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(57) ABSTRACT 

The present invention includes systems and methods for 
monitoring endogenous compound concentration in blood 
by detecting markers, such as odors, upon exhalation by a 
patient, Wherein such markers are the endogenous com 
pound itself or result from the endogenous compound. In the 
case of olfactory markers, the invention preferably utiliZes 
electronic sensor technology, such as the commercial 
devices referred to as “arti?cial” or “electronic” noses or 

tongues, to non-invasively monitor endogenous compound 
levels in blood. The invention further includes a reporting 
system capable of tracking endogenous compound concen 
trations in blood (remote or proximate locations) and pro 
viding the necessary alerts With regard to emergent or 
harmful conditions in a patient. 
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SYSTEM AND METHOD FOR MONITORING 
HEALTH USING EXHALED BREATH 

CROSS-REFERENCE TO A RELATED 
APPLICATION 

[0001] This application is a continuation-in-part of co 
pending International Application No. PCT/US2005/ 
006355, ?led Feb. 28, 2005, Which is a continuation-in-part 
of co-pending US. patent application Ser. No. 10/788,501, 
?led Feb. 26, 2004, Which is a continuation-in-part of 
co-pending US. patent application Ser. No. 10/178,877, 
?led Jun. 24, 2002, Which is a continuation-in-part of 
co-pending US. patent application Ser. No. 10/054,619, 
?led Jan. 22, 2002. All of the afore-mentioned applications 
are hereby incorporated by reference herein in their entirety, 
including any ?gures, tables, or draWings. 

FIELD OF INVENTION 

[0002] The present invention relates to non-invasive 
monitoring of substance/compound concentrations in blood; 
and more particularly, to a system and method for the 
determination of drug concentrations and endogenous com 
pounds in blood utiliZing a breath detection system. 

BACKGROUND INFORMATION 

[0003] Breath is a unique bodily ?uid. Unlike blood, urine, 
feces, saliva, sWeat and other bodily ?uids, it is available on 
a breath to breath and therefore continuous basis. It is readily 
available for sampling non-invasively and because the lung 
receives all of the blood ?oW from the right side of the heart, 
measurements of analytes/compounds in breath correlate 
strongly and reproducibly With blood concentration. It is less 
likely to be associated With the transfer of serious infections 
than other bodily ?uids and collection of samples is straight 
forWard and painless. 

[0004] Further, exhaled breath contains 100% humidity at 
37° C. (body temperature), thus it can be considered an 
aerosol. If the temperature of the collected sample is main 
tained at 37° C. or higher it Will remain in this state and can 
be treated as a gas for compounds that are insoluble in Water 
or readily di?‘use out of Water. In this instance, sensors 
designed to Work With gaseous media Would be preferable. 
For compounds that are highly Water soluble and likely to 
remain in solution, the exhaled breath sample can be col 
lected as a condensate When cooled. This liquid can then be 
analyZed With sensors that are designed for liquid-based 
analyses. Compounds likely to be detectable in the gas phase 
typically are lipophilic (hydrophobic) such as the intrave 
nous anesthetic agent, propofol, While compounds likely to 
be detected in the liquid phase are hydrophilic, such as 
glucose, lactic acid and perhaps even electrolytes. Thus an 
exhaled breath sample can be handled to produce a gaseous 
matrix for certain compounds and sensors, and a liquid 
matrix for others. In instances Where it is desirable to detect 
more than one compound (e.g., detection of hydrophilic and 
hydrophobic molecules in the breath), the sample can be 
split and a portion maintained as a gas and a portion 
condensed as a liquid. 

[0005] An example of the unique characteristic of breath 
is the correlation betWeen blood concentrations of drugs, 
both licit and illicit, and their concentration in the breath. 
The concentration of a drug in a patient’s body is generally 
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regulated both by the amount of drug ingested by the patient 
over a given time period, or the dosing regimen, and the rate 
at Which the drug is metaboliZed and eliminated by the body. 

[0006] Historically, pharmaceutical compositions Were 
delivered to patients according to standard doses based on 
the patient’s Weight. In the early 1970s, it Was discovered 
With epileptic patients that pharmaceutical treatment With 
dosages adjusted according to blood concentration of the 
drug Was far more e?icient and demonstrated better seiZure 
control and feWer side effects than With dosages adjusted 
according to patient Weight. 

