure the amount of irregularity and repro-
ducibility within the signal. These metrics can be used
within the analysis of RVM tidal volume tracings in as-
sessing not only breath-to-breath changes, but intra-
breath variability, as well as magnitude, periodicity, and

spatial location of the curve.
[0034] Universal calibration of the system based off
standardized patient characteristic data (Crapo) allows
for the creation of a complexity index, and comparison
of a single patient to what is defined as a normal level of
complexity. This index would be used to aid clinicians in
determining the appropriate time to extubate, determin-
ing the severity of cardiopulmonary disease, and also
within the assessment of therapeutics. This index would
be independent of the method in which data is collected,
whether through an impedance based device, acceler-
ometers, a ventilator, or an imaging device. The system
could also be calibrated to a specific patient and focus
on intra-subject variability while detecting rapid changes
within any of the respiratory parameters. Nonlinear Anal-
ysis of Interbreath Intervals
[0035] In addition to variability metrics, some groups
have found that nonlinear analysis of instantaneous in-
terbreath intervals are highly correlated to the success
of weaning from a mechanical ventilator. These metrics
are useful indicators of pulmonary health and can assist
in clinical decisions. The inability for a patient to separate
from a mechanical ventilator occurs in approximately
20% of patients and current methods to predict success-
ful separation are poor and add little to a physician’s de-
cision. In a study with 33 subjects under mechanical ven-
tilation for greater than 24 hours, it was found that 24
subjects were successfully weaned from ventilation while
8 subjects failed (data from one subject was removed).
The reasons of failure were cited as hypoxia in five sub-
jects, and tachypnea, hypercapnia, and upper airway
edema for the remaining three, all of which are diseases
that can be potentially identified by an impedance pneu-
mography system. The primary finding in this study was
that the nonlinear analysis of instantaneous breath inter-
vals for those who failed to separate from the mechanical
ventilator was significantly more regular than those who
separated successfully. Furthermore, it was shown that
the respiratory rate did not differ between the two groups.
The metrics derived from nonlinear analysis of imped-
ance pneumography measurements can successfully
predict patient outcomes. In addition, these metrics have
been shown to be robust and did not significantly change
when artifacts such as coughing were introduced.

Detection of Decreased Ventilation States

[0036] The respiratory trace produced by impedance
pneumography as well as the average impedance of a
subject can indicate states of decreased ventilation or
changes in fluid volume in the thorax. This type of mon-
itoring would be useful for the care of anesthetized pa-
tients. Respiratory monitoring with impedance pneumog-
raphy in anaesthetized or immobile patients is shown to
be accurate and reliable for long periods, especially dur-
ing the critical period in the recovery room after surgery .
Investigators have determined that fluid in the thorax or
lungs can lead to measurable changes in impedance,
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which can be used to determine common problems for
patients in the recovery room such as pulmonary edema
or pneumonia.
[0037] In addition to measuring changes in fluid volume
in the thorax, changes in tidal volume and upper airway
resistance are immediately apparent in impedance
measurements. Investigators found that endotracheal
clamping of anaesthetized patients still produced a di-
minished impedance signal despite the patient’s effort to
breathe, thereby giving a correct indication of ventilation.
It has also been shown that impedance measurements
provide quantitative assessment of the ventilation of each
lung. Differences in impedance measurements were ob-
served in patients with unilateral pulmonary lesions, with
a pair of electrodes on the injured side of the thorax pro-
ducing a less pronounced signal than the normal side.

Respiratory Monitors

[0038] While certain contact probes record respiratory
rate, to date, no device or method has been specifically
devised to record or to analyze respiratory patterns or
variability, to correlate respiratory patterns or variability
with physiologic condition or viability, or to use respiratory
patterns or variability to predict impending collapse.
Heart rate variability algorithms only report on variations
in heart rate, beat-to-beat. It is desirable to use respira-
tory rate variability algorithms to incorporate variability in
respiratory intensity, rate, and location of respiratory mo-
tion. Marked abnormalities in respiration as noted by
changes in intensity, in rate, in localization of respiratory
effort, or in variability of any of these parameters provide
an early warning of respiratory or cardiovascular failure
and may present an opportunity for early intervention.
Development of a device to record these changes and
creation of algorithms that correlate these respiratory
changes with severity of illness or injury would provide
not only a useful battlefield tool, but also one of impor-
tance in the hospital critical care setting to help evaluate
and treat critically ill patients. Use in the clinic or home
setting could be of use to less critically ill patients that
nonetheless would benefit from such monitoring. For ex-
ample, respiratory rate drops and respirations become
"shallow" if a patient is overly narcotized. Respiratory rate
and respiratory effort rise with stiff lungs and poor air
exchange due to pulmonary edema or other reasons for
loss of pulmonary compliance. However, the implications
of the rate, which is the only parameter objectively mon-
itored is frequently not identified soon enough to best
treat the patient. A system that could provide a real time,
quantitative assessment of work of breathing and ana-
lyze the trend of respiratory rate, intensity, localization,
or variability in any or all of these parameters is needed
for early diagnosis and intervention as well as therapeutic
monitoring. Such a system is needed to judge the depth
of anesthesia, or the adequacy or overdose of narcotic
or other pain relieving medications.

PCA and Feedback Controls

[0039] Patient Controlled Analgesia (PCA) is a method
of postoperative pain control that includes patient feed-
back. The administration of opiates can suppress respi-
ration, heart rate, and blood pressure, hence the need
for careful and close monitoring. The system comprises
a computerized pump that contains pain medication that
can be pumped into the patient’s IV line. Generally, in
addition to a constant dose of pain medication, the patient
may press a button to receive care in the form of addi-
tional medication. However, patients are discouraged
from pressing the button if they are getting too drowsy
as this may prevent therapy for quicker recovery. There
are also safeguards in place that limit the amount of med-
ication given to a patient in a given amount of time to
prevent overdose. Pulse oximeters, respiratory rate and
capnograph monitors may be used to warn of respiratory
depression caused by pain medication and cut off the
PCA dose, but each has serious limitations regarding at
least accuracy, validity, and implementation.

Devices for Assisting Patients

[0040] Aroom et al (Bioimpedance Analysis: A Guide
to Simple Design and Implementation; Journal of Surgi-
cal Research 153, 23-30 (2009)) discloses a bioimped-
ance analyzer system consists of 5 major components:
a DC power supply, a programmable function generator,
a programmable oscilloscope, a custom-designed circuit
board, and a laptop computer.
[0041] US 2006/0241513 discloses a system including
an implantable medical device that includes a trans-tho-
racic impedance measurement circuit providing a trans-
thoracic impedance signal of a subject. A controller is
coupled to the trans-thoracic impedance circuit. The con-
troller extracts a respiration signal from the trans-thoracic
impedance signal, measures a breathing volume of the
subject using the amplitude of the respiration signal and
a breathing volume calibration factor, computes an ad-
justed breathing volume calibration factor using a refer-
ence baseline value of the trans-thoracic impedance and
a measured baseline value of the trans-thoracic imped-
ance, and computes a calibrated breathing volume using
the adjusted breathing volume calibration factor.

Summary of the Invention

[0042] The methods and devices described below pro-
vide for techniques that accurately calculate breathing
volumes, measure a variety of respiratory parameters
and detect respiratory abnormalities. Patient or subject
monitoring is essential and is rapidly spreading through-
out hospital divisions. Specifically, respiratory monitoring
is necessary in intensive care units, during anesthesia
procedures, and post-operative periods.
[0043] According to an aspect of the invention for which
protection is sought there is provided a device for as-

11 12 



EP 2 603 138 B1

9

5

10

15

20

25

30

35

40

45

50

55

sessing a patient as set out in claim 1. Preferred embod-
iments are set out in the dependent claims.
[0044] Respiratory rate is already used to assess pa-
tient status, but respiratory rate alone does not indicate
important respiratory changes, and therefore it is neces-
sary to monitor other respiratory parameters. Current
methods that can indicate additional respiratory param-
eters, such as spirometry and end tidal CO2 measure-
ments, are inconvenient or inaccurate or impossible to
implement on sedated patients or those who cannot or
will not cooperate. A respiratory monitoring device that
can detect additional respiratory parameters in a conven-
ient and accurate manner would greatly benefit patient
monitoring and detection of pathologies.
[0045] Preferably, the device provides the measure-
ments of at least one additional respiratory parameter.
This respiratory parameter is reflected though a meas-
urement that reports, that correlates with, or that meas-
ures the subject’s respiratory rate, the subject’s respira-
tory pressure, the subject’s respiratory flow, the subject’s
end tidal CO2, the subject’s sublingual CO2, the subject’s
intensity of respiration.
[0046] One embodiment of the device provides data,
based on measurements, that reports, correlates with,
or measures the following parameters or that reports,
correlates with, or measures variability, variation, or com-
plexity in the following parameters: shape of the subject’s
respiratory curve, change in shape of the subject’s res-
piratory curve, a respiratory curve based on the subject’s
inhaled volume, a respiratory curve based on the sub-
ject’s exhaled volume, a respiratory curve based on the
subject’s inhaled pressure, a respiratory curve based on
the subject’s exhaled pressure, a respiratory curve based
on the subject’s inhaled flow, a respiratory curve based
on the subject’s exhaled flow, a respiratory curve based
on motion of the subject’s chest as measured by imaging,
a respiratory curve based on motion of the subject’s chest
as measured by contact sensors placed on the chest, a
respiratory curve based on motion of the subject’s abdo-
men as measured by imaging, a respiratory curve based
on motion of the subject’s abdomen as measured by con-
tact sensors placed on the abdomen, a respiratory curve
based on motion of both the subject’s chest and abdomen
as measured by imaging, a respiratory curve based on
motion of the subject’s chest and abdomen as measured
by contact sensors placed on the chest and abdomen,
variation of the subject’s interbreath intervals, phase lag
between the subject’s impedance and volume signal, var-
iation of phase lag between the subject’s impedance and
volume signal, and combinations thereof.
[0047] In a preferred embodiment, the device provides
a measurement of variation , variability or complexity in
the respiratory parameter of at least one additional res-
piratory parameter. This respiratory parameter is reflect-
ed through a measurement that reports, that correlates
with or that measures: the subject’s respiratory rate, the
subject’s respiratory pressure, the subject’s respiratory
flow, a measurement that correlates with a subject’s end

tidal CO2, a measurement that correlates with the sub-
ject’s sublingual CO2, the subject’s intensity of respira-
tion, depth of the subject’s respiration, localization of the
subject’s respiration,
[0048] One embodiment of the device provides a
measurement that reports, that correlates with or that
measures: variation of the subject’s interbreath intervals,
phase lag between the subject’s impedance and volume
signal, variation of phase lag between the subject’s im-
pedance and volume signal, and combinations thereof.
[0049] Preferably, the monitoring device will use one
or more of the following: impedance pneumography,
acoustics, end tidal CO2 measurements, pulse oximetry
to measure respiratory volumes and other respiratory pa-
rameters. Preferably, the device will utilize signal
processing algorithms to minimize noise and electrical
interference of raw impedance data to produce a smooth,
clear trace that will be known henceforth as a Respiratory
Variation Monitoring (RVM) measurement, trace, or
curve. Preferably, the respiratory parameters are used
to calculate ATS standardized values for spirometry
tests, including but not limited to Forced Vital Capacity
(FVC), Forced Expiratory Volume for one second (FEV1),
Forced Expiratory Volume for six seconds, (FEV6),
Forced Expiratory Flow (FEF), Peak Expiratory Flow
(PEF), Forced Inspiratory Vital Capacity (FIVC), Peak
Inspiratory Flow (PIF), Tidal Volume (VT), Inspiratory Ca-
pacity (IC), Expiratory Reserve Volume (ERV), Inspira-
tory Reserve Volume (IRV), Slow Vital Capacity (SVC),
Maximum Ventilatory Volume (MVV), Vital Capacity
(VC), and Breaths Per Minute (BPM).
[0050] More preferably the device will be used to mon-
itor tidal volume, respiratory rate and minute ventilation
over time most preferably for over one hour, over 4, 6,
8, 12, 24 hours. Most preferably, the device will be able
to adjust to and report changes in respiratory parament-
ers or variation, variability or complexity thereof over
time.
[0051] Preferably the device will be able to measure
respirations that are erratic and not smooth and consist-
ent. Preferably these measurements will be reported in
near-real time, under 10 seconds, under 20 seconds un-
der 30 seconds under 1 minute, under 2 minutes.
[0052] Preferably, the device will input measured pa-
rameters to calculate a unique index for respiratory suf-
ficiency, a respiratory sufficiency index (RSI) which is
utilized in patient diagnostics and monitoring. In particu-
lar, for patients who are unable to comply with the pro-
cedure, a simple tidal breathing sample will be taken,
which requires no coaching or compliance. RSI meas-
urement will be utilized by caregivers to adjust care plans.
[0053] In one embodiment, Respiratory Variation Mon-
itoring uses impedance pneumograph to provide a similar
type of respiratory assessment found in a pulmonary
function lab. Though the spirometry metrics recommend-
ed by the American Thoracic Society (ATS) cannot be
directly calculated without undergoing prescribed
maneuvers, other information in the impedance trace can
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be used in place of, or as a supplement to these metrics
when diagnosing a range of pulmonary disease states.
Respiratory variation monitoring by impedance plethys-
mography offers a novel non-invasive, non-obstructive
alternative to spirometry, with the additional advantage
that unconscious or noncompliant patients may be ex-
amined. Although patients cannot perform the same
maneuvers as in spirometry while in such a state, respi-
ratory parameters that are given by a spirometry test,
such as FEV1 (forced expiratory volume over one sec-
ond) and FVC (forced vital capacity), may be measured
or estimated utilizing an impedance trace of tidal volume.
Moreover, the utility of the FEV1 and FVC measurement
is to provide a metric useful in quantifying the level of
pulmonary function and differentiating between obstruc-
tive and restrictive lung disorders. In asthma (an obstruc-
tive lung disorder) the forced expiratory volume in 1 sec-
ond (FEV1) is usually decreased, the forced vital capacity
(FVC) is usually normal and the ratio FEV1/FVC is de-
creased. In restrictive disorders the FEV1 and FVC are
both decreased, leaving a normal FEV1/FVC. RVM
measurements can deliver FEV1 and FVC measure-
ments without requiring the patient to breathe into a ma-
chine that had a mouthpiece that requires attention to
hold in the mouth which impacts results. RVM does not
have any device in the respiratory pathway of inspired or
expired air that could impede or alter the flow or volume
of respiration or could contaminate the airstream. In re-
ality, it is the measurements of pulmonary sufficiency and
adequacy of ventilation that are of interest, and using
RVM, a different parameter, or different parameters, oth-
er than FEV1 or FVC provide similar or better data to
assist in measuring or monitoring lung function to aid in
the diagnosis and management of restrictive or obstruc-
tive airway disease. These data are obtained from anal-
ysis of the shape of the respiratory curve, the phase shift,
or breath-to-breath variability.
Another described method uses acoustics to provide
Respiratory Variation Monitoring. An apparatus compris-
ing speakers and microphones on the chest of a patient
can be used to monitor the acoustic properties of the
lungs and thorax to estimate lung volumes. As with im-
pedance pneumography, acoustic respiratory monitoring
does not impede airflow and can be used with uncon-
scious and noncompliant patients. Besides estimating
lung volumes, the microphones can also be used to as-
sess the other parameters associated with the condition
of the patient and detect signs of respiratory degradation.
[0054] Impedance plethysmography has been re-
searched for about half a century. An effort of particular
interest is the ability to produce volume curves from im-
pedance data given a "scaling factor". This scaling factor
has previously been derived by comparing the imped-
ance trace to volume data recorded simultaneously using
a spirometer. However, the novel approach taken is to
calculate instead an "RVM calibration coefficient" given
patient physiology and history and other measurable pa-
rameters, such as height, weight, BMI, BSA, age, gender,

ethnicity, and other physical characteristics or physiolog-
ic, metabolic or laboratory parameters. This strategy sep-
arates the importance of relative impedance for volume
change from the overall impedance of the thorax. The
noninvasive impedance-based device monitors respira-
tory frequency and tidal volume and serves in lieu of
standard spirometry-based values which are useful for
both diagnostics and patient monitoring and less reliant
on operator skill. The RVM calibration coefficient can also
be derived from measurements taken during standard
pulmonary function testing with a spirometer, pneumo-
tachometer or other pneumograph or from readings off
of a ventilator for an intubated patient.
[0055] One new RVM measurement that is useful for
physicians and diagnostics is a novel approach to RVM
known as a Respiratory Health Index (RHI). This index
utilizes RVM data and patient parameters to create a
percentage value for respiratory health. The value is de-
rived from utilizing the tables of normal spirometry figures
for varying patient demographics found in the work of
Knudsen, Crapo, and others. For example, for tidal
breathing the normal values for a person of the same
height, weight, gender, and ethnicity as the patient are
found and then compared to the real values by dividing
the real values by the tabulated values to create a per-
centage. The peak-to peak change in RHI should be
close to 100 % to indicate good health.
[0056] Preferably, the analysis of the at least one res-
piratory parameter comprises correlating the at least one
respiratory parameter with a predefined respiratory con-
dition. Preferably the analysis provides an adjunct to di-
agnosis. More preferably the analysis provides a diag-
nosis. Preferably the analysis provides a information to
be integrated with other monitoring or clinical data to
serve as an adjunct in the management of therapeutics.
[0057] Preferably the analysis provides information to
guide the management of therapeutics. Preferably, the
device provides a prediction of future patient status. More
preferably, the prediction is a prediction of the subject’s
viability, a prediction of injury severity, a prediction of the
subject’s likelihood of collapsing, a prediction of the sub-
ject’s likelihood of suffering respiratory failure, a predic-
tion of the subject’s depth of anesthesia, a prediction of
the subject’s drug dosage level, a prediction of the sub-
ject’s likelihood of cardiopulmonary failure, a prediction
of the likelihood of equipment failure for equipment as-
sociated with treating the patient, a prediction of the ad-
equacy or inadequacy of ongoing therapy, or combina-
tions thereof.
[0058] Preferably, the device recognizes respiratory
patterns associated with pathologies such as COPD,
asthma, emphysema, tuberculosis, pneumonitis, tachyp-
nea, hypercapnia, pulmonary edema, pneumonia, uni-
lateral pulmonary lesions, impending or existing respira-
tory failure and airway obstruction.
[0059] Preferably the device recognizes respiratory
patterns associated with pathologies such as cardiac,
neurologic or metabolic such as congestive heart failure,

15 16 



EP 2 603 138 B1

11

5

10

15

20

25

30

35

40

45

50

55

cardiomyopathy, diabetic ketoacidosis, cerebral edema.