[0007] It is noW generally accepted that With many medi 
cations, it is necessary to monitor the concentration in the 
blood stream in order to ensure optimal, therapeutic drug 
effect (therapeutic drug monitoring [TDM]). Medications 
are ineffective if blood concentration levels are too loW. 
Moreover, certain medications are toxic to the body When 
concentration levels in the blood are too high. It Would also 
be valuable to have a means for monitoring drug concen 
tration in blood for medications that do not require constant 
monitoring. By monitoring blood serum drug levels, medi 
cation dosage can be individualiZed Within a therapeutically 
effective range. 

[0008] For example, patients prescribed tricyclic (or tet 
racyclic) antidepressants (TCAs) require frequent monitor 
ing of blood levels. TCAs Work by inhibiting serotonin and 
norepinephrine reuptake into the synaptic cleft. This group 
includes among its members the tricyclics: amitriptyline, 
imipramine, nortriptyline, and clomipramine, and the tetra 
cyclics maprotiline and amoxapine. Although highly effec 
tive for the treatment of depression, TCAs have a high 
incidence of side effects, some of Which maybe life-threat 
ening, especially When blood concentrations are too high. 
Consequently, TCAs have been largely replaced by seroto 
nin reuptake inhibitors (SSRIs) for treatment of depression. 
In addition to the toxic effects of TCAs due to inhibition of 
sodium and potassium channels, Which occurs primarily in 
the heart and brain, TCAs can also cause side effects due 
inhibition of norepinephrine reuptake and elevated norepi 
nephrine levels. The latter can cause sedation, manic epi 
sodes, profuse sWeating, palpitations, increased blood pres 
sure, tachycardia, tWitches and tremors of the tongue or 
upper extremities, and Weight gain. 

[0009] Although SSRIs are no more, or may actually be 
slightly less effective than TCAs, TCAs are less attractive 
because they are more toxic than SSRIs and pose a greater 
threat of overdose. A TCA overdose results in central 
nervous system and cardiovascular toxicity making the 
relative risk of death by overdose With a TCA 2.5 to 8.5 
times that With the commercially available SSRI ?uoxetine. 
The greater danger With TCA is that side effects, as Well as 
constant blood sampling, Will persuade the patient to dis 
continue treatment. Studies indicate that patients taking a 
classical antidepressant (TCA or MAOI) are three times as 
likely to drop out of treatment due to side effects and 
constant monitoring as patients taking SSRIs. Interestingly, 
recent studies have shoWn that some SSRIs (and a similar 
group of drugsiselective norepinephrine uptake inhibitors 
[SNRIs]) have a “cut-o?‘” beloW Which the drugs are far less 
effective than at doses above the “cut-off”, but that this can 
only be determined by blood concentrations, not dosage due 
to large inter-patient variability. Thus, although drug manu 
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facturers have tried to develop medications so “one dose ?ts 
all”, TDM might be applied more readily and improve drug 
e?fectiveness While reducing side effects and overdose if a 
simple and efficacious method of determining blood con 
centrations Were available. Exhaled breath drug monitoring 
holds such promise. 

[0010] Thus, many therapeutically effective medications 
that require TDM are less likely to be prescribed by physi 
cians in vieW of inconvenience in constant blood sampling 
and lack of patient compliance. Further, in the present era of 
cost-elTective healthcare, considerations of prescription 
costs have become the primary issue for all aspects of 
laboratory operation. lndividualiZation of drug therapy con 
tributes to cost-elTective patient management through detec 
tion and elimination of drug side effects; detection of 
unusual metabolism and adjustment of dosage based on 
individual metabolism; and detection of unusual metabolism 
and adjustment of dosage based on the effects on disease. 

[0011] Drug level testing is especially important in 
patients being administered medications Where the margin 
of safety betWeen therapeutic effectiveness and toxicity is 
narroW (loW therapeutic index). In addition to TCAs, other 
drugs such as procainamide or digoxin, Which are used to 
treat arrhythmias and heart failure; dilantin or valproic acid, 
Which are used to treat seiZures; gentamicin or amikacin, 
Which are antibiotics used to treat infections and lithium 
Which is a mainstay of treatment for dipolar disease, are 
examples of medications having a narroW margin of safety 
and therapeutic e?fectiveness With administration. 

[0012] Currently available tests for TDM are invasive, 
dif?cult to administer, frequently require the patient to be in 
a health care setting (versus home), and/or require an 
extended period of time for analysis. Such tests are generally 
complex, requiring a laboratory to perform the analysis. 
Healthcare providers’ of?ces rarely possess appropriate test 
ing technology to analyZe blood samples and must therefore 
send the samples to an o?f-site laboratory or refer the patient 
to the laboratory to have their blood draWn, Which results in 
an extended time period for analysis. In the process of 
transfer to and from a laboratory, there is a greater likelihood 
that samples Will be lost or mishandled, or that the incorrect 
results are provided to the healthcare provider, Which could 
be detrimental to the patient’s health and Well-being. Fur 
ther, those on-site test devices that are presently available for 
assessing drug concentration levels in blood are expensive. 
Reference laboratories using sophisticated techniques such 
as gas chromatography-mass spectrometry typically conduct 
complex and expensive toxicological analyses to determine 
the quantity of a medication. 

[0013] A further problem With present methods of TDM is 
that the concentration in the blood may not correlate With the 
concentration at the “effect site”. It has been found that the 
concentration of drug in the blood may not directly re?ect 
the concentrations at the cellular or receptor level, Where 
drugs exert their biological elTects. The pharmacodynamics 
and pharmacokinetics (PD/PK) of many drugs also exhibit 
Wide inter- and intra-individual variation. The drug concen 
tration at the site of action relates best With clinical 
responses; hoWever, it is typically dif?cult or impossible to 
measure. Although plasma drug concentrations often pro 
vide an informative and feasible measurement for de?ning 
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the pharmacodynamics of medications, they do not consis 
tently provide an accurate report of drug disposition in a 
patient. 

[0014] For medications appearing in breath, it appears that 
the concentration that appears in breath correlates best With 
the “free” drug in the body, that is, the drug available for the 
therapeutic effect, thus the concentration in exhaled breath is 
an excellent measure of the drug fraction that is most 
important for the healthcare provider to knoW in order to 
make informed decisions about dose regimens. Although the 
fraction of drug bound to protein and Whole blood is 
essentially constant over a Wide range of plasma and blood 
concentrations (i.e., free drug concentrations can be deduced 
from plasma and Whole blood concentrations under normal 
circumstances) for the vast majority of subjects, various 
pathological circumstances can arise that make this corre 
lation in a patient problematic (e.g., drug-drug interactions, 
massive blood loss and transfusion, protein losing syn 
dromes, etc). 
[0015] There are generally four processes by Which drug 
disposition takes place: absorption, distribution, metabo 
lism, and excretion. Absorption of a drug is generally 
dictated by route of drug administration (i.e., intravenous 
(IV), intramuscular (IM), subcutaneous (SC), topical, inha 
lation, oral, rectal, sublingual, etc.); drug factors (i.e., lipid 
solubility); as Well as host factors (i.e., gastric emptying 
time). Alterations in drug absorption may affect the thera 
peutic effectiveness of the drug. 

[0016] Factors related to drug distribution include body 
fat, protein binding, and membranes. Because lipid soluble 
drugs tend to dissolve in fat, drugs can build up to very high, 
potentially toxic, levels in a patient With a high percentage 
of body fat. There are several drugs available that have a 
high af?nity for serum proteins. Protein binding limits the 
therapeutic effectiveness of the drug. Membranes such as the 
blood brain barrier (BBB) sometimes make it dif?cult for the 
drug to be properly distributed. 

[0017] All tissues in the body can contribute to the 
metabolism of a drug. For example, the liver, kidney, lungs, 
skin, brain, and gut can all be involved in metaboliZing a 
drug, although it most cases metabolism in the liver pre 
dominates. Physiologically, metabolism can increase the 
activity, decrease the activity, or have no effect on the 
activity of a drug. Because metabolism of a drug differs from 
one patient to another, the dosage required for a drug can 
dilTer from patient to patient. 

[0018] Routes of drug elimination include the kidney, 
liver, gastrointestinal tract, lungs, sWeat, lacrimal ?uid, and 
milk. All of these processes (absorption, distribution, 
metabolism, and excretion), Which can occur at varying 
times after drug administration, affect the level of pharma 
cologically effective drug in a patient. Thus, current methods 
for analyZing a blood sample to assess plasma drug concen 
trations only provides a snapshot for de?ning the pharma 
codynamics of a drug and does not consistently provide an 
accurate report of drug disposition in a patient. 

[0019] An example of the value of continuous or frequent 
breath monitor of drug concentrations is during anesthesia. 
Anesthesiologists use many sophisticated and expensive 
devices to monitor the vital signs of and to provide respi 
ratory and cardiovascular support for patients undergoing 
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surgical procedures. Such monitors provide the anesthesi 
ologist With information about the patient’s physiologic 
status and verify that the appropriate concentrations of 
delivered gases are administered. 