Description of the Figures

[0060]

Figure 1 is a perspective view of a four-lead embod-
iment of the invention.
Figure 2 is a diagram of the Posterior Left to Right
electrode configuration.
Figure 3 is a diagram of the Posterior Right Vertical
electrode configuration.
Figure 4 is a diagram of the Anterior-Posterior elec-
trode configuration.
Figure 5 is a diagram of the Anterior Right Vertical
electrode configuration.
Figure 6 is a perspective view of two four-lead con-
figurations connected to each other by a multiplexer.
Figure 7 is a diagram of the ICG electrode configu-
ration.
Figure 8 is a perspective view of a four-lead embod-
iment of the invention connected to a spirometer.
Figure 9 is a perspective view of a four-lead embod-
iment of the invention connected to a ventilator.
Figure 10 is an RVM measurement (impedance) ver-
sus volume plot for slow, normal, and erratic breath-
ing maneuvers.
Figure 11 is a set of RVM and volume plots against
time for normal breathing.
Figure 12 is a set of RVM and volume plots against
time for slow breathing.
Figure 13 is a set of RVM and volume plots against
time for erratic breathing.
Figure 14 is a plot of calibration coefficients against
BMI for four different electrode configurations.
Figure 15 is a spirometry plot that exhibits volume
drift.
Figure 16 is a volume vs. impedance plot that is af-
fected by volume drift.
Figure 17 is a spirometry plot that is corrected for
volume drift.
Figure 18 is a plot of volume vs. impedance, com-
paring data that is uncorrected and corrected for vol-
ume drift.
Figure 19 is a flow chart that describes data analysis
for the invention.
Figure 20 is a preferred embodiment of the invention
that utilizes a speaker and a microphone.
Figure 21 is a preferred embodiment of the invention
that utilizes a speaker and an array of microphones.
Figure 22 is a preferred embodiment of the invention
that utilizes an array of speakers and a microphone.
Figure 23 is a preferred embodiment of the invention
that utilizes a vest for the sensors.
Figure 24 is a preferred embodiment of the invention
that utilizes an array built into a piece of cloth for the
sensors.
Figure 25 is a preferred embodiment of the invention

that utilizes a net of sensors.
Figure 26 is a preferred embodiment of the invention
that utilizes a wireless transmitter and receiver.
Figure 27 shows graphs of impedance versus time
and volume versus time for simultaneously recorded
data.
Figure 28 illustrates an embodiment of a system of
the invention.
Figure 29 illustrates an embodiment of the device of
the invention.
Figures 30-32 illustrate preferred embodiments of
devices of the invention.
Figures 33-38 depict different embodiments of lead
placement.

Description of the Invention

[0061] One embodiment of the present invention is di-
rected to a device for assessing a patient, individual or
animal that collects impedance measurements by plac-
ing multiple electrode leads and/or, in another described
example, speakers and microphones on the body. Pref-
erably at least one impedance measuring element and
a microphone/speaker functionally connected to a pro-
grammable element, programmed to provide an assess-
ment of at least one respiratory parameter of the subject.
[0062] Preferably, the impedance measurement is
based on a plurality of remote probe data sets, and
wherein the programmable element is further pro-
grammed to enhance at least one of the plurality of re-
mote probe data sets; or to stabilize at least one of the
plurality of remote probe data sets; or to analyze each of
the plurality of remote probe data sets for dynamic range
and signal to noise ratio (SNR) values. Preferably, the
device probes are maintained in several lead configura-
tions. In one embodiment, variations in lead configuration
allow for flexibility depending on the subject and test be-
ing performed. In other embodiments, variations in lead
configuration allow for variability in patient anatomy. Pref-
erably, the device maintains settings to identify valid lead
configurations. Preferably, the device maintains settings
to identify valid lead attachment.
[0063] Preferably, the device or method as described
in a protocol embedded in the machine instructs as to
lead placement. Preferably, appropriate lead contact is
verified by the device. Preferably, the device alerts the
operator as to inadequate or inappropriate lead place-
ment.
[0064] Preferably, the device monitors continuously or
intermittently and maintains alarms to indicate when a
respiratory parameter reflects a loss in ventilation or other
vital function. The alarm is set based on a respiratory
sufficiency index, on minute ventilation, on respiratory
rate, on tidal volume, on an inspiratory volume or flow
parameter, on an expiratory volume or flow parameter,
on variability of respiratory rate, volume, flow or other
parameter generated. For example, the alarm goes off if
the monitor detects a decrease in either respiratory fre-
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quency or depth or minute ventilation associated with
hypoventilation or detects an increase in any or all of
these parameters that would suggest hyperventilation.
An alarm is used on a hospital floor in comparing the
patient’s current respiratory status with a baseline level
based on specific individual calibration to ventilator or
spirometer. Preferably, the alarm is set based on param-
eters taken for the given individual from a ventilator or
spirometer. More preferably the baseline level is based
on one or more of the following: demographic, physio-
logic and body type parameters. An alarm is also used
to alert for narcotic induced respiratory depression at a
point that is determined to be detrimental to the patient.
Preferably, the ranges of values beyond which alarms
will be triggered are chosen by the physician or care giver
for one or more of the following: respiratory rate, tidal
volume, minute ventilation, respiratory sufficiency index,
shape of the respiratory curve, entropy, fractal or other
analysis parameters associated with respiratory variabil-
ity or complexity.
[0065] In another embodiment, the RVM measure-
ments taken at any given point in time is recorded as
baseline. These recorded values are correlated to sub-
jective impression by a physician or other health care
worker of patient status. Subsequently, RVM is moni-
tored and an alarm set to alert health care staff if a 10%,
20% or other selected percentage change in respiratory
volumes, minute ventilation curve characteristics, or var-
iability is noted.
The following illustrate embodiments of the invention, but
should not be viewed as limiting the scope of the inven-
tion.

Impedance Plethysmograph

[0066] As embodied and broadly described herein are
provided detailed embodiments of the invention. The em-
bodiments are merely exemplary of the invention that
may be embodied in various and alternative forms.
Therefore, there is no intent that specific structural and
functional details should be limiting, but rather the inten-
tion is that they provide a basis for the claims and as a
representative basis for teaching one skilled in the art to
variously employ the present invention.
[0067] The invention preferably comprises an imped-
ance pneumograph with integrated electronics to convert
measured impedance values to volume and display the
volume to an end-user through an electronic interface or
printed reports employing numerical or graphical repre-
sentations of the data. The impedance measuring device
comprises circuitry, at least one microprocessor and pref-
erably at least four leads. Preferably, where at least two
leads are used for injecting current into the subject’s body
and at least two are used for reading the voltage response
of said patient’s body.
[0068] In one embodiment, the device preferably com-
prises an integrated module to simulate a patient and
allow for automated system testing and demonstrations.

Automated system tests improve the performance of the
device and ensure that it is functioning correctly before
use.
[0069] In the preferred embodiment, the device utilizes
an analog divider to compensate for slight deviations in
the injected current and increase the accuracy of ac-
quired data. The analog divider in the preferred embod-
iment would be placed after the demodulator and before
the rectifier. In other embodiments the analog divider may
be placed in other locations in the circuit including, but
not limited to, after the precision rectifier or before the
demodulator.
[0070] In the preferred embodiment, the device utilizes
adaptive electronics driven by a microprocessor to main-
tain the appropriate gains on the different amplifiers in
the circuit to prevent the signal from going out of range.
The microprocessor tracks the set gains at each of the
hardware amplifiers and compensates appropriately dur-
ing its calculations so that it always outputs an appropri-
ate value.
[0071] The impedance measuring device is preferably
connected to computer via a digital interface (e.g. USB,
Fire wire, serial, parallel, or other kind of digital interface).
The digital interface is used to prevent data from corrup-
tion during transfer. Communication over this interface
is preferably encrypted to further ensure data integrity as
well as protect the invention from usage of counterfeit
modules (either measuring device or computer).
[0072] Referring now to a preferred embodiment of the
invention in more detail, in Figure 1 there is shown an
impedance plethysmograph, comprising a radio frequen-
cy impedance meter 1, a programmable element 2 con-
tained on a PC linked to the meter, which is connected
to the patient by four leads, namely a first lead 3, a second
lead 4, a third lead 5, and a fourth lead 6. Each lead is
preferably connected to a surface electrode, namely a
first surface electrode, a second surface electrode, a third
surface electrode, and a fourth surface electrode.
[0073] In further detail, still referring to the embodiment
of Figure 1, the electrodes can be made of a conductive
material such as AgCl, coated with an adhesive, conduc-
tive material such as a hydrogel or hydrocolloid. The
leads can be made of any conductive material such as
copper wire and are preferably coated with insulating ma-
terial such as rubber. In a preferred embodiment, wire-
less electrodes are utilized to provide current and collect
and transmit data. Preferably, this lead composition is
coupled with Bluetooth technology and a receiver.
[0074] Leads 1 and 4 are connected to a current source
with a constant frequency preferably greater than 20
KHz, which is great enough to avoid interfering with bio-
logical signaling. The amplitude of the current source is
preferably less than 50 mA, and below the level that
would cause fibrillation at the chosen frequency. The dif-
ferential voltage between leads 2 and 3 is used to calcu-
late the impedance according to ohm’s law. By sampling
the voltage measurements taken by the impedance me-
ter, the programmable element (such as a PC) tracks
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and plots changes in thoracic impedance that correspond
to biological functions such as heartbeat and breathing.
The changes in impedance are then used to monitor pul-
monary function. Preferably, the device is calibrated by
a method laid out herein to calculate the lung volumes
and display them to an operator.
[0075] With reference to Figure 28, an exemplary and
preferred system includes at least one general-purpose
computing device 100, including a processing unit (CPU)
120, and a system bus 110 that couples various system
components including the system memory such as read
only memory (ROM) 140 and random access memory
(RAM) 150 to the processing 25 unit 120. Other system
memory 130 may be available for use as well. The in-
vention preferably operates on a computing device with
more than one CPU 120 or on a group or cluster of com-
puting devices networked together to provide greater
processing capability. The system bus 110 may be any
of several types of bus structures including a memory
bus or memory controller, a peripheral bus, and a local
bus using any of a variety of bus architectures. A basic
input/output (BIOS) stored in ROM 140 or the like, pref-
erably provides the basic routine that helps to transfer
information between elements within the computing de-
vice 100, such as during start-up. The computing device
100 further preferably includes storage devices such as
a hard disk drive 160, a magnetic disk drive, an optical
disk drive, tape drive or the like. The storage device 160
is connected to the system bus 110 by a drive interface.
The drives and the associated computer readable media
provide nonvolatile storage of computer readable instruc-
tions, data structures, program modules and other data
for the computing device 100. The basic components are
known to those of skill in the art and appropriate variations
are contemplated depending on the type of device, such
as whether the device is a small, handheld computing
device, a desktop computer, a laptop computer, a com-
puter server, a wireless devices, web-enabled devices,
or wireless phones, etc.
[0076] In some examples, the system is preferably
controlled by a single CPU, however, in other embodi-
ments, one or more components of the system is con-
trolled by one or more microprocessors (MP). Addition-
ally, combinations of CPUs and MPs can be used. Pref-
erably, the MP is an embedded microcontroller, however
other devices capable of processing commands can also
be used.
[0077] Although the exemplary environment described
herein employs the hard disk, it should be appreciated
by those skilled in the art that other types of computer
readable media which can store data that are accessible
by a computer, such as magnetic cassettes, flash mem-
ory cards, digital versatile disks, cartridges, random ac-
cess memories (RAMs), read only memory (ROM), a ca-
ble or wireless signal containing a bit stream and the like,
may also be used in the exemplary operating environ-
ment. To enable user interaction with the computing de-
vice 100, an input device 190 represents any number of

input mechanisms, such as a microphone for speech, a
touch sensitive screen for gesture or graphical input,
electrical signal sensors, keyboard, mouse, motion input,
speech and so forth. The device output 170 can be one
or more of a number of output mechanisms known to
those of skill in the art, for example, printers, monitors,
projectors, speakers, and plotters. In some embodi-
ments, the output can be via a network interface, for ex-
ample uploading to a website, emailing, attached to or
placed within other electronic files, and sending an SMS
or MMS message. In some instances, multimodal sys-
tems enable a user to provide multiple types of input to
communicate with the computing device 100. The com-
munications interface 180 generally governs and man-
ages the user input and system output. There is no re-
striction on the invention operating on any particular hard-
ware arrangement and therefore the basic features here
may easily be substituted for improved hardware or
firmware arrangements as they are developed.
[0078] Embodiments within the scope of the present
invention may also include computer readable media for
carrying or having computer-executable instructions or
data structures stored thereon. Such computer-readable
media can be any available media that can be accessed
by a general purpose or special purpose computer. By
way of example, and not limitation, such computer-read-
able media can comprise RAM, ROM, EEPROM, CD-
ROM or other optical disk storage, magnetic disk storage
or other magnetic storage devices, or any other medium
which can be used to carry or store desired program code
means in the form of computer-executable instructions
or data structures. When information is transferred or pro-
vided over a network or another communications con-
nection (either hardwired, wireless, or combination there-
of) to a computer, the computer properly views the con-
nection as a computer-readable medium. Thus, any such
connection is properly termed a computer readable me-
dium. Combinations of the above should also be included
within the scope of the computer-readable media.
[0079] Computer-executable instructions include, for
example, instructions and data which cause a general
purpose computer, special purpose computer, or special
purpose processing device to perform a certain function
or group of functions. Computer-executable instructions
also include program modules that are executed by com-
puters in stand-alone or network environments. Gener-
ally, program modules include routines, programs, ob-
jects, components, and data structures, etc. that perform
particular tasks or implement particular abstract data
types. Computer-executable instructions, associated da-
ta structures, and program modules represent examples
of the program code means for executing steps of the
methods disclosed herein. The particular sequence of
such executable instructions or associated data struc-
tures represents examples of corresponding acts for im-
plementing the functions described in such steps.
[0080] Those of skill in the art will appreciate that other
embodiments of the invention may be practiced in net-

21 22 



EP 2 603 138 B1

14

5

10

15

20

25

30

35

40

45

50

55

work computing environments with many types of com-
puter system configurations, including personal comput-
ers, hand-held devices, multi-processor systems, micro-
processor-based or programmable consumer electron-
ics, network PCs, minicomputers, mainframe computers,
and the like. Networks may include the Internet, one or
more Local Area Networks ("LANs"), one or more Met-
ropolitan Area Networks ("MANs"), one or more Wide
Area Networks ("WANs"), one or more Intranets, etc. Em-
bodiments may also be practiced in distributed comput-
ing environments where tasks are performed by local and
remote processing devices that are linked (either by hard-
wired links, wireless links, or by a combination thereof)
through a communications network. In a distributed com-
puting environment, program modules may be located in
both local and remote memory storage devices.
[0081] Figure 2 is a schematic of an embodiment of a
system 200 of the invention. The electrical source origi-
nates from signal source 205.An adjustable function gen-
erator 210 (e.g. a XR2206 chip) is used to generate the
electrical source. The function generator 210 is adjusta-
ble via a microprocessor (MP) 275. In some embodi-
ments, the function generator can be tuned in order to
improve the signal. Tuning can occur once or multiple
times. Bio-impedance spectroscopy can be used to de-
tect levels of hydration at different frequencies, which
can be used to calibrate function generator 210. Similarly,
body fat percentages can be calculated. Signal source
205 also comprises a current generator 215 (e.g. a How-
land circuit). Current generator 215 preferably keeps the
source current constant despite changes in pad contact
(unless the contact is totally broken). In the preferred
embodiment, current generator 215 can be tuned to im-
prove performance, which can be done manually or au-
tomatically by the MP 275. In preferred embodiments,
the pad contact quality is monitored and a warning is
produced when the pad contact is broken or too poor
quality for the electronics to compensate. Signal source
205 may also comprise a current monitor 220 to calculate
impedance. In a preferred embodiment, signal source
205 also comprises a patient simulator 225. Patient sim-
ulator 225 can simulate changes in the impedance with
parameters similar to a real patient. Patient simulator 225
can be used for testing system 200 as well as calibration
of the circuitry.
[0082] The signal from signal source 205 passes
through patient 230 and is received by sensor 235. Pref-
erably, sensor 230 comprises an input amplifier 240. In-
put amplifier 240 suppresses the effect of poor or variable
pad contact on measurement. The gain of input amplifier
240 is preferably controlled by the MP 275 to provide an
enhanced signal to the other modules. Sensor 230 pref-
erably also comprises a signal filter 245 to remove inter-
ference from the power grid, etc. Signal filter 245 may be
a standard high-pass filter (as on Figure 30), a demod-
ulator (as on Figure 31), or another signal filter. Synchro-
nous demodulators are often used for detecting bio-im-
pedance changes and stripping out motion artifacts in

the signal.
[0083] In a preferred embodiment, the signal is split
into two paths (as on Figure 32). The first path demodu-
lates the measured signal using the generator signal as
a carrier. The second path uses a 90-degree phase ro-
tating circuitry before demodulation. Both demodulated
signals can be converted into RMS values using voltage-
to-RMS converters. Measured separately, the signals
are summed and then the square root is calculated. This
allows for compensation for any phase shift in the subject
and for separate measurements of resistance and reac-
tance, which provides valuable information for motion ar-
tifact compensation as well as hydration levels, fat per-
centages, and calibration coefficient calculations.
[0084] Additionally, sensor 230 may comprise an an-
alog divider 250, which divides the measured voltage sig-
nal by the signal from the current monitoring circuit to
calculate impedance. Sensor 230 preferably also com-
prises a precision rectifier or root mean square to direct
current (RMS-to-DC) chip 255 with a low pass filter to
remove the carrier frequency. The output of sensor 230
is preferably a DC signal proportional to the patient’s im-
pedance. Sensor 230 may also comprise a band-pass
filter 260 to select only the respiratory rates by filtering
out the portion of the signal not corresponding to the res-
piration. Band-pass filter 260 may be calibrated manually
or automatically by the MP 275. Preferably, sensor 230
comprises a multiplexor 265 controlled by the MP 275 to
accommodate multiple probe pairs. Preferably there are
2 probe pairs, however more or fewer probe pairs are
contemplated. Sensor 230 may also comprise an output
amplifier 270. Output amplifier 270 is preferably control-
led by the MP 275 and provides a signal to an analog-
to-digital converter (ADC) 280 for high precision digitiza-
tion. Oversampling is used to reduce measurement noise
which may originate from different sources (e.g., thermal,
electronic, biological, or EM interference). MP 275 com-
mands ADC to take measurements with as high a ca-
dence as possible and then averages the obtained data
over the time intervals corresponding to the sampling fre-
quency. The sampling frequency is the frequency of the
impedance sampling as it is presented to the computer
by the impedance measuring device. The frequency is
preferably set sufficiently high to monitor all the minute
features of respiration.
[0085] Using controllable gains and oversampling pref-
erably allows the system to measure the impedance with
extremely high effective precision (estimated 28-bit for
current implementation, or 4 parts per billion).
[0086] Both signal source 205 and sensor 230 are con-
trolled by MP 275. MP 275 preferably comprises at least
one ADC 280 monitoring the signal processing, and at
least one digital output 285 to control the digital potenti-
ometers, multiplexors, op-amps, signal generator, and
other devices. Preferably, MP 275 and a computer inter-
face (e.g., via a USB interface, a serial interface, or a
wireless interface).
[0087] In a preferred embodiment, the device has the
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capability to measure and record other parameters in-
cluding but not limited to: cardiac output, end tidal CO2,
oxygen perfusion, ECG and other electrophysologic
measurements of the heart. In a preferred embodiment,
the impedance measuring device measures impedance
cardiography and impedance pneumography simultane-
ously. Preferably, the additional parameters are dis-
played on-screen. Preferably, the respiratory impedance
data are combined with the additional parameters in a
meaningful way to act as an adjunct to diagnosis. Pref-
erably, the impedance data alone, or combined with one
or more additional parameters are used to provide a di-
agnosis of a disease state.
[0088] In one embodiment, measurements are taken
from each side of the chest independently and used to
evaluate both general pulmonary status and differences
between right and left lung aeration or chest expansion.
An example of this is, in the case of rib fractures, where
there can be changes attributed to damage including pul-
monary contusion, decrease in motion due to splinting
or pneumothorax where both sides of the chest are mon-
itored independently to provide side specific data. Other
sources of localized pulmonary pathology can be evalu-
ated including pneumonia, hydrothorax, chylothorax, he-
mothorax, hemo/pneumothorax, atelectasis, tumor, and
radiation injury. In another embodiment, information from
the device is used with information from an echocardio-
gram, radionuclide study or other method of imaging the
heart. In a preferred embodiment the device assists in
the diagnosis of myocardial ischemia with one of the fol-
lowing: ekg, advanced electrophysiologic studies, cardi-
ac catheterization, echocardiogram, stress testing, radi-
onuclide testing, CT, MRI, cardiac output monitoring by
impedance measurement. In one embodiment the device
provides information that is used to help with collection
of other signals that vary with respiration such as respi-
ratory sounds, cardiac information, radiation detection
devices, radiation therapy devices, ablation devices.
In a preferred embodiment the device can assist with the
timing or data collection by another modality and/or using
characteristics of the respiratory curve to correct data
that is collected.
[0089] In one embodiment, the device provides infor-
mation about breath-to-breath variability or respiratory
complexity to be used in conjunction with cardiac beat to
beat variability or complexity to provide otherwise una-
vailable information about cardiac, pulmonary systems,
or overall metabolic or neurologic status.

Lead Configuration

[0090] The proposed respiratory parameters evalua-
tion technique relies on a highly linear relation between
the parameters and measured impedance. It is not true
for every electrode placement. Extensive research was
conducted to select best electrode placement which pref-
erably satisfies following conditions:

1) Highly linear relation between respiratory volume
and measured impedance variations (i.e. correlation
values above 96%).
2) Low level of artifacts due to patient motion.
3) Low variation between repetitive electrode appli-
cations.
4) Easy application in common clinical situation.

Capability for use with "universal calibration," which reli-
ably determines scaling factors that depend on measur-
able patient body parameters without preliminary calibra-
tion with ventilator/spirometer.
[0091] Preferably, electrodes are attached horizontally
to the mid-axillary line at the level of the sixth rib. Pref-
erably, one electrode is placed at a stable location, such
as immediately below the clavicle or at the sternal notch,
and another electrode is place at the bottom of the rib-
cage or at the level of the xiphoid at the midaxillary line.
However, the electrodes can be placed higher or lower
on the thorax. Furthermore, electrodes may be placed in
other locations and configurations (e.g. vertically along
the thorax, at an angle across the thorax, or from a po-
sition on the front of the patient to a position on the back
of the patent), depending on the subject to be tested, the
test to be preformed, and other physiological concerns
(e.g. if the patient has a pacemaker or other artificial de-
vice).
[0092] Preferably at least one impedance measuring
element is present on one or more electrode leads. Pref-
erably, two or more electrodes are arranged in a linear
array, gridlike pattern, or in an anatomically influenced
configuration. Preferably, four remote probes are ar-
ranged in a linear array. In another embodiment, multiple
electrode leads are arranged as a net, vest, or array.
Preferably, the one or more probes, electrode leads or
sensors are placed on the thorax or abdomen of the sub-
ject. Preferably, the device uses single use electrodes.
In other embodiments, the electrodes are hydrogel, hy-
drocolloids, or solid gels. Preferably, the electrode utiliz-
es AgCl, nickel, or carbon sensors. Preferably, the elec-
trodes come with soft cloth, foam, microporous tape,
clear tape backing or another adhesive. Preferably, dif-
ferent, size appropriate electrodes exist for adults and
neonates, with the adult electrodes larger than the neo-
natal ones, which are preferably 1" by 3/8" or less (2.54
cm by 0.95 cm or less). In other embodiments, sensor
electrodes are the same as the probes that deliver elec-
trical impulses to the body, or are different from the de-
livery electrodes, or are wireless and transmit data to a
remote sensor. In another embodiment, the delivery
probes are themselves sensors. In one embodiment, the
stimulating electrode is battery powered. Preferably, the
at least one respiratory parameter is recorded for a du-
ration of 30 seconds, continuously, intermittently, for up
to at least 3, 5, 10, 20, or 50 of the subject’s breaths, for
up to at least 100 of the subject’s breaths, for up to at
least 1000 of the subject’s breaths, or for another dura-
tion. Preferably, the subject’s impedance cardiogram is
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simultaneously recorded.
[0093] Preferably, the at least one impedance meas-
uring element comprises one or more remote probes or
electrode leads, or leads similar to standard EKG leads
or similar to the leads used for measuring cardiac imped-
ance, and wherein the programmable element is further
programmed to analyze one or more remote probe or
electrode lead data sets collected from the one or more
remote probes or electrode leads.
[0094] Lead configuration is critical for the perform-
ance of the device in any embodiment. Preferably, one
or more leads are placed on the thorax. In one embodi-
ment, leads are placed on the thorax and abdomen to
measure breathing from different regions of the body
such as the thorax or the abdomen. Differences in the
location of body motion associated with breathing pro-
duces information that is useful clinically for diagnosis of
physiologic state and monitoring of disease. Leads are
placed on the thorax, neck and head in alternate config-
urations. In one embodiment, leads are placed in different
configurations based on anatomic locations and spaced
either according to specific measured distances or ana-
tomic landmarks or a combination of both. In one em-
bodiment, modifications of the spacing relative to body
size are implemented. Preferably these modifications are
related to anatomic landmarks. In a preferred embodi-
ment, the spacings remain relatively the same for pa-
tients of all sizes from neonates to obese patients, rang-
ing from 250g to 400kg. In another embodiment, the
spacings vary based on an algorithm reflecting body size
and habitus. Other configurations have the advantage of
determining differential motion of one hemithorax vs. the
other which is useful in diagnosing or monitoring unilat-
eral or asymmetric pathology such as pneumothorax, he-
mothorax, empyema, cancer.
[0095] Referring now to Figure 2, there is shown one
embodiment with a specific electrode configuration
called Posterior Left to Right (PLR), in which the first elec-
trode 7 is placed 6 inches to the left of the spine at the
level of the xiphoid process, the second electrode 8 is
placed 2 inches to the left of the spine at the level of the
xiphoid process, the third electrode 9 is placed 2 inches
to the right of the spine at the level of the xiphoid process,
and the fourth electrode 10 is placed six inches to the
right of the spine level with the xiphoid process. The ad-
vantage of placing the electrodes in this configuration is
that both lungs are factored into the reading and high
level of signal.
[0096] Referring to Figure 3, there is shown the second
specific electrode configuration called Posterior Vertical
Right (PVR), in which the first electrode 11 is placed mid-
way between the midaxillary line and the spine just be-
neath the scapula, the second electrode 12 is placed two
inches beneath electrode 1, the third 13 electrode is
placed two inches beneath electrode 2, and the fourth
electrode 14 is placed beneath electrode 3. The advan-
tages of this configuration are the reduction of electrode
movement due to thoracic expansion and less cardiac

interference. This position has the benefit of little to no
volume change between electrodes and less heart noise.
[0097] Referring to Figure 4, there is shown the third
specific electrode configuration called Anterior to Poste-
rior (AP), in which the first electrode 15 is placed 6 inches
to the right of the right midaxillary line at the level of the
xiphoid process, the second electrode 16 is placed 2 inch-
es to the right of the right midaxillary line at the level of
the xiphoid process, the third electrode 17 is placed 2
inches to the left of the right midaxillary line at the level
of the xiphoid process, and the fourth electrode 18 is
placed 2 inches to the left of the right midaxillary line at
the level of the xiphoid process. This position captures
the most volume change, which is useful for determina-
tion of localization of breathing.
[0098] Referring to Figure 5, there is shown the fourth
specific electrode placement called Anterior Vertical
Right (AVR), in which the first electrode 19 is placed im-
mediately beneath the clavicle midway between the xi-
phoid and midaxillary line, the third electrode 20 is placed
at the level of the xiphoid in line with the first electrode,
the second electrode 21 is placed 4 inches above the
third electrode, and the fourth electrode 22 is placed 4
inches below the third electrode. This position is useful
for neonates and other patients whose characteristics
prevent the operator from placing leads on the posterior.
Other four-probe positions are placed vertically and hor-
izontally on the abdomen and thorax, equidistant from
each other or at specifically measured distances. Probe
positions are also placed at physiological landmarks such
as the iliac crest or third intercostal space. Probe place-
ment on both the abdomen and thorax allows the rela-
tionship between chest and abdominal breathing to be
determined. This relationship assists in diagnosis and
monitoring of therapeutics.
[0099] In addition to the aforementioned four-probe
configurations, these configurations can be modified to
include more probes by adding probes equidistant be-
tween the positions, for example, by adding electrodes
in between electrodes 1 and 2, 2 and 3, 3 and 4 in the
AP configuration two inches from each electrode in line
with the placement. With a large number of electrodes,
they can be placed in a grid pattern equidistant from each
other; this configuration will be further discussed below.
Other placements for 2 or more leads include around the
thorax at equidistant points at a constant height such as
the xiphoid process. The specific placement for the 24
lead system is within a linear array with 12 leads equally
spaced in a linear on the chest and back respectively.
Such a grid or array can be implemented within a net or
vest to be worn by the patient. In one embodiment, the
device provides a table describing lead placement alter-
natives and provides a measurement device to assist in
probe placement. In one embodiment, measured dis-
tances between leads are confirmed automatically by the
leads which have positioning sensors and/or sensors
which can determine distance from one sensor to another
sensor or sensors.
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[0100] Referring now to Figure 6, there is shown sev-
eral electrode configurations 23, connected together by
means of an analog multiplexer 24 and connected to a
radio frequency impedance meter 25 and a programma-
ble element 26 such as a PC. There is shown an embod-
iment of the device implementing the lead and multiplexor
configurations shown in the previous figures, Figures 2
and 3. In Figure 6, each lead is connected to several
different electrodes by means of a multiplexer. The ad-
vantage of this configuration is that it allows the device
to digitally switch the electronic inputs and outputs of the
DAS and effectively switch the electrode configuration in
order to gather data on impedance in several directions
nearly simultaneously. For example, a 12-electrode sys-
tem is comprised of four different sets of leads, with the
first set going to the corresponding first electrode in each
configuration, the second set of leads going to the cor-
responding second electrode in each configuration, and
so forth.
[0101] Electrode configurations are also made to cor-
respond with anatomic positions on the thorax, abdomen,
and limbs, such as a resting ICG position shown in Figure
7 where the first electrode 27 is place on the forehead,
the second 28 above the left clavicle, the third 29 on the
midaxillary line level with the xiphoid, and the fourth 30
on the midaxillary line immediately above the iliac crest.
[0102] Each electrode configuration will be affected by
motion in different ways. For instance, movement of the
right arm will cause a motion artifact on any lead place-
ment which traces impedance across the right pectoral,
latissimus, trapezius muscles, and other muscles of the
chest and upper back. By noting differences between the
shapes, derivatives or magnitudes of simultaneously re-
corded signals from different lead placements, local mo-
tion artifacts can be identified and subtracted from the
impedance signal.
[0103] In one embodiment, the probes are manufac-
tured in a linear strip with a delivery and sensor pair at
each end and having a fixed distance between the deliv-
ery and sensor electrode to form a discrete pad. In a
preferred embodiment, there is a compliant strip in-be-
tween the two pads that can be stretched to permit ap-
propriate patient specific positioning based on anatomic
landmarks. Preferably the material, once stretched, will
maintain its extended configuration.

Probes

[0104] Referring now to Figure 23, there is shown an
embodiment of the device in which the one or more re-
mote probes, which are embodied as surface electrodes,
and in other described examples as speakers and/or mi-
crophones, are integrated into a vest 46 connected to an
impedance plethysmograph 47 using a cable. The ad-
vantage of this embodiment is that the position of leads
is determined by the manufacturer of the vest, and thus
they are standardized. That is, the use of the vest elim-
inates operator error with respect to lead configuration.

In an alternate embodiment, the probes and actuators
are wireless. In an alternate embodiment, the vest also
includes leads that cover the abdomen.
[0105] Referring now to Figure 24, there is shown an
embodiment of the device in which the one or more re-
mote probes are integrated into an array 48 where the
electrodes are connected by a compliant piece of cloth
or netting which is be pressed gently onto the patient’s
skin. The benefit of this configuration is that the inter-
electrode distance is standardized by the array manu-
facturer, thus lessening operator dependent error with
respect to electrode configuration.
[0106] Referring now to Figure 25, there is shown an
embodiment of the device in which the one or more re-
mote probes are connected to each other by strings,
forming a net 49 which can be applied to the patient’s
skin quickly and effectively. The benefit of said embodi-
ment is that the inter-electrode distance as well as the
relative positions of electrodes to one another are stand-
ardized, thus lessening the effects of operator dependent
error. In another embodiment, elastic stretch of the
strings provides probe adjustment for different body ha-
bitus. Preferably, the stretch material would provide a
measurement of the distance either to be read on the
material or by relaying information relative to stretch to
the device. Preferably, the strings would have attached
displacement sensors such as linear displacement trans-
ducers or strain gauges functionally connected to the pro-
grammable element to relay information about the length
each string of the net is stretched. Preferably, the pro-
grammable element is further programmed to account
for changes in lead placement relayed to it from the dis-
placement sensors.
[0107] Referring now to Figure 26, there is shown an
embodiment of the device in which the one or more re-
mote probes are functionally connected to a remote
transmitter 50, and in which the programmable element
51 is connected to a remote receiver. The communication
protocols proposed for the system range from a limited
scope to a vastly networked system of several nodes.
This provides a foundation for an unlimited number of
use cases. In one embodiment of the remote communi-
cation protocol a close range high frequency system such
as Bluetooth v4.0 is used. This emulates a wireless so-
lution of what a RS-232 wired connection would provide.
This enables the communication of two devices in close
range quickly and securely. In another embodiment a
roughly 802.11 compliant protocol is used to generate a
mesh network comprised of the nearest devices. This
mesh network incorporates all of the devices in a given
unit. The unit size is without bound since the addition of
individual nodes increases the range (range and unit size
are directly proportional since the network is comprised
and governed by the nodes themselves - no underlying
infrastructure is required). Only a vast outlier is left out
of this network. This means that in order for the outlier
to be omitted the nearest currently connected node must
be unequivocally out of range for the outlier to commu-
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nicate with. These services, specifically the hardware,
are capable of running / polling without the usage of a
main CPU (minimizes battery usage). This is useful be-
cause when a device is not being read it can just act as
a relay node. The nature of the system minimizes power
requirements (increasing longevity of service), supports
asymmetric links / paths, and enables each node to play
multiple roles in order to benefit the network.
[0108] Another embodiment requires connection to a
LAN or WAN network, the remote procedure is catalyzed
by a user-driven event (button press, etc). This generates
a unique identifier, for a digital receipt of the data trans-
action, on each phone coupled with device specific infor-
mation. This information is supplemented with a GPS
location to distinguish the devices locations. Since the
data transmission was initiated by both parties at a pre-
cise time, coupled with GPS information, the system is
capable of securely identifying both parties by location,
UID, and device identifier. All methods are secured with
anonymity heuristics and encryption. This will prevent
snooping of data, a problem presented by a "man-in-the-
middle" attack.
[0109] Another embodiment of the device utilizes one
or more electrical probes implanted in the body. In one
embodiment of the invention, the implanted probes are
connected to a cardiac pacemaker. In another embodi-
ment, the implanted probes are connected to an internal
automated defibrillator. In another embodiment, the im-
planted probes are connected to a phrenic nerve stimu-
lator. In another embodiment the implanted probes are
connected to a delivery pump for pain medication, local
anesthesia, baclofen, or other medication. In another em-
bodiment, the implanted probes are connected to another
implanted electronic device. Preferably the connections
are wireless.
[0110] Referring now to Figure 33, electrode configu-
ration XidMar is show. Configuration XidMar is a two
channel configuration with electrode 1 on the xiphoid
process and electrode 4 on the right midaxillary line, hor-
izontally aligned with electrode 1. Electrode 2a is 1 inch
to the left of electrode 1, while electrode 3a is 1 inch to
the right of electrode 4. Electrodes 2a and 3a are used
to record the voltage signal on channel a. Channel b is
recorded using electrodes 2b and 3b which are found 1
inch below the corresponding channel a electrodes.
[0111] Figure 34 shows the StnMar electrode config-
uration in which electrode 1 is located just below the ster-
nal notch and electrode 4 is located on the right midax-
illary line, horizontally aligned with the xiphoid process.
Electrode 2a is located 1 inch below electrode 1, and
electrode 3a is located 1 inch to the right of electrode 4.
Channel b is at an angle approximately 45 degrees to
channel a. Electrode 2b is located on the xiphoid process
and electrode 3b is located 1 inch below electrode 3a.
[0112] Figure 35 shows the StnIMar electrode location
in which electrode 1 is located just below the sternal notch
and electrode 4 is located on the inferior right midaxillary
line at the bottom of the rib cage. Electrode 2a is located

1 inch below electrode 1, and 3a is located 1 inch to the
right of 4. Electrode 2b is located on the xiphoid process
and electrode 3b is located 1 inch below electrode 3a.
[0113] Figure 36 shows the McrMar electrode config-
uration in which electrode 1 is located on the right mid-
clavicular line just below the clavicle and electrode 4 is
located on the right midaxillary line horizontally aligned
with the xiphoid process. Electrode 2a is located 1 inch
below electrode 1 and electrode 3a is located 1 inch to
the right of electrode 4. Electrode 2b is located on the
xiphoid process, and electrode 3b is located 1 inch below
electrode 3a.
[0114] Figure 37 shows the McrIMar electrode config-
uration in which electrode 1 is located on the light mid-
clavicular line just below the clavicle and electrode 4 is
located on the inferior midaxillary line approximately at
the bottom of the ribcage. Electrode 2a is located 1 inch
below electrode 1 and electrode 3a is located 1 inch to
the light of electrode 4. Electrode 2b is located on the
xiphoid process and electrode 3b is located 1 inch below
electrode 3a.
[0115] Figure 38 shows the MclMar electrode config-
uration in which electrode 1 is located on the left mixcla-
vicular line just below the clavicle and electrode 4 is lo-
cated on the right midaxillary line, horizontally aligned
with the xiphoid process. Electrode 2a is located 1 inch
below electrode 1 and electrode 3a is located 1 inch to
the light of electrode 4. Electrode 2b is located on the
xiphoid process and electrode 3b is located 1 inch below
electrode 3a.
[0116] The electrode configurations shown in Figures
34-38 can utilize either channel a, channel b, or both
simultaneously to measure data.