[0020] Anesthesia can be achieved by using either inha 
lational or intravenous (TV) anesthetics, or combination of 
both. Inhalation anesthetics are substances that are brought 
into the body via the lungs and are distributed With the blood 
into the different tissues. The main target of inhalation 
anesthetics (or so-called volatile anesthetics) is the brain. 
Some commonly used inhalational anesthetics include 
en?urane, halothane, iso?urane, sevo?urane, des?urane, and 
nitrous oxide. Older volatile anesthetics include ether, chlo 
roform, and methoxy?urane. Intravenous (IV) anesthetics 
frequently used clinically are barbiturates, opioids, benZo 
diaZepines, ketamine, etomidate, and propofol. Currently, 
hoWever, volatile anesthetics are seldom used alone. Rather, 
a combination of inhalation anesthetics and intravenous 
drugs are administered, in a process knoWn as “balanced 
anesthesia.” During administration of balanced anesthesia, 
for example, opioids are administered for analgesia, along 
With neuromuscular blockers for relaxation, anesthetic 
vapors for unconsciousness and benZodiaZepines for amne 
s1a. 

Inhalational Anesthetics 

[0021] With inhalation agents, the concentration of drug 
delivered is metered and the variation betWeen patients in 
the depth of anesthesia resulting from knoWn inhaled con 
centrations of agents is relatively narroW, permitting the 
anesthesiologist to con?dently assume a particular level of 
anesthesia based on the concentration of anesthetic gas 
delivered. 

[0022] Monitors used during the administration of inha 
lational anesthesia generally display inspired and exhaled 
gas concentrations. Most use side-stream monitoring 
Wherein gas samples are aspirated from the breathing circuit 
through long tubing lines. A Water trap, desiccant and/or 
?lter may be used to remove Water vapor and condensation 
from the sample. Gas samples are aspirated into the monitor 
at a loW rate to minimiZe the amount of gas removed from 
the breathing circuit and, therefore, the patient’s tidal vol 
ume. These gas monitors continuously sample and measure 
inspired and exhaled (end-tidal) concentrations of respira 
tory gases. The monitored gases are both the physiologic 
gases found in the exhaled breath of patients (oxygen, 
carbon dioxide, and nitrogen), as Well as those administered 
to the patient by the anesthesiologist in order to induce and 
maintain analgesia and anesthesia. 

[0023] There are a number of techniques to monitor res 
piratory gases, including mass spectroscopy, Raman spec 
troscopy, IRilight spectroscopy, IRiphoto acoustics, 
pieZoelectric (US. Pat. No. 4,399,686 to Kindlund), reso 
nance, polarography, fuel cell, paramagnetic analysis, and 
magnetoacoustics. Infrared detector systems are most com 
monly used systems to monitor gas concentrations. 

[0024] Amajor disadvantage of conventional gas monitors 
is that they only determine the concentrations of certain 
types of gases or a limited number of gases and most do not 
measure N2 nor any medications delivered by other routes 
(i.e., intravenously). These monitors are also fragile, expen 
sive and require frequent calibration and maintenance. For 
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this reason, not all purchasers of anesthesia machines buy 
anesthesia gas monitors and therefore, rely on anesthesia gas 
vaporiZers to control anesthetic gas concentration. Unfortu 
nately, these vaporiZers frequently go out of calibration and 
the anesthesiologist may administer too much or too little 
anesthesia. 

Intravenous (IV) Anesthetics 

[0025] Another method of providing anesthesia includes 
IV anesthetics. At present, a major impediment to the Wider 
use of IV anesthetics, rather than inhaled anesthetics, has 
been the inability to precisely determine the quantity of drug 
required to provide a suf?cient “depth of anesthesia” Without 
accumulating an excessive amount. 