Active Acoustic System

[0117] For acoustic measurement of lung volumes,
preferably the device comprises at least one speaker and
at least one microphone. Preferably the at least one
speaker and microphone are arranged as a net, vest, or
array. Preferably the at least one speaker switches be-
tween discrete frequencies or broadcasts broad spec-
trum noise. Preferably, numerous speakers are active
simultaneously, broadcasting different acoustic signals.
Preferably, numerous microphones are active simulta-
neously and record the measured acoustic properties of
the thorax which can be correlated to lung volume as well
pathologies of the lungs. Preferably, the microphones
also record sounds that originate in the lungs such as
wheezing, squawks, and crackles, which can be indica-
tors of numerous chronic and acute pulmonary diseases.
Preferably the lung sounds are recorded and identified
as they are modified by the active signal. Preferably an
algorithm analyzes the number and position of wheezes,
squawks, and crackles to predict asthma and other pul-
monary diseases. In one example, acoustic data are
combined with impedance data to help time the acoustic
measurements relative to the respiratory cycle. In one
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example acoustic data are combined with impedance da-
ta for the purposes of diagnosis or monitoring of disease.
An example of this is congestive heart failure where stiff-
ness creates characteristic changes in impedance
curves and there are also changes in lung sounds asso-
ciated with congestive heart failure. Combination of the
data provides additional information.
[0118] Referring now to Figure 20, there is shown a
device in which a speaker 38 is attached to the chest of
a patient, and insulated with sound dampening foam 39.
A microphone 40 is attached to the patient’s back and is
insulated with sound dampening foam. Both the speaker
and the microphone are functionally connected to a pro-
grammable element 41, for example a computer with in-
stalled analysis software such as MATLAB. The output
element provides data relating to the patient’s respiration
to the operator in real time. The speaker generates an
acoustic signal which is recorded by the microphone. Sig-
nal generation and recording are timed and synchronized
by the programmable element. Analysis software uses
features of the recorded sound wave to evaluate the
acoustic properties of the thorax, which can be used to
estimate lung volume. Said signal features include but
are not limited to: frequency-dependent phase shift, and
amplitude attenuation. Preferably, the speaker switches
between discrete frequencies of sound or generates
broad spectrum white noise.
[0119] In another example of the device, the micro-
phone is also used to detect sounds which originate with-
in the lungs such as crackles, squawks and wheezes. In
one example, the programmable element of the device
will employ software algorithms to detect associate
acoustic patterns and inform physicians. In one embod-
iment, the acoustic system will interface with an imped-
ance based system as well.
[0120] Referring now to Figure 21, there is shown an
embodiment of the device in which an array of micro-
phones 42 is used to record transmitted sound from dif-
ferent regions of the thorax. Preferably microphones
record simultaneously. Preferably, the programmable el-
ement 43 selects the microphone with the best signal to
noise ratio for analysis. Preferably, the programmable
element combines the data from different channels in
order to maximize the accuracy of lung volume estimates
and localize pathologies of the lungs including tumor for-
mation, bleeding, and tissue degradation.
[0121] Referring now to Figure 22, there is shown an
embodiment of the device in which an array of speakers
44 is used to generate acoustic waves. Preferably the
programmable element 45 controls each of the speakers
individually, and switches between speakers to allow the
device to measure acoustic properties of the thorax in
many different directions. Preferably, the programmable
element will activate each speaker simultaneously with
signals of unique frequencies so that the signal from each
speaker can be separated in the recorded signals. Pref-
erably, the programmable element combines the data
from different channels in order to maximize the accuracy

of lung volume estimates and localize pathologies of the
lungs including tumor formation, bleeding, and tissue
degradation.

Patient Data Entry

[0122] Preferably, the device software maintains a us-
er-friendly GUI (Graphical User Interface). Preferably,
the GUI contains a color coding system to aid operators
in quickly making diagnoses and decisions for patient
care. In one embodiment, the GUI presents a numerical
RVM measurement. In one embodiment the GUI
presents a respiratory sufficiency index (RSI). In one em-
bodiment, the GUI presents a respiratory waveform.
[0123] In the software present in all embodiments of
the device, patient data is preferably recorded by the user
prior to testing. The user is prompted to enter patient
data. The data recorded includes any or all of the follow-
ing: patient height, weight, chest circumference during
maximum inspiration, chest circumference during normal
end-expiration, age, gender, ethnicity, and smoking his-
tory. In one embodiment, posture when testing is also
input into the device within the programmable GUI. Var-
iations in posture may lead to different breathing patterns
and tidal volumes. The device accepts posture inputs
such as supine and seated and standing. The ability to
test patients in multiple postures is helpful with noncom-
pliant patients such as neonates or obtunded patients.
[0124] In one embodiment, the device calculates BMI.
In a preferred embodiment, an algorithm in the device or
on a look up table calculates a "calibration coefficient"
that corrects for patient size and body habitus to provide
a universal calibration to deliver an absolute measure-
ment. The calibration coefficient may be obtained by
combining patient information with the data recorded off
the probes applied. Preferably, the physical location of
the probes is also entered. During the data acquisition,
the calibration algorithm may validate the data and their
consistency with the patient information entered, and
may suggest combination of the input parameters that is
most consistent with the data recorded, as well as a sug-
gestion for the operator to re-check the patient’s infor-
mation. As data is being acquired, the calibration algo-
rithm may suggest and/or perform re-adjustment based
on signal pattern recorded off probes, and/or provided
by an operator as normal or abnormal. In another em-
bodiment, the device calculates BSA or another index of
body shape or size. In one embodiment, the system dis-
plays predictive values for patient results based on the
aforementioned patient data. In one embodiment, the de-
vice also provides a percentage comparison against
these values within displayed results to further inform the
clinician of patient parameters or condition based on
standard tables of spirometric data created by Knudsen,
Crapo, or others. In one embodiment, the patient’s de-
mographics and/or body measurements are entered and
the device suggests the lead configuration and/or the
spacing of the leads and/or the size or characteristics of
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the lead for that patient.

Calibration Method

[0125] The calibration coefficient is calculated in a nov-
el way. In the preferred embodiment, the device contains
circuitry and software that automatically calibrates the
device. In one embodiment, calibration is aided by data
acquired through bioelectrical impedance analysis, a
process which measures tissue impedance at various
frequencies. In this embodiment, data from bioelectrical
impedance analysis may be used to calculate certain
characteristics of the subject including, but not limited to,
hydration level, baseline impedance and body composi-
tion. A low level of hydration causes the electrical imped-
ance of the body to be greater. A high level of fat in the
body would also cause an increase in the average elec-
trical impedance of the body, but likely a decrease in
overall impedance as electricity passes through the path
of least resistance. Muscle is much more vascular than
fat and contains more conductive electrolytes, so a mus-
cular patient’s body would have much lower electrical
impedance than a similarly size person who was not very
muscular. Scaling the calibration factor based on these
inputs makes it more accurate.
[0126] Calibration of the device of the invention pref-
erably comprises predictions for tidal volume or minute
ventilator volume based on the metabolic requirements
of body tissue. Predictions preferably involve multiplying
the patient’s measured body weight, or ideal body weight
by a volume of air, or volume of air per minute required
by a unit of body weight. The ideal body weight is deter-
mined from a patient’s height, race, and/or age and may
further be determined with one or more of the Devine,
Robinson, Hamwi, and Miller formulas.
[0127] In one embodiment, the calibration coefficient
is calculated from a patient’s demographic information,
including but not limited to: sex, age, and race. In another
embodiment, the calibration coefficient is calculated from
a patient’s physiological measurements including but not
limited to height, weight, chest circumference measured
at different points of the respiratory cycle, body fat per-
cent, body surface area, and body mass index. In another
example the calibration coefficient is calculated based
on the measured value of the ECG signal recorded at
different points. In more detail, the ECG is recorded by
electrodes at various locations on the thorax and abdo-
men. In one example, the differential voltage recordings
at different electrodes are used to calculate the average
baseline impedance and estimate the resistivity of the
patient’s thorax in various directions. In another example
the calibration coefficient is calculated based on the pa-
tient’s baseline impedance to an external current source
as measured between electrodes in a bipolar configura-
tion, tetrapolar configuration or other configuration com-
prising 2 or more leads. The locations of these electrodes
are placed in a range of configurations over the whole
body. In another embodiment, demographic character-

istics are combined with baseline impedance measure-
ments for calibration. In another embodiment anatomic
information is combined with baseline impedance meas-
urements for calibration. In a preferred embodiment,
known volumes recorded on a spirometer or ventilator
are combined with demographic information and base-
line impedance.
[0128] Ongoing or intermittent checks of calibration are
preferably undertaken. In a preferred embodiment of the
device, calibration is recalculated with the recording of
each sample. In another embodiment, the device is reg-
ularly recalibrated based on a timer function. In another
embodiment, the device is recalibrated whenever the
baseline impedance varies from the baseline by a certain
threshold such as 10%. In another embodiment, the de-
vice is recalibrated whenever tidal volume or minute vol-
ume varies from baseline levels or predicted levels by a
certain threshold, such as 20%, where predicted values
are calculated using the formulas published by Krappo,
Knudson, and others.
[0129] Ongoing or intermittent checks of calibration
may be undertaken. Preferably this involves an internal
check to internal phantom.
[0130] Preferably ongoing or intermittent checks of
baseline impedance are be used to recalibrate or reaffirm
calibration. Preferably ongoing or intermittent readings
from each hemithorax individually or in combination are
used to recalibrate or provide data for recalibration.
[0131] Preferably, recalibration is performed automat-
ically or by alerting a caregiver of required modification
or requiring additional steps to be taken by the caregiver,
such as recalibrating with a ventilator or spirometer.
[0132] In one embodiment calibration is done through
measurement electrode pairs. In another embodiment,
calibration is done through additional electrodes. In an-
other embodiment, calibration is done all or in part by
repurposing measurement electrodes and using the sen-
sor as the delivery electrodes and the delivery electrodes
as the sensor electrodes.
[0133] Preferably the calibration electrodes are placed
in specific locations and/or at specific distances apart on
the abdomen and thorax. In another embodiment, one
or more of the leads are placed a specified distance apart
on the forehead. In another embodiment of the device,
the magnitude of the ICG signal across an acceptable
electrode configuration with or without an estimation of
the heart volume is used to determine the baseline im-
pedance and calibrate the RVM data to respiratory vol-
ume. Preferably the calibration coefficient is calculated
using a combination of the 5 previously mentioned meth-
ods.

Universal Calibration

[0134] While relations between respiratory and imped-
ance variations are highly linear, the "scaling factor" be-
tween those values vary significantly from one patient to
another. There is also day-to-day variation for the same
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patient. The day-to-day variations are correlated to some
extent with physiological parameters measured by the
RMV device and can be significantly compensated for.
The residual day-to-day variations for the same patient
are smaller than typical measurement error. In a pre-
ferred embodiment, this residual variation can be man-
aged with existing ancillary measurements. In a preferred
embodiment, this residual variation can be managed us-
ing ongoing or intermittent recalibration by any of the
methods previously described.
[0135] In one embodiment, the "scaling factor" varies
between patients by about an order of magnitude. In a
preferred embodiment, this factor can be determined pre-
cisely by preliminary calibration with a spirometer or ven-
tilator data or other data set. In a preferred embodiment,
the RMV device is used for measurement of respiratory
parameters without preliminary calibration. Preferably, a
reliable procedure of deducing this factor from measur-
able patient physiological parameters is used for calibra-
tion. Such procedure allows the determination of the
"scaling parameter" with sufficient precision to satisfy
measurement requirements for all proposed device ap-
plications.
[0136] In one embodiment, measurements of respira-
tory motion derived from a technology including imped-
ance plethysmography, or in other described examples
including accelerometers placed on the body, video im-
ages, acoustic signals or other means of tracking motion
of the thorax, abdomen or other body parts is calibrated
or correlated with another technology that assesses res-
piratory status. In a example, respiratory motion detec-
tion derived from impedance measurements is calibrated
with spirometry. In one example respiratory motion de-
tection is calibrated or correlated with end tidal CO2
measurements. In one example, respiratory motion de-
tection is calibrated or correlated with ventilator meas-
urements of flow and/or volume. In one example, respi-
ratory motion is calibrated with a full-body plethysmo-
graph. In one embodiment, baseline RVM measure-
ments of a given patient are taken in conjunction with
standard spirometry measurements and a calibration co-
efficient for that particular patient is derived. Later in the
postoperative period or otherwise, the calibration coeffi-
cients are used to obtain quantitative lung volume meas-
urements for that patient. In a preferred embodiment,
such calibration coefficients are combined with current
baseline impedance or other physiologic measurements
for ongoing or intermittent calibration. In one embodi-
ment, preoperative measurements are used to derive a
calibration coefficient which is then used, alone or in com-
bination with other data, to obtain quantitative lung vol-
ume measurements to use in management of the patient
after surgery or in other situations. In another embodi-
ment, the calibration coefficient is derived from lung vol-
ume or flow measurements obtained on an intubated pa-
tient from measurements recorded from a mechanical
ventilator.
[0137] Preferably the device is linked to a spirometer,

ventilator or pneumotachometer to provide volume or
flow calibration. Preferably, the device is linked to a
spirometer or ventilator or pneumotachometer to provide
volume calibration. In one embodiment, the operator will
run the patient through a brief breathing test regimen of
one or more of the following: at least one tidal breathing
sample, at least one forced vital capacity (FVC) sample,
at least one measurement of minute ventilation sample,
and at least one maximum voluntary ventilation (MVV)
sample. The device will be calibrated based on the results
of the spirometer tests relative to the impedance meas-
urements. In a preferred embodiment, calibration will be
implemented from measurements taken during tidal
breathing. In particular, for patients who are unable to
comply with the procedure, a simple tidal breathing sam-
ple will be taken, which requires no coaching or compli-
ance. The tidal breathing sample is collected over 15
seconds, 30 seconds, 60 seconds, or another time frame.
[0138] In one example, a calibration coefficient for a
given individual is calculated based on combined spirom-
etry and RVM data and applied to deliver an absolute
volume measurement for RVM measurements taken at
a future time. Preferably, this absolute volume measure-
ment will be validated or modified at the future time using
calibration capabilities intrinsic to the hardware and cur-
rent measurements derived from the device. In a pre-
ferred embodiment, an algorithm is applied to RVM data
based on patient demographics, existing normal spirom-
etry data for varying patient demographics found in the
work of Knudsen, Crapo, and others and/or other ana-
tomic or physiologic measurements to provide a univer-
sal calibration to deliver absolute volume measurements
without the need for individual calibration with a spirom-
eter or ventilator.
[0139] Preferably, the device may be used in conjunc-
tion with ECG or ICG data to produce further calibration
of impedance data by utilizing parameters derived ECG
and ICG such as heart rate and SNR. Preferably, ECG
or ICG data will help validate proper electrode placement.
In another embodiment, the electrical activity of the heart
is used to enhance the device calibration. Preferably the
device can measure the following cardiac, pulmonary
and other physiology parameters and features: Heart
Rate (HR), baseline impedance, impedance magnitude,
Pre-ejection Period (PEP), Left Ventricular Ejection Time
(LVET), Systolic Time Ration (STR), Stroke Volume
(SV), Cardiac Output (CO), Cardiac Index (CI), Thoracic
Fluid Content (TFC), Systolic Blood Pressure (SBP), Di-
astolic Blood Pressure (DBP), Mean Arterial Pressure
(MAP), Mean Central Venous Pressure (CVP), Systemic
Vascular Resistance (SVR), Rate Pressure Product
(RPP), Heather Index (HI), Stroke Volume Index (SVI),
and Waveform Accuracy Value (WAV). Baseline values
calculated from patient characteristics for these features
are utilized to derive the calibration coefficient as well as
calculate an index of overall respiratory sufficiency. Con-
versely, RVM data can be used to enhance accuracy or
utility of ICG data such as Heart Rate (HR), baseline im-

37 38 



EP 2 603 138 B1

22

5

10

15

20

25

30

35

40

45

50

55

pedance, impedance magnitude, Pre-ejection Period
(PEP), Left Ventricular Ejection Time (LVET), Systolic
Time Ration (STR), Stroke Volume (SV), Cardiac Output
(CO), Cardiac Index (CI), Thoracic Fluid Content (TFC),
Systolic Blood Pressure (SBP), Diastolic Blood Pressure
(DBP), Mean Arterial Pressure (MAP), Mean Central Ve-
nous Pressure (CVP), Systemic Vascular Resistance
(SVR), Rate Pressure Product (RPP), Heather Index
(HI), Stroke Volume Index (SVI), and Waveform Accura-
cy Value (WAV).
[0140] In particular, for patients who are unable to com-
ply with a more complicated procedure, a simple tidal
breathing sample of respirations at rest is taken, which
requires no coaching or compliance. Analysis of these
data provides information relative to pulmonary physiol-
ogy and respiratory status that could not otherwise be
obtained.
[0141] Referring now to Figure 8, there is shown an
impedance plethysmograph 31 and a spirometer 32 both
functionally connected to the same programmable ele-
ment 33. Volume data from the spirometer is preferably
sampled simultaneously or nearly simultaneously with
the impedance reading of the impedance plethysmo-
graph. Referring now to Figure 9, there is shown a patient
who is connected to a ventilator 34 as well as the imped-
ance plethysmograph 35, both functionally connected to
a programmable element 36. The volume of the ventilator
is sampled simultaneously with the impedance reading
of the impedance plethysmograph. Referring now to the
graph in Figure 10, there is shown a graph of volume
versus impedance for a given patient undergoing various
breathing maneuvers while data was simultaneously col-
lected using the impedance plethysmograph and a
spirometer. The trace represented by Figure 11 with vol-
ume over time is normal breathing. The trace represented
by Figure 12 is slow breathing and the trace represented
Figure 13 is erratic breathing. In one embodiment, the
slope of the line of best fit 37 is used as the RVM cali-
bration coefficient to compute volume from impedance.
In another embodiment, an algorithm utilizing the slope,
shape and/or other curve characteristics and/or other de-
mographic or body habitus characteristics of the patient
is used to calculate the calibration coefficient.
[0142] In one embodiment a simple numerical value is
obtained from a ventilator or spirometer for tidal volume
or minute ventilation for use in calibration of the device.
One embodiment is comprised of a combined system in
which RVM and volume measurements are taken simul-
taneously, nearly simultaneously, or sequentially by
means of a spirometer, pneumotachometer, ventilator or
similar device and the combined data utilized to create
an individual calibration coefficient for the calculation of
absolute volume from RVM measurements for a given
individual.

Example:

[0143] One method of calibration has already been uti-

lized in a small-scale study. Measurements of height,
weight, chest circumference at maximum inspiration and
normal expiration, distance from suprasternal notch to
xiphoid, distance from under mid-clavicle to end of rib
cage in midaxillary line, distance from end of rib cage to
iliac crest in midaxillary line, and abdominal girth at um-
bilicus were taken and recorded. Electrodes were posi-
tioned at the Posterior Left to Right, Posterior Right Ver-
tical, and Anterior-Posterior, and ICG configuration dis-
cussed above. The four probes of the impedance meas-
urement device were connected to the electrodes that
corresponded to one of the configurations above. The
ICG position was connected first and only used to meas-
ure resting ICG of the subject in a supine position. The
leads were then reconfigured to connect to the Posterior
Left to Right position. Once the leads were positioned
correctly and the subject was supine, the subject per-
formed breathing tests which were measured simultane-
ously by the impedance measurement device and a
spirometer for a sampling time of about 30 seconds. The
breathing tests performed were normal tidal breathing (3
runs), erratic breathing (2 runs), slow breathing (2 runs),
Forced Vital Capacity (FVC) (3 runs), and Maximum Ven-
tilatory Volume (MVV) (2 runs). FVC and MVV were per-
formed according to ATS procedures. Normal, erratic,
and slow tests were measured by a bell spirometer, and
FVC and MVV were measured by a turbine spirometer.
Preferably, the calibration can be run all together on any
type of spirometer that meets ATS standards. Once all
breathing tests were complete, the leads were reposi-
tioned to a new configuration, and the tests were run
again until all configurations had been tested. The data
was collected on PC for the impedance data and turbine
spirometer data, and on another PC for the bell spirom-
eter data. The data was then merged onto one PC and
loaded into MATLAB. Preferably, MATLAB or other soft-
ware packages that utilize signal processing are used.
Preferably, the data is loaded onto a PC or other com-
puting station. Once the data was merged, the imped-
ance and volume data from each breathing test were
matched together using a GUI-based program. Correla-
tion coefficients and calibration coefficients were pro-
duced for each of the test runs by comparing the imped-
ance and volume traces using MATLAB. This data then
was utilized in Excel to predict calibration coefficients
based on patient characteristics. Preferably, the data can
be imported into and analyzed in any software with a
statistical package.
[0144] Referring now to Figure 14, depicted is a graph
of BMI versus the calibration coefficient for 7 patients.
BMI is shown on the x-axis, and calibration coefficient is
shown on the y-axis. The linear relationship between
height and the calibration coefficient in configuration D
(PRR placement as described earlier) is indicative of its
utility in determining the calibration coefficient. Other
physiological parameters such as height weight, body
surface area, race, sex, chest circumference, inter-mam-
mary distance, age also have important relationships with
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the calibration coefficient, and in one embodiment any
or all of these parameters aid in accurate determination
of the calibration coefficient. A combination of statistical
analysis and an expert system is used to determine a
given patient’s correlation coefficient based on the input
of said physiological parameters. Such methods may in-
clude principal component analysis, artificial neural net-
works, fuzzy logic, and genetic programming and pattern
analysis. In a preferred embodiment, test data from a
pilot study is used to train the expert systems. In a pre-
ferred embodiment, existing data regarding patient de-
mographics and pulmonary function are used to train the
expert system. Preferably, a combination of test data
from a pilot study and existing pulmonary function data-
sets are use to train the expert system.
[0145] One problem that is encountered with some
spirometers is volume drift, where a greater amount of
air is inspired rather than expired. Additionally, prolonged
spirometry testing provides increase in resistance to pul-
monary flow that can alter the physiology and/or can
change the respiratory flows and/or volumes. These pat-
terns can disrupt the correlation coefficient for the test
by altering the volume so that it trends downwards while
the impedance trace stays constant. Figure 15 shows a
volume curve that exhibits volume drift. Figure 16 shows
a volume versus impedance curve for that set where the
volume drift damages the fit of the plot. In one embodi-
ment, the device corrects for the problem by subtracting
out a line with a constant slope value. After using this
mean flow method, the curves do not trend up or down
as seen in Figure 17 and the volume versus impedance
data stays much tighter as seen in Figure 18, and the
volume versus impedance data stays much tighter, giving
higher correlations and better correlation coefficients. In
one embodiment, volume drift subtraction is used in cal-
ibration. In one embodiment volume drift subtraction is
used in deriving the calibration coefficient. The same util-
ity is also achieved by differentiating the volume curve
to get flow, subtracting the DC offset between intervals
that have the same lung volume at the start and end point,
and then integrating to get flow without the drift artifact.
[0146] In another embodiment of the device, the cali-
bration coefficient is determined by comparing the RVM
data trace and calculated values compared to predicted
values for the patient’s tidal volume, FVC, FEV1 etc.
based on standard tables of spirometric data created by
Knudsen, Crapo, or others known to those skilled in the
art.

Data Analysis

[0147] Referring now to Figure 19, there is shown a
flow chart that displays the progression of data through
the analysis software. Raw data is recorded by the im-
pedance meter, digitized using an analog to digital con-
verter, and inputted to the programmable element
through a standard data port. Data processing strips the
signal of noise and motion artifacts. Analysis algorithms

calculate the volume trace as well as medically relevant
information including but not limited to: frequency and
time domain plots of the impedance and/or calculated
volume traces, respiratory rate, tidal volume, and minute
ventilation. In one example, the analysis algorithm to con-
vert impedance into volume traces utilizes either calibra-
tion in conjunction with spirometer or ventilator data, or
in another embodiment, calibration based on physiolog-
ical parameters. The algorithm produces a correlation
coefficient which, when multiplied with the impedance
data, converts the impedance scale into a volume scale.
In addition, the algorithms take variability of the above
metrics into account and automatically calculate a stand-
ardized index of respiratory sufficiency (RSI). This RSI
contains information that integrates information from one
or more measurements and/or utilizes the range of ac-
ceptable values of the following measurements individ-
ually and in combination to provide a single number re-
lated to respiratory sufficiency or insufficiency: respira-
tory rate, respiratory volume, respiratory curve charac-
teristics, respiratory variability or complexity as previous-
ly prescribed.
[0148] In one embodiment, one of the following meth-
ods are used in calculation of the RSI: change in patient
status from previous measurement, second derivative of
change in patient status from previous measurements,
multivariate analysis, pattern analysis, spectral analysis,
neural networks, self-teaching system for individual, self-
teaching system for patient population.
[0149] In one embodiment, the RSI also includes data
from the following: oxygen saturation, TcpO2, TcpCO2,
end tidal CO2, sublingual CO2, heart rate, cardiac output,
oncotic pressure, skin hydration, body hydration, and
BMI. The advantage of this index is that it can be under-
stood by untrained personnel and it can be linked to
alarms to notify physicians or other caregivers in case of
rapidly deteriorating health. After computation, proc-
essed metrics pass to the output module, which may be
embodied as a printer or displayed on a screen or deliv-
ered by oral, visual, or textual messaging.
[0150] In one embodiment, the device notes a pattern
in the curve recorded during the inspiratory or expiratory
phase of respiration. In one embodiment, the device
notes a pattern in the respiratory variability in rate, volume
and/or location of respiration. In one embodiment the pat-
tern is noted in the shape of the respiratory curve. In one
embodiment, the pattern analysis includes the values de-
rived from the slope of inspiration. In one embodiment,
the pattern analysis includes the values derived from the
slope of expiration. In one embodiment, the pattern anal-
ysis includes a combination of parameters which could
include any or all of the following: respiratory rate, minute
ventilation, tidal volume, slope of inspiration, slope of ex-
piration, respiratory variability. In one embodiment, these
parameters are used within the calculation of a Respira-
tory Health Index (RHI) that provides a standardized
quantitative measure of adequacy of ventilation. In one
embodiment, the RHI is coupled with alarms that sound
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either when respiration falls below what is deemed as
adequate, or within the range that is deemed adequate,
if the patient experiences a very sudden change. In one
embodiment, the device provides information to calculate
an RHI. Preferably the device calculates and displays
the RHI. In one embodiment, the Respiratory Health In-
dex is compared against a universal calibration based
on patient characteristics. In one embodiment, the RHI
provides quantitative data with the system calibrated to
a specific patient.
[0151] Referring now to Figure 27, the time delay or
phase lag of an impedance signal and a volume signal
is shown. In this particular figure, the delay was found to
be 0.012 seconds. Phase lag between volume and im-
pedance signals is an important issue that is addressed
in one embodiment. There is a time lag between imped-
ance and volume signals due to the elastic and capacitive
nature of the pleura and lung tissue, which creates a slight
delay between the diaphragm moving and air flowing in
the lung. In one embodiment, this phase difference is
used as a measure of lung stiffness and airway resist-
ance. Frequency phase analysis allows the user to find
the phase angle. A larger phase offset is indicative of a
high degree of airway resistance to motion. Calculation
of the phase angle is accomplished by comparing simul-
taneously recorded and synchronized RVM curves with
flow, volume or pressure curves recorded by a spirome-
ter, pneumotachometer, ventilator or similar device. In
one embodiment the phase lag between volume and im-
pedance signals is a component of the algorithm that is
used to calibrate the system to a given individual. In one
embodiment the phase lag is used to calibrate the system
for a universal calibration. When calculating the calibra-
tion coefficient using an external pressure, flow, or vol-
ume measuring device, the leading curve is shifted by
the magnitude of the phase lag so as to correlate tem-
porally with the trailing curve. This embodiment increases
the accuracy of the calibration algorithm. When no ex-
ternal pressure, flow, or volume measuring device is used
for calibration, a virtual phase lag is calculated based on
patient characteristics, including demographic informa-
tion, physiological measurements, and pulmonary func-
tion test metrics.
[0152] In one embodiment, phase lag is corrected for
by RVM algorithms in aligning both impedance and vol-
ume. In one embodiment, phase lag data is presented
independently as a standardized index to demonstrate a
measure of lung compliance and stiffness. In one em-
bodiment, phase lag data is integrated within the Respi-
ratory Health Index as a measure of respiratory status.
[0153] In one embodiment, frequency domain analysis
is applied to the RVM measurements. Preferably, at least
one frequency domain plot such as a Fourier transform
is displayed to the operator. Preferably, at least one 2-
dimensional frequency domain image of the RVM data
such as a spectrograph is displayed to the operator,
where one dimension is frequency and the other is time,
and the magnitude of the signal at each location is rep-

resented by color. Preferably, the frequency domain in-
formation is used to assess respiratory health or pathol-
ogies. Preferably, an alarm will alert a medical profes-
sional if the frequency domain data indicates rapid dete-
rioration of patient health.
[0154] In a preferred embodiment, RVM measure-
ments are used as the basis for complexity analysis. In
one embodiment, complexity analysis is performed on
the RVM signal alone. Preferably, RVM measurements
are used in combination with other physiologic measure-
ments such as heart rate, urine output, EKG signal, im-
pedance cardiogram, EEG or other brain monitoring sig-
nal.
[0155] In a preferred embodiment, RVM measure-
ments are utilized as a component of complexity analysis
in combination with data provided by a device used to
treat or monitor the patient including: the ventilator meas-
urement of the patient generated respiratory pressure,
the ventilator measurement of the patient generated res-
piratory flow, the ventilator measurement of the patient
generated respiratory volume, the ventilator measure-
ment of the ventilator generated respiratory pressure, the
ventilator measurement of the ventilator generated res-
piratory flow, the ventilator measurement of the ventilator
generated respiratory volume an infusion pump, or other
devices used to treat the patient, RVM measurements
may be used to quantify breath-to-breath variability. One
embodiment of the device is used to define a specified
point along the respiratory curve with which to calculate
breath-to-breath variability in respiratory rate such as the
peak of inspiration or nadir of expiration. Preferably,
peaks or nadirs of each respiration are automatically
identified. In one embodiment, the device provides data
with describing breath-to-breath variability in volume in-
spired. In one embodiment, the device provides data de-
scribing breath-to-breath variability or complexity in the
slope or other characteristics of the respiratory volume
or flow curve. In one embodiment, the device provides
data with which to calculate variability or complexity as-
sociated with the location of respiratory effort, such as
chest vs. abdominal or one hemithorax vs. the other, by
collecting data from different locations on the body with
the same or different electrode pairings. Preferably, the
device calculates breath-to-breath variability or complex-
ity of one or more of these parameters. Preferably, the
device presents the variability or complexity analysis in
a form that is easy to interpret by the user. In one em-
bodiment, the device combines data from more than one
source of variability or complexity among the following:
respiratory rate, respiratory volume, location of respira-
tory effort, slope or other characteristic of the respiratory
volume or flow curves, to provide an advanced assess-
ment of respiratory function. In one embodiment, the de-
vice analyzes the variability or complexity data intermit-
tently or continuously and presents the data at intervals
such as every 10 minutes, every 30 minutes, or every
hour. Preferably, the device presents the variability anal-
ysis in less than 10 minutes, less than 5 minutes, less
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than 1 minute, or in near real time. In one embodiment,
the variability or complexity of any of the respiratory pa-
rameters may be quantified by linear or nonlinear anal-
ysis methods. Preferably, the variability or complexity of
any of the respiratory parameters may be quantified by
nonlinear dynamical analysis. In one embodiment, ap-
proximate entropy is used by the device for data analysis.
In one embodiment, variability or complexity analysis of
the data is combined with volume data to provide a com-
bined index of respiratory function. In one embodiment,
variability or complexity analysis data is combined with
other parameters and presented as a Respiratory Suffi-
ciency Index or a Respiratory Health Index.
[0156] In a preferred embodiment, RVM measure-
ments or the complexity analysis of the RVM signal is
utilized as at least a part of the information used in goal
directed therapy. In a preferred embodiment, RVM meas-
urements or the complexity analysis of the RVM signal
provide information for decision support. In a preferred
embodiment RVM measurements or the complexity anal-
ysis of RVM signal is utilized as at least a part of the
patient data required for a controlled loop system.

Use in Imaging

[0157] In one embodiment of the device, the respira-
tory cycle is measured by one or more methods including
but not limited to impedance pneumography, end tidal
CO2, or pulse oximetry while the heart is imaged or oth-
erwise measured using echocardiography which may be
embodied as 2D echo, 3D echo or any other type of
echocardiography. Time series data from the echocardi-
ogram is marked as having a certain accuracy rating
based on the respiratory motion recorded by the respi-
ratory monitor. In one embodiment, echocardiography
data below an accuracy threshold is discarded. In anoth-
er embodiment, echocardiography data is weighted
based on its accuracy rating where the least accurate
data is weighted lowest. The device generates a com-
posite image or video of the heart and cardiac motion
based on the most accurate echocardiogram data. In one
embodiment, echocardiography data is recorded over
more than one cardiac cycle, then after analysis and ac-
curacy rating, the best data is used for generating a com-
posite image of the heart or video of the cardiac cycle.
[0158] Other embodiments include combining respira-
tory cycle measurement and quantification with other car-
diac imaging techniques for the purpose of improving ac-
curacy. The methods of cardiac imaging may include
Doppler flow measurements, radionuclide study, gated
CT, and gated MRI. Other embodiments include combin-
ing respiratory cycle measurement by RVM with other
diagnostic or therapeutic modalities of the chest, abdo-
men, and other body parts, including diagnostic CT or
MRI, catheter directed therapy, directed cardiac ablation,
radioablation of tumor, radiation of tumor. In a preferred
embodiment, RVM and cardiac impedance data are uti-
lized together for timing of data collection or data analysis

of diagnostic imaging or anatomically directed therapy.
[0159] In another embodiment of the device, the res-
piratory impedance measurements or data from com-
plexity analysis of RVM measurements are used to gen-
erate an image of the lungs. In another embodiment of
the device, data from complexity analysis of RVM meas-
urements and cardiac impedance measurements are
used to generate an image of the heart and lungs. In the
preferred embodiment, the heart and lungs are imaged
simultaneously. In one embodiment, the device is used
for generating 2D images, videos, or models of the heart
and/or lungs. In the preferred embodiment, the device
generates 3D images, videos or models of the heart
and/or lungs.