[0026] Propofol, for example, is an agent that is Widely 
used as a short acting IV anesthetic. Its physiochemical 
properties are hydrophobic and volatile. It is usually admin 
istered as a constant IV infusion in order to deliver and 
maintain a speci?c plasma concentration. Although the 
metabolism is mainly hepatic and rapid, there is signi?cant 
inter-patient variability in the plasma concentration achieved 
With a knoWn dose. HoWever, the depth of anesthesia for a 
knoWn plasma concentration is far less variable and it is 
therefore highly desirable to be able to evaluate plasma (or 
ideally free, unbound drug) concentrations in real time to 
accurately maintain anesthetic e?‘icacy. [“A Simple Method 
for Detecting Plasma Propofol,” Akihiko Fujita, M D, et al., 
Feb. 25, 2000, International Anesthesia Research Society]. 
The authors describe a means to measure plasma (free) 
rather than total propofol using headspaceiGC With solid 
phase microextraction. This is preferable since plasma (free) 
propofol is responsible for the anesthetic effect. Prior meth 
ods of monitoring propofol concentration in blood include 
high-performance liquid chromatography (HPLC) and gas 
chromatography (GC). It has been reported that 97%-99% of 
propofol is bound With albumin and red blood cells after IV 
injection, and the remainder exists in blood as a free type. 
HPLC and GC detect the total propofol concentration, Which 
does not correlate as Well With the anesthetic effect as the 
plasma propofol level. Studies of exhaled breath propofol 
concentrations shoW an excellent correlation With plasma 
(free) concentration and therefore are likely to better predict 
the effect of the drug. 

[0027] Propofol may also be monitored in urine. Meta 
bolic processes control the clearance of propofol from the 
body, With the liver being the principal eliminating organ. 
[“First-pass Uptake and Pulmonary Clearance of Propofol,” 
Jette Kuipers, et al., Anesthesiology, V91, No. 6, Dec. 1999]. 
In a study, 88% of the dose of propofol Was recovered in 
urine as hydroxylated and conjugated metabolites. 

[0028] The aim of any dosage regimen in anesthesia is to 
titrate the delivery rate of a drug to achieve the desired 
pharmacologic effect for any individual patient While mini 
miZing the unWanted toxic side effects. Certain drugs such 
as propofol, alfentanil and remifentanil have a close rela 
tionship betWeen free blood concentration and effect; thus, 
the administration of the drug can be improved by basing the 
dosage regimen on the pharmacokinetics of the agent. 
[Kenny, Gavin, Target-Controlled lnfusionsiPharmacoki 
nelics and Pharmacodynamic Variations, http://WWW.anaes 
thesiologie.med. unierlangen.de/esctaic97/a_Kenny.htm]. 
Target controlled infusion (TCI) is one means for adminis 
tering an IV anesthesia agent using a computer to control the 
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infusion pump. Using a computer With a pharrnacokinetic 
program permits control of a desired plasma concentration 
of an agent, such as propofol. The systems do not sample the 
blood in real-time, but use previously acquired population 
PD/PK parameters to provide a best estimate of the pre 
dicted blood concentration. However, even if TCI systems 
produced the exact target concentrations of blood concen 
tration, it Would not be possible to knoW if that concentration 
Was satisfactory for each individual patient and for different 
points during the surgical procedure. 

[0029] Among the technologies used to process and moni 
tor electrical brain signal is BIS (Bispectral Index Monitor) 
monitoring of the EEG. It is an indirect monitor of depth of 
anesthesia. The BIS monitor translates EEG Waves from the 
brain into a single numberidepicting the depth of anesthe 
sia on a scale from 1 to 100. In addition, neural netWorks 
have been used to classify sedation concentration from the 
poWer spectrum of the EEG signal. HoWever, these tech 
nologies are costly and not entirely predictive. 

[0030] Arti?cial neural netWorks have also been devel 
oped Which use the patient’s age, Weight, heart rate, respi 
ratory rate, and blood pressure to predict depth of anesthesia. 
The netWorks integrate physiological signals and extract 
meaningful information. Certain systems use mid-latency 
auditory evoked potentials (MLAEP) Which are Wavelet 
transformed and fed into an arti?cial neural netWork for 
classi?cation in determining the anesthesia depth. [Depth of 
Anesthesia Estimating & Propofol Delivery System, by 
Johnnie W. Huang, et al., Aug. 1, 1996, http://WWW.rpi.edu/ 
royr/roy_descpt.html]. 

[0031] An apparatus and method for total intravenous 
anesthesia delivery is also disclosed in US. Pat. No. 6,186, 
977 to AndreWs. This patent describes a method in Which the 
patient is monitored using at least one of electrocardiogram 
(EKG), a blood oxygen monitor, a blood carbon dioxide 
monitor, inspiration/expiration oxygen, inspiration/expira 
tion carbon dioxide, a blood-pressure monitor, a pulse rate 
monitor, a respiration rate monitor, and a patient temperature 
monitor. 