Detecting Pathologies and Improving Monitoring

[0160] In one embodiment, the device provides RVM
data which, with our without variability or complexity anal-
ysis, is used to aid in decision making such as extubation
or intubation for mechanical ventilation. In one embodi-
ment the device provides RVM data which, with or without
variability or complexity analysis, aids in decision making
regarding drug administration or other therapeutic inter-
vention. In one embodiment, the device uses variability
or complexity information alone or with volume data as
part of an open or closed loop control system to adjust
ventilatory settings. In one embodiment, the device uses
variability or complexity information, alone or with volume
data or other analysis of the respiratory curve provided
by RVM, as part of an open or closed loop control system
to adjust doses of medications. This embodiment is use-
ful for premature infants to optimize the management of
a pressure ventilator, and for patients with uncuffed en-
dotrachial tubes. In one embodiment, the device uses
variability or complexity information, alone or with volume
data or other analysis of the respiratory curve provided
by RVM, as part of a patient management system that
monitors patient status, recommends medication deliv-
ery, and, then, reassesses the patient to direct further
action.
[0161] In one embodiment the device uses variability
or complexity analysis of the RVM signal alone, volume
data alone, curve analysis alone, or any of these in com-
bination to trigger alarms indicating change in patient sta-
tus. In another embodiment, symbol-distribution entropy
and bit-per-word entropy are used to measure the prob-
ability of patterns within the time series. In another em-
bodiment, similarity of distributions methodology is used.
In one embodiment, the device sounds an alarm when it
detects a change in respiratory complexity or a respira-
tory complexity below a specified threshold or more con-
strained breathing patterns associated with pulmonary
pathology or disease states. In one embodiment, the de-
vice sounds an alarm when it detects a change in a com-
bined measurement of respiratory and heart rate com-
plexity beyond a specified threshold.
[0162] In one embodiment, RVM measurements are
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integrated into an open or closed feedback loop to report
adequacy of ventilation by ensuring safe dosage of med-
ication by monitoring ventilation for warning signs of res-
piratory arrest. In a preferred embodiment, RVM is inte-
grated into a system with a ventilator providing an open
or closed feedback loop by which ventilator adjustments
are made. Differences between RVM measurements and
ventilator or spirometer generated volume or flow meas-
urements can be used to provide information for diagno-
sis and guidance of therapy. By using RVM monitoring
with or without additional information from end tidal CO2
or pulse oximetry measurements, this embodiment au-
tomatically weans the patient by gradually decreasing
ventilatory support and observing RVM and other param-
eters and alerts the physician of readiness for extubation,
or alerts for failure to progress. This combined system
with either pulse oximetry or ETCO2 or both could be
used as an open or closed loop system to deliver narcot-
ics or other respiratory depressant drugs such as ben-
zodiazepines or propofol.
[0163] In one embodiment, the analysis algorithm de-
tects the presence of specific respiratory patterns main-
tained in the expert system database and informs the
physician or other health care provider about the possi-
bility of associated pathology. In one embodiment, the
respiratory pattern for a given pathology is recognized
and in a preferred embodiment, quantified. In another
embodiment the pathology is localized.
[0164] In a preferred embodiment, the device recog-
nizes a specific patterns related to respiratory volume,
curve, variability or complexity or other analysis of RVM
data.
[0165] In one embodiment, the device recognizes the
pattern associated with impending respiratory failure or
respiratory arrest and delivers an audible and/or visible
alert or warning. In one embodiment, the device analyzes
the respiratory data or the trend in the data and makes
a recommendation for intubation and mechanical venti-
lation. In one embodiment, the device analyses the res-
piratory pattern data and adjusts the level of infusion of
a narcotic or other respiratory depressant drug such as
propafol.
[0166] In one embodiment, the device recognizes the
respiratory pattern associated with a specific disease en-
tity or pathology such as congestive heart failure, or asth-
ma or COPD or narcotic induced respiratory depression
or impending respiratory failure. In one embodiment, the
device alerts the physician to this pathology. In one em-
bodiment the device quantifies the degree of the pathol-
ogy. In one embodiment, the device recognizes a pattern
of congestive heart failure and provides data regarding
the trending toward improvement or deterioration with
time or as associated therapeutic intervention.
[0167] Preferably, the impedance measuring element
of the device can produce Impedance Cardiograph (ICG)
measurements. Preferably, the device detects imped-
ance variability associated with heart rate variability.
Preferably the device detects impedance variability as-

sociated with variability of the respiratory waveform or
other respiratory parameter and utilizes the heart rate
and respiratory rate, volume or waveform variability to
predict cardiac, respiratory and pulmonary complica-
tions. Preferably, the device maintains alarms for prede-
termined limits associated with unsafe pulmonary varia-
bility or complexity or combined heart rate and respiratory
variability or complexity.
[0168] In another embodiment, End Tidal CO2
(ETCO2) is used in addition to or instead of subjective
assessment to determine the RVM baseline. In one em-
bodiment, RVM is coupled with ETCO2 measurements
to provide additional information regarding respiratory
status.
[0169] In another embodiment RVM is coupled with
pulse oximetry to provide information about both venti-
lation/respiration and oxygenation. A more complex RVM
system couples standard RVM measurements with both
or either ETCO2 or pulse oximetry. This combined device
provides further information about breathing for sedated
patients and enhances patient monitoring.
[0170] In a preferred embodiment, measurments of
lung volumes and minute ventilation are used to assess
the adequacy of the patient after extubation in a quanti-
tative way. Minute ventilation is specifically used for pa-
tients undergoing surgery. Preferably, a preoperative
measurement of tidal volume or minute ventilation is ob-
tained as a baseline for the specific patient. Preferably
the baseline is used post-operatively as a comparison
between preoperative and postoperative respiratory sta-
tus. The trend of tidal volume or minute ventilation is used
to monitor a patient during surgery or a procedure or dur-
ing post-operative recovery in the Post Anesthesia Care
Unit, in the Intensive Care Unit, or on the hospital floor.
This trend gives an accurate measure of differences and
changes in the patient’s breathing from preprocedure
baseline and can denote when the patient returns to a
baseline level of breathing. In a preferred embodiment,
the device directly aids the physician to make an appro-
priate extubation decision by defining an adequate level
of breathing specific to that patient. In one embodiment,
absolute lung volumes are compared with precalibrated
data derived from patient characteristics, and are used
in determining the presence of restrictive and/or obstruc-
tive lung disease and other respiratory conditions. Abso-
lute volume data can be especially useful within the
PACU and ICU as a complement to existing quantitative
data.

Use in PCA feedback and Drug Dosing Optimization

[0171] One use of the device is to use cardiac and/or
respiratory data measured and recorded by one, several,
or a combination of the technologies listed herein, to de-
termine the effect of one or more drugs or other medical
interventions on the patient. In an embodiment, the res-
piratory monitor is used to judge the side effects of an-
algesic drugs on the body and prevent or assist in the
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prevention of respiratory failure or other compromises
due to adverse reaction or overdose.
[0172] In a preferred embodiment, the device is paired
with or integrated into a patient controlled analgesia
(PCA) system. This is accomplished electronically
through communication between the device of the inven-
tion and an electronic PCA system, or by an integrated
monitor/PCA system or by a setting in the monitor indi-
cating that the patient is being administered PCA. In this
embodiment, the administration of analgesia or anesthe-
sia is limited based on the risk of respiratory or other
complications predicted by the device. If the PCA system
is not electronic, or analgesic drugs are being delivered
by personnel, the device makes recommendations as to
when the risk of respiratory complication is high and the
dosage should be lowered.
[0173] Another embodiment of the device of the inven-
tion is a diagnostic/therapeutic platform. The monitoring
device is paired with one or more of the following: phar-
maceutical regimens, therapeutic regimens, use of inhal-
er, use of nebulizer, use of pharmaceutical targeting res-
piratory system, use of pharmaceutical targeting cardio-
vascular system, use of pharmaceutical targeting asth-
ma, COPD, CHF, cystic fibrosis, bronchopulmonary dys-
plasia, pulmonary hypertension, other diseases of the
lungs. This embodiment of the device is used to judge
the effectiveness of possible medical and nonmedical
interventions on respiratory state or respiratory health
and suggest changes in regimen for optimization and/or
suggest appropriate interventions when the patient is at
risk for complications.
[0174] In one embodiment RVM is paired with behav-
ioral algorithms or algorithm that includs information
about any of the following patient medical status, envi-
ronmental factors, and behavioral factors of a demo-
graphic group or of the patient in general. In a preferred
embodiment, one of the algorithms described above
could denote the necessity for obtaining an RVM meas-
urement. More preferably, the RVM measurements are
used in conjunction with behavioral/medical/environ-
mental algorithmic data to provide information to indicate
action or therapy. An example of the use of this embod-
iment of the device would be an algorithm which includes
the patient’s previous respiratory complications or chron-
ic respiratory illness, and/or allergies as inputs along with
behavioral events known to exacerbate said conditions.
By including information from the patient’s schedule (e.g.
attending an outdoor event during allergy season, or par-
ticipating in a sporting competition), the system recom-
mends that he take an RVM measurement then makes
recommendations about whether to maintain normal
dosing of medication or increase it. The software can
also recommend that the patient bring medication with
him to the event, and generally remind the patient to take
his medication. Another example could be that the patient
had an asthma attack or other respiratory complication.
RVM data could be utilized to assess the severity of this
attack by any of the measured parameters including

minute ventilation, tidal volume, time for inspiration vs.
expiration (i.e. ratio), shape of the respiratory curve dur-
ing normal breathing, shape of the respiratory curve dur-
ing the deepest possible breath or other respiratory
maneuver. The data could then prompt independently or
be used in conjunction with other information to make a
decision for the patient to perform an action including one
of the following: do nothing, rest, use an inhaler, take a
pharmaceutical, use a nebulizer, go to the hospital. In-
formation as to the action required could be part of a
behavioral or other algorithm designed for the specific
patient or a group of patients with a similar disorder, pa-
tients with a similar demographic, patients with a specific
medical, anatomic or behavioral profile or patients in gen-
eral. Preferably, after the action, the patient is instructed
to repeat the RVM measurement to assess the adequacy
of therapy. Preferably his repeat measurement is com-
pared to the measurement before the therapy or other
intervention and changes are noted. Additional informa-
tion from this comparison or just data taken after therapy
is used alone or in combination with other patient data
to make further medical decisions or recommendations
for action.
[0175] For example, an asthmatic is having symptoms
and decides to or is instructed by a disease management
algorithm to obtain an RVM measurement. The RVM data
is analyzed by the device, utilized independently or com-
pared to his historic baseline or the last measurement
taken. Based on these, with or without other patient spe-
cific inputs such as heart rate, the device recommends
he use his inhaler. A second set of RVM data is then
taken. The RVM data is compared to the previous RVM
data taken prior to treatment. The device then follows a
decision tree and tells the patient he has improved and
needs no further therapy, that he needs to repeat the
dosage, that he needs to call his physician, or that he
immediately needs to go to the hospital. In a preferred
embodiment, the RVM data is combined with behavioral
algorithms developed for a demographic or for a specific
patient to optimize recommendations for the patient.

PACU/ICU Usage

[0176] In one embodiment, the device is used within a
Postoperative Anesthesia Care Unit (PACU) setting, as
either a standalone monitor or as an accompaniment to
or incorporated in an existing monitor. Within the PACU,
RVM volume is calculated and compared against pre-
calibrated data derived taking into account BMI, height,
weight, chest circumference, and other parameters. The
device is used to complement existing quantitative data
that supports decision making within the PACU. In one
embodiment, within the operating room, RVM data is cor-
related with end tidal carbon dioxide measurements to
provide a more comprehensive assessment of respira-
tory status. RVM derived measurements including
minute ventilation are used to compare a patient’s status
before, during, and after surgery or a procedure and to
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document the effect of anesthesia/narcotic induced res-
piratory depression. RVM is used to support more sub-
jective assessments made by clinicians in the PACU by
providing a quantitative justification for certain decisions,
including the decision to re-intubate. The device also sup-
ports subjective assessment regarding patients on the
hospital floor as a monitor for decline in respiratory status
and an alarm for the need to re-intubate or perform an-
other intervention to improve respiratory status. Prefer-
ably, RVM measurements will assist in regulation of nar-
cotic pain medication, sedative drugs such as benzodi-
azepines, or other drugs with respiratory depressive ef-
fects. In one embodiment, the above mentioned uses
regarding the RVM in a PACU setting are implemented
within the ICU setting such as a Neonatal ICU, Surgical
ICU, Medical ICU, Pulmonary ICU, Cardiac ICU, Coro-
nary Care Unit, Pediatric ICU, and Neurosurgical ICU. In
another embodiment, the RVM device is used in the set-
ting of a step down unit or standard hospital bed to follow
respiratory status.
[0177] Later in the postoperative period or otherwise,
measurements of the respiratory pattern, including tidal
volumes, respiratory rate, minute ventilation, variability
in interbreath interval or volume, or RVM signal complex-
ity can be compared to baseline values measured before
surgery. This can directly aid the extubation decision by
defining what is an adequate level of breathing specific
to that patient. In another embodiment of the device, RVM
monitoring identifies problems that are commonly asso-
ciated with ventilators, such as poor endotracheal tube
positioning, hyperventilation, hypoventilation, rebreath-
ing and air leaks. The system also identifies air leaks
through a chest tube or cuffless tube. Air leaks would
cause a downward trend to appear on any direct volume
measurement which would not be present on the imped-
ance trace, thus the device can detect and report air leaks
in devices which directly measure volume or flow. In a
preferred embodiment, the system identifies abnormali-
ties and trends specific to a hemithorax such as those
related to the following pathologies: pneumothorax, pul-
monary contusion, rib fractures, hemothorax, chylotho-
rax, hydrothorax, and pneumonia.
[0178] In one embodiment, the device is used during
Monitored Anesthesia Care (MAC) to monitor respiratory
status, assist in drug and fluid administration, provide
indication of impending or existing respiratory compro-
mise or failure, and assist in the decision to intubate if
necessary.
[0179] In another embodiment of the device, RVM
monitoring identifies problems that are commonly asso-
ciated with ventilators, such as poor endotracheal tube
positioning, hyperventilation, hypoventilation, rebreath-
ing and air leaks. In one embodiment RVM measure-
ments are combined with data derived from the ventilator
to provide additional data regarding physiology. An ex-
ample of this is that differences can be recorded in RVM
measurements vs. inspired or expired flows or volumes
measured on the ventilators to assess "work of breathing"

in a quantitative fashion.
[0180] In another embodiment, RVM measurements
are taken after surgery in a patient who is still under the
effects of anesthesia or pain medication to monitor pa-
tient recovery. Recording a baseline tidal volume curve
for a patient during normal preoperative conditions pro-
vides a comparison baseline for monitoring during and
after surgery. Returning to a similar tidal volume curve
is one signal of respiratory recovery after being taken off
a ventilator. In this embodiment of the invention, the de-
vice is used to evaluate the success of extubation and
determine if reintubation is necessary. The invention de-
scribed herein allows these measurements to be taken
noninvasively and without being in the stream of in-
spired/expired air or impeding airway flow or contaminat-
ing the airway circuit.
[0181] In one embodiment, the device is used within
outpatient surgicenters, specifically geared towards pa-
tients receiving Monitored Anesthesia Care, including
patients undergoing orthopedic procedures, cataract sur-
gery and endoscopy of the upper and lower GI tract.

Diagnostic Usage

[0182] In one embodiment, the device is used to quan-
tify respiratory parameters during performance based
tests. In a preferred embodiment, the device is used to
quantify respiratory parameters in tests of cardiovascular
function including stress tests. In a preferred embodi-
ment, the device is used in combination with one of the
following tests to assess impact of the test on respiration.
In a preferred embodiment, the device reports effects of
exercise or a particular drug like dopamine on the overall
physiology or metabolism of the body as reflected by
changes in respiratory volumes, patterns, rate or combi-
nations thereof including advanced analysis of breath-
to-breath variability/complexity, fractal or entropy based
analyses as described elsewhere. In a preferred embod-
iment, the device is used to evaluate the safety of a given
level of exercise or pharmacologic stress.
[0183] In a preferred embodiment, variability or com-
plexity analysis of RVM measurements is undertaken in
concert with standard pulmonary function testing. In a
preferred embodiment, variability or complexity analysis
of RVM measurements is undertaken with or without
heart rate variability/complexity analysis in concert with
standard cardiovascular physiology testing such as
stress testing, walking tests for claudication, or other per-
formance based testing.
[0184] In a preferred embodiment, the device is used
to evaluate the effects of drugs on the respiratory system
including bronchodilators for diagnostic purposes, mon-
itoring of therapeutics, optimization including effects on
both heart and lungs. More preferably, the device above
combines respiratory information obtained by impedance
or other methods described with EKG information about
heart rate, heart rate variability, EKG evidence of
ischemia or arrhythmia. In a preferred embodiment, the
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device is used to evaluate the effects of bronchoconstric-
tors as in a provocative test. In various embodiments,
the device obtains continuous or intermittent RVM meas-
urements. In a preferred embodiment, the device pro-
vides trending of RVM data.
[0185] In a preferred embodiment, the device is used
to evaluate the effects of metabolic stimulants, cardio-
vascular drugs including beta blockers, alpha adrenergic
agonists or blockers, beta adrenergic agonists or block-
ers. In a preferred embodiment, the device is used during
a stress test to demonstrate level of effort placed or to
demonstrate an unsafe condition relative to the pulmo-
nary system to terminate or modify the test. Stress Intro-
duced to the patient is created by various means includ-
ing but not limited to, exercise and/or the delivery of a
drug. In a preferred embodiment, the device indicates or
works with other technologies described earlier to indi-
cate the level of overall exercise. In a preferred embod-
iment, the device is used as a free-standing device for
measuring the effects of exercise or other stimulant on
the pulmonary system.
[0186] In another embodiment of the device, the res-
piratory information is combined with cardiac information
to define the level of exertion related to EKG changes
associated with cardiac disease. In another embodiment
of the device, the system combines respiratory informa-
tion with cardiac information to determine the level of
exertion of an athlete.
[0187] In another embodiment, the device provides
warning of potential negative impact of the level of exer-
cise on overall health or on cardiac status, with or without
pairing respiratory signals with cardiac impedance or
EKG measurements in the home, athletic field, military
environment or out of hospital setting. One embodiment
of the device is a holter monitor which outputs values for
one or more of the following: respiratory effort, level of
activity, state of physiology, or metabolism associated
with different rhythms, depolarization or other cardiac
pathophysiology.
[0188] One embodiment of the invention is similar to a
holter monitor which monitors one or more physiological
parameters over hours to days in a hospital, home, or
other setting. One embodiment of the device is combined
with a holter monitor or critical care monitor which spe-
cifically monitors decompensation effects related to heart
failure. A similar embodiment of the device monitors and
outputs measurements of "lung water". In one embodi-
ment, the device is included in a disease management
system for congestive heart failure.
[0189] In a most preferred embodiment, the device pro-
vides a continuous measurement which can be run for
long periods of time and can deliver a time curve dem-
onstrating the effects of exercise or a drug for diagnosis,
therapeutic monitoring or drug development.
[0190] One embodiment of the device provides trend-
ing data over minutes to hours to days for patients with
a variety of disease states including chronic obstructive
pulmonary disease, congestive heart failure, pulmonary

hypertension, pulmonary fibrosis, cystic fibrosis, intersti-
tial lung disease, restrictive lung disease, mesothelioma,
post thoracic surgery, post cardiac surgery, post thora-
cotomy, post thoracostomy, post rib fracture, post lung
contusion, post pulmonary embolus, cardiac ischemia,
cardiomyopathy, ischemic cardiomyopathy, restrictive
cardiomyopathy, diastolic cardiomyopathy, infectious
cardiomyopathy, hypertrophic cardiomyopathy. Prefera-
bly the device provides information about changes in res-
piration in these disease states related to interventions
or provocative testing procedures.
[0191] In one embodiment of the device of the inven-
tion, the system is used to diagnose various diseases.
In a preferred embodiment, the device is used to assess
the risk of developing pneumonia. In another embodi-
ment, the device is used to assess the risk that a pneu-
monia therapy is not effective, and suggest corrective
action. Another embodiment of the invention is used for
the evaluation of functional deterioration or recovery as-
sociated with diseases including but not limited to: pneu-
monia, heart failure, cystic fibrosis, interstitial fibrosis, or
other diseases.
[0192] In one embodiment, the device is implanted. In
a preferred embodiment, the device is powered from a
pacemaker-like battery. In one embodiment the device
is combined with a pacemaker or defibrillator. In one em-
bodiment the device is adjusted or calibrated or interro-
gated using an external component.
[0193] Other embodiments and technical advantages
of the invention are set forth below and may be apparent
from the drawings and the description of the invention
which follow, or may be learned from the practice of the
invention.
[0194] Other embodiments and uses of the invention
will be apparent to those skilled in the art from consider-
ation of the specification and practice of the invention
disclosed herein.
[0195] The term comprising, where ever used, is in-
tended to include the terms consisting and consisting es-
sentially of. Furthermore, the terms comprising, includ-
ing, and containing are not intended to be limiting. It is
intended that the specification and examples be consid-
ered exemplary only with the true scope of the invention
indicated by the following claims.

Claims

1. A device (200) for assessing a patient (230), the de-
vice comprising:

a signal source (205) comprising a function gen-
erator (210) configured to generate an electrical
signal;
a sensor (230) configured to receive the electri-
cal signal after it has passed through a patient
and to produce an output proportional to the pa-
tient’s impedance;
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a microprocessor (275), the microprocessor be-
ing configured to control both the signal source
and the sensor;
an input device (190) configured to communi-
cate with the microprocessor (275), wherein the
microprocessor is programmed to:

obtain a calibration coefficient based on a
bioelectrical impedance analysis of the pa-
tient and further on at least one of: demo-
graphic information for the patient entered
via the input device and anatomic measure-
ments of the patient entered via the input
device;
control the signal source (205) to produce
a second electrical signal after obtaining the
calibration coefficient, whereby the second
signal is received by the sensor (235) after
the second signal has passed through the
patient; and
analyze the received second signal to pro-
vide at least one of minute ventilation, tidal
volume, and respiratory rate of the patient
based on the received second signal and
the calibration coefficient.

2. The device (200) of claim 1, wherein the calibration
coefficient is further based on at least one of: meas-
ured ECG signals of the patient, baseline impedance
levels of the patient, measurements from a spirom-
eter, and measurements from a ventilator.

3. The device (200)of any one of claims 1-2, wherein
the analysis of the received second signal provides
one or more of the patient’s respiratory pressure, the
patient’s respiratory flow, the patient’s end tidal CO2,
the patient’s sublingual CO2, and the patient’s inten-
sity of respiration, the shape of the patient’s respira-
tory curve, change in the shape of the patient’s res-
piratory curve, a respiratory curve based on the pa-
tient’s inhaled volume, a respiratory curve based on
the patient’s exhaled volume, a respiratory curve
based on the patient’s inhaled pressure, a respira-
tory curve based on the patient’s exhaled pressure,
a respiratory curve based on the patient’s inhaled
flow, a respiratory curve based on the patient’s ex-
haled flow, a respiratory curve based on motion of
the patient’s chest as measured by imaging, a res-
piratory curve based on motion of the patient’s chest
as measured by contact sensors placed on the chest,
a respiratory curve based on motion of the patient’s
abdomen as measured by imaging, a respiratory
curve based on motion of the patient’s abdomen as
measured by contact sensors placed on the abdo-
men, a respiratory curve based on motion of both
the patient’s chest and abdomen as measured by
imaging, a respiratory curve based on motion of the
patient’s chest and abdomen as measured by con-

tact sensors placed on the chest and abdomen, var-
iation of the patient’s interbreath intervals, phase lag
between the patient’s impedance and volume signal,
variation of phase lag between the patient’s imped-
ance and volume signal, or combinations thereof

4. The device (200) of claim 1 or claim 2 wherein the
analysis of the received second signal provides var-
iability, variation, or complexity in at least one of the
patient’s respiratory rate, the patient’s respiratory
pressure, the patient’s respiratory flow, a patient’s
end tidal CO2, the patient’s sublingual CO2, and the
patient’s intensity of respiration, a measurement that
assesses variability, variation, or complexity at least
one of the shape of the patient’s respiratory curve,
change in the shape of the patient’s respiratory
curve, a respiratory curve based on the patient’s in-
haled volume, a respiratory curve based on the pa-
tient’s exhaled volume, a respiratory curve based on
the patient’s inhaled pressure, a respiratory curve
based on the patient’s exhaled pressure, a respira-
tory curve based on the patient’s inhaled flow, a res-
piratory curve based on the patient’s exhaled flow,
a respiratory curve based on motion of the patient’s
chest as measured by imaging, a respiratory curve
based on motion of the patient’s chest as measured
by contact sensors placed on the chest, a respiratory
curve based on motion of the patient’s abdomen as
measured by imaging, a respiratory curve based on
motion of the patient’s abdomen as measured by
contact sensors placed on the abdomen, a respira-
tory curve based on motion of both the patient’s chest
and abdomen as measured by imaging, a respiratory
curve based on motion of the patient’s chest and
abdomen as measured by contact sensors placed
on the chest and abdomen, variation of the patient’s
interbreath intervals, phase lag between the sub-
ject’s impedance and volume signal, variation of
phase lag between the subject’s impedance and vol-
ume signal, or combinations thereof.

5. The device (200) of any preceding claim, wherein
the analysis of the received second signal provides
at least one measurement selected from the group
consisting of a calculation or estimation of the pa-
tient’s viability, of the patient’s injury severity, an as-
sessment of the patient’s likelihood of collapsing, an
assessment of the patient’s likelihood of suffering
respiratory failure, an assessment of the patient’s
depth of anesthesia, an assessment of the patient’s
drug dosage level, an assessment of the patient’s
likelihood of cardiopulmonary failure, an assessment
of the likelihood of equipment failure for equipment
associated with treating the patient, and combina-
tions thereof.

6. The device (200) of any preceding claim, further
comprising at least one impedance measuring ele-
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ment (220) having one or more remote probes,
wherein the microprocessor (275) is further pro-
grammed to analyze one or more remote probe data
sets collected from the one or more remote probes;
optionally wherein the microprocessor is further pro-
grammed or configured to enhance at least one of
the plurality of remote probe data sets, or to stabilize
at least one of the plurality of remote probe data sets,
or to analyze each of the plurality of remote probe
data sets for dynamic range and signal to noise ratio
(SNR) values.

7. The device (200) of claim 6, further comprising one
or more acoustic producing devices and one or more
acoustic recording devices to gather acoustic meas-
urements, wherein the acoustic measurements are
compared with impedance data to increase signal to
noise ratio.

8. The device (200) of any preceding claim, wherein
the at least one of minute ventilation, tidal volume,
and respiratory rate of the patient is further analyzed
by a method selected from the group consisting of a
linear method, a nonlinear method, an entropy meth-
od, a similarity of distributions and fractal dimensions
method, a variability analysis method, a complexity
analysis method, or combinations thereof; and/or
wherein the further analysis of the at least one res-
piratory parameter comprises correlating the at least
one respiratory parameter with a predefined respi-
ratory condition.

9. The device (200) of any preceding claim, wherein
the analysis of the received second signal provides
an index of respiratory sufficiency which is used as
a diagnostic or monitoring tool.

10. The device of any preceding claim, wherein an ac-
quisition circuitry within the microprocessor is adjust-
able using one or more of demographic, impedance,
and anatomic data so that the assessed respiratory
volume of the patient is within one of 20%, 10%, 5%,
or 2% of a measured respiratory volume of a patient
using a ventilator or spirometer.

11. The device (200) of any preceding claim, wherein
the microprocessor, based on the assessed at least
one respiratory parameter, at least one of deter-
mines the effect of one or more drugs or medical
interventions on the patient, provides information
supporting extubating the patient, suggests extubat-
ing the patient, provides information supporting ad-
justing the patient’s therapies or medications, sug-
gests adjusting the patient’s therapies or medica-
tions, provides information supporting adjusting ven-
tilator settings , suggests adjusting ventilator set-
tings, provides information supporting adjusting
weaning the patient off ventilation, suggests wean-

ing the patient off ventilation, provides information
to assesses a patients status before, during, or after
surgery or medical procedure, monitors for air leaks,
monitors for improper ventilation, monitors exercise,
monitors stress levels, and monitors disease or med-
ical condition.

12. The device (200) of any preceding claim, further
comprising two demodulators, wherein the first de-
modulator filters a signal with a generator signal as
a carrier and the second demodulator filters the sig-
nal with 90-degree phase rotating circuitry before de-
modulation.

13. The device (200) of any preceding claim, wherein
the sensor (230) is a bipolar or tetrapolar impedance
sensor with one or more measurement channels
placed on the abdomen or thorax of the patient; pref-
erably wherein the calibration coefficient is derived
from one or more of the following patient specific
measurements: total body impedance, bioelectrical
impedance measurements, average or baseline im-
pedance on the measurement channel, ECG signal
acquired at various locations, anthropomorphic
measurements.

14. The device (200) of any preceding claim, further
comprising adaptive electronics controlled by the mi-
croprocessor (275) and different amplifiers (240,
270), wherein the adaptive electronics maintain the
gains on the different amplifiers to prevent the signal
from going out of range; preferably wherein the mi-
croprocessor tracks and adjusts the set gains at each
of the amplifiers.

Patentansprüche

1. Vorrichtung (200) zum Beurteilen eines Patienten
(230), wobei die Vorrichtung Folgendes umfasst:

eine Signalquelle (205), die einen Funktionsge-
ber (210) umfasst, der konfiguriert ist, um ein
elektrisches Signal zu generieren;
einen Sensor (230), der konfiguriert ist, um das
elektrische Signal zu empfangen, nachdem es
einen Patienten durchlaufen hat, um einen zu
der Impedanz des Patienten proportionalen
Ausgang zu erzeugen; einen Mikroprozessor
(275), wobei der Mikroprozessor konfiguriert ist,
um sowohl die Signalquelle als auch den Sensor
zu steuern;
eine Eingabevorrichtung (190), die konfiguriert
ist, um mit dem Mikroprozessor (275) zu kom-
munizieren, wobei der Mikroprozessor zu Fol-
gendem programmiert ist:

Erhalten eines Kalibrierungskoeffizienten
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auf Grundlage einer bioelektrischen Impe-
danzanalyse des Patienten und ferner auf
Grundlage von zumindest einem von demo-
graphischen Informationen für den Patien-
ten, die über die Eingabevorrichtung einge-
geben wurden, und anatomischen Messun-
gen des Patienten, die über die Eingabe-
vorrichtung eingegeben wurden; Steuern
der Signalquelle (205), um nach dem Erhal-
ten des Kalibrierungskoeffizienten ein zwei-
tes elektrisches Signal zu erzeugen, wobei
das zweite Signal durch den Sensor (235)
erhalten wird, nachdem das zweite Signal
den Patienten durchlaufen hat; und
Analysieren des empfangenen zweiten Si-
gnals, um zumindest eines von einer Minu-
tenventilation, einem Atemvolumen und ei-
ner Atemfrequenz des Patienten auf Grund-
lage des erhaltenen zweiten Signals und
des Kalibrierungskoeffizienten bereitzu-
stellen.

2. Vorrichtung (200) nach Anspruch 1, wobei der Kali-
brierungskoeffizient ferner auf zumindest einem von
gemessenen EKG-Signalen des Patienten, Aus-
gangsimpedanzniveaus des Patienten, Messungen
von einem Spirometer und Messungen von einem
Beatmungsgerät basiert.

3. Vorrichtung (200) nach einem der Ansprüche 1-2,
wobei die Analyse des empfangenen zweiten Sig-
nals eines oder mehrere von Folgenden bereitstellt:
den Atemwegsdruck des Patienten, den Atemfluss
des Patienten, das endtidale CO2 des Patienten, das
sublinguale CO2 des Patienten und die Ateminten-
sität des Patienten, die Form der Atemkurve des Pa-
tienten, die Änderung der Form der Atemkurve des
Patienten, eine Atemkurve auf Grundlage des ein-
geatmeten Volumens des Patienten, eine Atemkur-
ve auf Grundlage des ausgeatmeten Volumens des
Patienten, eine Atemkurve auf Grundlage des ein-
geatmeten Drucks des Patienten, eine Atemkurve
auf Grundlage des ausgeatmeten Drucks des Pati-
enten, eine Atemkurve auf Grundlage der eingeat-
meten Strömung des Patienten, eine Atemkurve auf
Grundlage der ausgeatmeten Strömung des Patien-
ten, eine Atemkurve auf Grundlage einer Bewegung
des Brustkorbs des Patienten, wie durch Bildgebung
gemessen, eine Atemkurve auf Grundlage einer Be-
wegung des Brustkorbs des Patienten, wie durch Be-
rührungssensoren gemessen, die auf dem Brust-
korb platziert sind, eine Atemkurve auf Grundlage
einer Bewegung des Abdomens des Patienten, wie
durch Bildgebung gemessen, eine Atemkurve auf
Grundlage einer Bewegung des Abdomens des Pa-
tienten, wie durch Berührungssensoren gemessen,
die auf dem Abdomen platziert sind, eine Atemkurve
auf Grundlage einer Bewegung von sowohl dem

Brustkorb als auch dem Abdomen des Patienten,
wie durch Bildgebung gemessen, eine Atemkurve
auf Grundlage einer Bewegung von sowohl dem
Brustkorb als auch dem Abdomen des Patienten,
wie durch Berührungssensoren gemessen, die auf
dem Brustkorb und dem Abdomen platziert sind, ei-
ne Variation der Einatemintervalle des Patienten, ei-
ne Phasenverzögerung zwischen dem Impedanz-
und Volumensignal des Patienten, eine Variation ei-
ner Phasenverzögerung zwischen dem Impedanz-
und Volumensignal des Patienten oder Kombinatio-
nen davon.

4. Vorrichtung (200) nach Anspruch 1 oder 2, wobei
die Analyse des empfangenen zweiten Signals eine
Variabilität, Variation oder Komplexität von zumin-
dest einem von der Atemfrequenz des Patienten,
dem Atemwegsdruck des Patienten, dem Atemfluss
des Patienten, einem endtidalen CO2 des Patienten,
dem sublingualen CO2 des Patienten und der Ate-
mintensität des Patienten sowie eine Messung be-
reitstellt, durch welche die Variabilität, Variation oder
Komplexität von zumindest einem von Folgenden
beurteilt wird: der Form der Atemkurve des Patien-
ten, der Änderung der Form der Atemkurve des Pa-
tienten, einer Atemkurve auf Grundlage des einge-
atmeten Volumens des Patienten, einer Atemkurve
auf Grundlage des ausgeatmeten Volumen des Pa-
tienten, einer Atemkurve auf Grundlage des einge-
atmeten Drucks des Patienten, einer Atemkurve auf
Grundlage des ausgeatmeten Drucks des Patienten,
einer Atemkurve auf Grundlage der eingeatmeten
Strömung des Patienten, einer Atemkurve auf
Grundlage der ausgeatmeten Strömung des Patien-
ten, einer Atemkurve auf Grundlage einer Bewegung
des Brustkorbs des Patienten, wie durch Bildgebung
gemessen, einer Atemkurve auf Grundlage einer
Bewegung des Brustkorbs des Patienten, wie durch
Berührungssensoren gemessen, die auf dem Brust-
korb platziert sind, einer Atemkurve auf Grundlage
einer Bewegung des Abdomens des Patienten, wie
durch Bildgebung gemessen, einer Atemkurve auf
Grundlage einer Bewegung des Abdomens des Pa-
tienten, wie durch Berührungssensoren gemessen,
die auf dem Abdomen platziert sind, einer Atemkurve
auf Grundlage einer Bewegung von sowohl dem
Brustkorb als auch dem Abdomen des Patienten,
wie durch Bildgebung gemessen, einer Atemkurve
auf Grundlage einer Bewegung von sowohl dem
Brustkorb als auch dem Abdomen des Patienten,
wie durch Berührungssensoren gemessen, die auf
dem Brustkorb und dem Abdomen platziert sind, ei-
ner Variation der Einatemintervalle des Patienten,
einer Phasenverzögerung zwischen dem Impedanz-
und Volumensignal des Patienten, einer Variation
einer Phasenverzögerung zwischen dem Impedanz-
und Volumensignal des Patienten oder von Kombi-
nationen davon.
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5. Vorrichtung (200) nach einem der vorhergehenden
Ansprüche, wobei die Analyse des empfangenen
zweiten Signals zumindest eine Messung bereit-
stellt, die aus der Gruppe ausgewählt ist, die aus
Folgendem besteht: einer Berechnung oder Schät-
zung der Überlebensfähigkeit des Patienten, der
Schwere der Verletzung des Patienten, einer Beur-
teilung der Wahrscheinlichkeit, dass der Patient kol-
labiert, einer Beurteilung der Wahrscheinlichkeit,
dass der Patient einen Atemstillstand erleidet, einer
Beurteilung der Narkosetiefe des Patienten, einer
Beurteilung des Arzneimitteldosierungsniveaus des
Patienten, einer Beurteilung der Wahrscheinlichkeit
eines Herz-Lungen-Versagens des Patienten, einer
Beurteilung der Wahrscheinlichkeit eines Gerä-
teausfalls für Geräte, die der Behandlung des Pati-
enten zugeordnet sind, und Kombinationen davon.

6. Vorrichtung (200) nach einem der vorhergehenden
Ansprüche, ferner umfassend zumindest ein Impe-
danzmesselement (220), das eine oder mehrere
ferngesteuerte Sonden aufweist, wobei der Mikro-
prozessor (275) ferner programmiert ist, um einen
oder mehrere Datensätze von ferngesteuerten Son-
den zu analysieren, die von den einen oder mehre-
ren ferngesteuerten Sonden gesammelt wurden;
wobei der Mikroprozessor gegebenenfalls ferner
programmiert oder konfiguriert ist, um zumindest ei-
nen von der Vielzahl von Datensätzen der fernge-
steuerten Sonden zu verbessern oder zumindest ei-
nen von der Vielzahl von Datensätzen von fernge-
steuerten Sonden zu stabilisieren oder jeden der
Vielzahl von Datensätzen der ferngesteuerten Son-
den in Bezug auf Werte zu Dynamikbereich und Si-
gnal-Rausch-Verhältnis (SNR) zu analysieren.

7. Vorrichtung (200) nach Anspruch 6, ferner umfas-
send eine oder mehrere Vorrichtungen zum Erzeu-
gen von Akustik und eine oder mehrere Vorrichtun-
gen zum Aufzeichnen von Akustik, um akustische
Messungen zu sammeln, wobei die akustischen
Messungen mit Impedanzdaten verglichen werden,
um das Signal-Rausch-Verhältnis zu erhöhen.

8. Vorrichtung (200) nach einem der vorhergehenden
Ansprüche, wobei zumindest eines von der Minuten-
ventilation, dem Atemvolumen und der Atemfre-
quenz des Patienten ferner durch ein Verfahren ana-
lysiert wird, das aus der Gruppe ausgewählt ist, die
aus Folgendem besteht: einem linearen Verfahren,
einem nichtlinearen Verfahren, einem Entropiever-
fahren, einem Verfahren hinsichtlich der Vertei-
lungsähnlichkeit und Fraktaldimensionen, einem
Variabilitätsanalyseverfahren, einem Komplexitäts-
analyseverfahren oder Kombinationen davon;
und/oder wobei die weitere Analyse des zumindest
einen Atemparamters Korrelieren des zumindest ei-
nen Atemparameters mit einem vordefinierten Atem-

zustand umfasst.

9. Vorrichtung (200) nach einem der vorhergehenden
Ansprüche, wobei die Analyse des empfangenen
zweiten Signals einen Index der Atemsuffizienz be-
reitstellt, der als Diagnose- oder Überwachungs-
werkzeug verwendet wird.

10. Vorrichtung nach einem der vorhergehenden An-
sprüche, wobei eine Erfassungsschaltung in dem
Mikroprozessor unter Verwendung von einem oder
mehreren von demographischen und anatomischen
Daten bzw. Impedanzdaten angepasst werden
kann, sodass das beurteilte Atemvolumen des Pati-
enten innerhalb von einem von 20 %, 10 %, 5 %,
oder 2 % eines Atemvolumens eines Patienten liegt,
das unter Verwendung eines Beatmungsgeräts oder
Spirometers gemessen wurde.

11. Vorrichtung (200) nach einem der vorhergehenden
Ansprüche, wobei der Mikroprozessor auf Grundla-
ge des zumindest einen Atemparameters zumindest
eines von Folgendem durchführt:

Bestimmen der Auswirkung von einem oder
mehreren Arzneimitteln oder medizinischen
Eingriffen auf den Patienten, Bereitstellen von
Informationen, die eine Extubation des Patien-
ten begründen, Vorschlagen der Extubation des
Patienten, Bereitstellen von Informationen, die
ein Anpassen der Therapien oder Medikamente
des Patienten begründen, Vorschlagen des An-
passens der Therapien oder Medikamente des
Patienten, Bereitstellen von Informationen, die
eine Anpassung der Beamtmungsgeräteein-
stellungen begründen, Vorschlagen der Anpas-
sung der Beatmungsgeräteeinstellungen, Be-
reitstellen von Informationen, die eine Entwöh-
nung des Patienten von der Beatmung begrün-
den, Vorschlagen des Entwöhnens des Patien-
ten von der Beatmung, Bereitstellung von Infor-
mationen, um einen Zustand eines Patienten
vor, während oder nach einer Operation oder
einem medizinischen Vorgang zu beurteilen,
Überwachen in Bezug auf Luftaustritt, Überwa-
chen in Bezug auf unangemessene Beatmung,
Überwachen von körperlicher Betätigung, Über-
wachen von Belastungsniveaus und Überwa-
chen einer Erkrankung oder eines medizini-
schen Zustands.

12. Vorrichtung (200) nach einem der vorhergehenden
Ansprüche, ferner umfassend zwei Demulatoren,
wobei der erste Demulator ein Signal mit einem Ge-
neratorsignal als Träger filtert und der zweite Demu-
lator das Signal mit einer 90-Grad-Phasendreh-
schaltung vor der Demodulation filtert.
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13. Vorrichtung (200) nach einem der vorhergehenden
Ansprüche, wobei es sich bei dem Sensor (230) um
einen zweipoligen oder vierpoligen Impedanzsensor
mit einem oder mehreren Messkanälen handelt, die
auf dem Abdomen oder Thorax des Patienten plat-
ziert sind; wobei der Kalibrierungskoeffizient vor-
zugsweise von einer oder mehreren der folgenden
patientenspezifischen Messungen abgeleitet ist: ei-
ner Gesamtimpedanz des Körpers, von bioelektri-
schen Impedanzmessungen, einer Durchschnitts-
oder Ausgangsimpedanz an dem Messkanal, einem
an verschiedenen Orten gewonnenen EKG-Signal,
von anthropomorphe Messungen.

14. Vorrichtung (200) nach einem der vorhergehenden
Ansprüche, ferner umfassend adaptive Elektronik,
die durch den Mikroprozessor (275) und verschie-
dene Verstärker (240, 270) gesteuert wird, wobei die
adaptive Elektronik die Verstärkungen der verschie-
denen Verstärker beibehält, um zu verhindern, dass
das Signal außer Reichweite ist; wobei der Mikro-
prozessor vorzugsweise die eingestellten Verstär-
kungen an jedem der Verstärker nachverfolgt und
anpasst.

Revendications

1. Dispositif (200) d’évaluation d’un patient (230), le
dispositif comprenant :

une source de signal (205) comprenant un gé-
nérateur de fonction (210) configuré pour géné-
rer un signal électrique ;
un capteur (230) configuré pour recevoir le si-
gnal électrique après son passage à travers un
patient et pour produire une sortie proportion-
nelle à l’impédance du patient ;
un microprocesseur (275), le microprocesseur
étant configuré pour commander à la fois la
source de signal et le capteur ;
un dispositif d’entrée (190) configuré pour com-
muniquer avec le microprocesseur (275), dans
lequel le microprocesseur est programmé pour :

obtenir un coefficient de calibrage sur la ba-
se d’une analyse d’impédance bioélectri-
que du patient et en outre d’au moins
certaines : d’informations démographiques
associées au patient entrées par le biais du
dispositif d’entrée et de mesures anatomi-
ques du patient entrées par le biais du dis-
positif d’entrée ;
commander la source de signal (205) pour
produire un second signal électrique après
l’obtention du coefficient de calibrage,
moyennant quoi le second signal est reçu
par le capteur (235) après son passage à

travers le patient ; et
analyser le second signal reçu pour obtenir
au moins l’un d’une ventilation par minute,
d’un volume respiratoire et d’une fréquence
respiratoire du patient sur la base du second
signal reçu et du coefficient de calibrage.

2. Dispositif (200) selon la revendication 1, dans lequel
le coefficient de calibrage est en outre basé sur au
moins certains : de signaux d’ECG mesurés du pa-
tient, de niveaux d’impédance de base du patient,
de mesures d’un spiromètre et de mesures d’un ven-
tilateur.

3. Dispositif (200) selon l’une quelconque des reven-
dications 1 et 2, dans lequel l’analyse du second
signal reçu fournit un ou plusieurs de la pression
respiratoire du patient, du débit respiratoire du pa-
tient, de la PCO2 de fin d’expiration du patient, du
CO2 sublingual du patient et de l’intensité respiratoi-
re du patient, de la forme de la courbe respiratoire
du patient, d’une variation de la forme de la courbe
respiratoire du patient, d’une courbe respiratoire ba-
sée sur le volume d’inhalation du patient, d’une cour-
be respiratoire basée sur le volume d’exhalation du
patient, d’une courbe respiratoire basée sur la pres-
sion d’inhalation du patient, d’une courbe respiratoi-
re basée sur la pression d’exhalation du patient,
d’une courbe respiratoire basée sur le débit d’inha-
lation du patient, d’une courbe respiratoire basée sur
le débit d’exhalation du patient, d’une courbe respi-
ratoire basée sur un mouvement de la poitrine du
patient, mesuré par imagerie, d’une courbe respira-
toire basée sur un mouvement de la poitrine du pa-
tient, mesuré par des capteurs de contact placés sur
la poitrine, d’une courbe respiratoire basée sur un
mouvement de l’abdomen du patient, mesuré par
imagerie, d’une courbe respiratoire basée sur un
mouvement de l’abdomen du patient, mesuré par
des capteurs de contact placés sur l’abdomen, d’une
courbe respiratoire basée à la fois sur un mouvement
de la poitrine et sur un mouvement de l’abdomen du
patient, mesurés par imagerie, d’une courbe respi-
ratoire basée à la fois sur un mouvement de la poi-
trine et sur un mouvement de l’abdomen du patient,
mesurés par des capteurs de contact placés sur la
poitrine et sur l’abdomen, d’une variation des inter-
valles entre respirations du patient, d’un retard de
phase entre l’impédance et le signal de volume du
patient, d’une variation de retard de phase entre l’im-
pédance et le signal de volume du patient, ou de
combinaisons de ces derniers.

4. Dispositif (200) selon la revendication 1 ou la reven-
dication 2, dans lequel l’analyse du second signal
reçu fournit une variabilité, une variation ou une com-
plexité d’au moins l’un de la fréquence respiratoire
du patient, de la pression respiratoire du patient, du
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débit respiratoire du patient, d’une PCO2 de fin d’ex-
piration du patient, du CO2 sublingual du patient et
de l’intensité respiratoire du patient, une mesure qui
évalue la variabilité, la variation ou la complexité d’au
moins l’un de la forme de la courbe respiratoire du
patient, d’une variation de la forme de la courbe res-
piratoire du patient, d’une courbe respiratoire basée
sur le volume d’inhalation du patient, d’une courbe
respiratoire basée sur le volume d’exhalation du pa-
tient, d’une courbe respiratoire basée sur la pression
d’inhalation du patient, d’une courbe respiratoire ba-
sée sur la pression d’exhalation du patient, d’une
courbe respiratoire basée sur le débit d’inhalation du
patient, d’une courbe respiratoire basée sur le débit
d’exhalation du patient, d’une courbe respiratoire ba-
sée sur un mouvement de la poitrine du patient, me-
suré par imagerie, d’une courbe respiratoire basée
sur un mouvement de la poitrine du patient, mesuré
par des capteurs de contact placés sur la poitrine,
d’une courbe respiratoire basée sur un mouvement
de l’abdomen du patient, mesuré par imagerie, d’une
courbe respiratoire basée sur un mouvement de l’ab-
domen du patient, mesuré par des capteurs de con-
tact placés sur l’abdomen, d’une courbe respiratoire
basée à la fois sur un mouvement de la poitrine et
sur un mouvement de l’abdomen du patient, mesu-
rés par imagerie, d’une courbe respiratoire basée à
la fois sur un mouvement de la poitrine et sur un
mouvement de l’abdomen du patient, mesurés par
des capteurs de contact placés sur la poitrine et sur
l’abdomen, d’une variation des intervalles entre res-
pirations du patient, d’une retard de phase entre l’im-
pédance et le signal de volume du sujet, d’une va-
riation de retard de phase entre l’impédance et le
signal de volume du sujet, ou de combinaisons de
ces derniers.

5. Dispositif (200) selon l’une quelconque des reven-
dications précédentes, dans lequel l’analyse du se-
cond signal reçu fournit au moins une meure sélec-
tionnée dans le groupe constitué par un calcul ou
une estimation de la viabilité du patient, de la gravité
de blessure du patient, une évaluation du risque de
collapsus du patient, une évaluation du risque, pour
le patient, de souffrir d’une insuffisance respiratoire,
une évaluation de la profondeur d’anesthésie du pa-
tient, une évaluation du niveau de dosage médica-
menteux du patient, une évaluation du risque d’in-
suffisance cardiopulmonaire du patient, une évalua-
tion du risque de défaillance d’équipement de l’équi-
pement associé à un traitement du patient, et des
combinaisons de ces dernières.

6. Dispositif (200) selon l’une quelconque des reven-
dications précédentes, comprenant en outre au
moins un élément de mesure d’impédance (220)
comportant une ou plusieurs sondes à distance,
dans lequel le microprocesseur (275) est en outre

programmé pour analyser un ou plusieurs ensem-
bles de données de sondes à distance collectés à
partir de la ou des sondes à distance ; dans lequel
le microprocesseur est en outre éventuellement pro-
grammé ou configuré pour améliorer au moins l’un
des plusieurs ensembles de données de sondes à
distance, ou pour stabiliser au moins l’un des plu-
sieurs ensembles de données de sondes à distance,
ou pour analyser chaque ensemble des plusieurs
ensembles de données de sondes à distance du
point de vue de valeurs de gamme dynamique et de
rapport signal sur bruit (SNR).

7. Dispositif (200) selon la revendication 6, comprenant
en outre un ou plusieurs dispositifs de production
acoustique et un ou plusieurs dispositifs d’enregis-
trement acoustique servant à collecter des mesures
acoustiques, dans lequel les mesures acoustiques
sont comparées à des données d’impédance pour
augmenter le rapport signal sur bruit.

8. Dispositif (200) selon l’une quelconque des reven-
dications précédentes, dans lequel l’au moins un de
la ventilation par minute, du volume respiratoire et
de la fréquence respiratoire du patient est en outre
analysé par une méthode sélectionnée dans le grou-
pe constitué par une méthode linéaire, une méthode
autre que linéaire, une méthode d’entropie, une mé-
thode de similarité de distributions et de dimensions
fractales, une méthode d’analyse de variabilité, une
méthode d’analyse de complexité, ou des combinai-
sons de ces dernières ; et/ou dans lequel l’analyse
plus poussée de l’au moins un paramètre respiratoi-
re comprend la corrélation de l’au moins un paramè-
tre respiratoire avec un état respiratoire prédéfini.

9. Dispositif (200) selon l’une quelconque des reven-
dications précédentes, dans lequel l’analyse du se-
cond signal reçu fournit un indice de suffisance res-
piratoire utilisé comme outil de diagnostic ou de sur-
veillance.

10. Dispositif selon l’une quelconque des revendications
précédentes, dans lequel des circuits d’acquisition
situés à l’intérieur du microprocesseur peuvent être
réglés au moyen de certaines données parmi des
données de démographie, des données d’impédan-
ce et des données anatomiques pour que le volume
respiratoire évalué du patient soit inférieur ou égal
à 20 %, 10 %, 5 % ou 2 % d’un volume respiratoire
mesuré d’un patient sous ventilateur ou spiromètre.

11. Dispositif (200) selon l’une quelconque des reven-
dications précédentes, dans lequel le microproces-
seur, sur la base de l’au moins un paramètre respi-
ratoire évalué, exécute au moins une action parmi
les actions suivantes consistant à déterminer l’effet
d’un ou de plusieurs médicaments ou d’une ou de
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plusieurs interventions médicales sur le patient, à
fournir des informations permettant une extubation
du patient, à suggérer une extubation du patient, à
fournir des informations permettant un ajustement
des thérapies ou médications du patient, à suggérer
un ajustement des thérapies ou médications du pa-
tient, à fournir des informations permettant un ajus-
tement de réglages de ventilateur, à suggérer un
ajustement de réglages de ventilateur, à fournir des
informations permettant un ajustement de sevrage
du patient par rapport à la ventilation, à suggérer un
sevrage du patient par rapport à la ventilation, à four-
nir des informations d’évaluation de l’état du patient
avant, pendant ou après une intervention chirurgi-
cale ou une procédure médicale, à surveiller des fui-
tes d’air, à surveiller une ventilation inappropriée, à
surveiller un exercice, à surveiller des niveaux de
stress et à surveiller un état de maladie ou médical.

12. Dispositif (200) selon l’une quelconque des reven-
dications précédentes, comprenant en outre deux
démodulateurs, dans lequel le premier démodula-
teur filtre un signal avec un signal de générateur en
tant que porteuse et le second démodulateur filtre le
signal avec des circuits de rotation de phase de 90°
avant une démodulation.

13. Dispositif (200) selon l’une quelconque des reven-
dications précédentes, dans lequel le capteur (230)
est un capteur d’impédance bipolaire ou tétrapolaire
doté d’un ou de plusieurs canaux de mesure placé
sur l’abdomen ou le thorax du patient ; dans lequel
le coefficient de calibrage est de préférence dérivé
d’une ou de plusieurs mesures parmi les mesures
spécifiques au patient suivantes : une impédance to-
tale du corps, des mesures d’impédance bioélectri-
que, une impédance moyenne ou de base du canal
de mesure, un signal d’ECG acquis à diverses po-
sitions, des mesures anthropomorphiques.

14. Dispositif (200) selon l’une quelconque des reven-
dications précédentes, comprenant en outre de
l’électronique adaptative commandée par le micro-
processeur (275) et différents amplificateurs (240,
270), dans lequel l’électronique adaptative maintient
les gains des différents amplificateurs pour empê-
cher que le signal ne sorte d’une gamme ; dans le-
quel le microprocesseur poursuit et règle de préfé-
rence les gains définis au niveau de chacun des am-
plificateurs.
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