Combination Inhalational and Intravenous (IV) Anesthetics 

[0032] As previously stated, anesthesia can be achieved by 
using either inhalational or IV anesthetics, or combination of 
both (“balanced anesthesia”). Monitoring techniques for 
inhalational and IV anesthesia dilfer because of the nature of 
the drug delivery. Monitors for inhalational anesthesia deliv 
ery generally comprise systems that monitor the breathing 
circuit. Monitors for IV anesthesia generally comprise 
physiologic monitoring of the patient rather than monitoring 
the concentration of the drug in the blood. Based on this 
bifurcation of monitoring systems, anesthesiologists must 
utiliZe separate systems When sWitching betWeen drug deliv 
ery methods or When utiliZing a combination of methods. 

[0033] Accordingly, there is a need in the art for methods 
to improve therapeutic drug monitoring (such as IV and/or 
inhalational delivered anesthetics) and the monitoring of 
endogenous compounds related to health conditions that are 
non-invasive, speedy, and inexpensive in administration. 
There is also a need for a monitoring system capable of 
continuously monitoring drug concentration levels (to assess 
drug disposition) and of continuously monitoring endog 
enous compound levels (such as glucose levels in exhaled 
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breath). Further, there is a need for non-invasive monitoring 
systems capable of being used at remote locations and/or 
non-laboratory settings to monitor the therapeutic ef?cacy of 
the drug or to assess patient health by monitoring endog 
enous compounds present in exhaled breath. 

Other Applications for Intermittent or Continuous Breath 
Monitoring 
[0034] In addition to monitoring blood concentrations of 
licit medications using exhaled breath either intermittently 
or continuously, exhaled breath measurements can be used 
to monitor a Wide range of other compounds and correlate 
them With blood concentrations. For instance, breath can be 
used to determine Whether an individual has used an illicit 
drug. Likewise, breath can be used to determine blood 
glucose concentrations, thus freeing diabetics from having 
to perform frequent blood sticks to determine their glucose 
concentrations. Breath glucose can also be measured con 
tinuously in the operating room during surgery and/or the 
intensive care units since tight glucose control has been 
shoWn to improve Wound healing and reduce the incidence 
of post-operative infection. 

[0035] The breath may also be an excellent media to 
diagnose acute and/or chronic “stress” in humans, Which can 
occur in various settings (e.g., injured humans stressed due 
to disease, accidents, or military actions, etc.; or non-injured 
humans stressed due to extreme/excessive exercise or envi 
ronments that require an extremely high level of vigilance 
such as the longterm operation of military aircraft under 
battle?eld conditions). Various stress markers including 
those suggesting in?ammation, Which may appear in the 
breath, include but are not limited to concentrations of lactic 

acid, ketones, cortisol, testosterone, ATP, ADP, AMP, 
adenosine, prostaglandins (e.g., PGF2a), leukotrienes, 
cytokines, interleukins, melatonin, 6-sulfatoxymelatonin, 
HIP-10., HSP70 and myogenic regulatory factors. 

[0036] For example, lactic acid in blood is an indicator of 
the severity of shock (hypoperfusion) and numerous disease 
states. It is usually measured intermittently by draWing 
blood samples. Intermittent or continuous breath measure 
ments of lactic acid could revolutioniZe the care of critically 
ill patients in the operating room or intensive care unit. 
Numerous other compounds can also indicate disease states 
appear in breath. The ability to monitor these compounds in 
real-time, either intermittently or continuously Without the 
delay of having to send specimens to a laboratory, could 
dramatically improve the care of hospitaliZed or even home 
care or ambulatory patients. 

SUMMARY OF THE INVENTION 

[0037] The present invention solves the needs in the art by 
providing a method and apparatus for non-invasive moni 
toring of substance/compound concentration in blood, and, 
more particularly to systems and methods for non-invasive 
monitoring of endogenous compound and/or therapeutic 
drug concentration in blood. The systems and methods of the 
present invention utiliZe sensors that can analyZe a patient’s 
exhaled breath components to detect, quantify, and/or trend 
concentrations of endogenous compound markers in exhaled 
breath, Which correlate to the endogenous compound con 
centration in the patient’s body, in particular in blood. 
Endogenous compound markers detectable in exhaled 
breath can be the endogenous compounds themselves or 
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substances derived from the endogenous compounds (such 
as metabolites of endogenous compounds). 

[0038] In other embodiments, systems and methods are 
provided for the detection, quanti?cation, and trending of 
delivered therapeutic drug concentration utiliZing sensors 
that can analyze a patient’s exhaled breath components. 
Such systems and methods include: at least one supply of at 
least one therapeutic drug for delivery to a patient; and an 
expired gas sensor for analyZing the patient’s breath for 
concentration of at least one drug or marker indicative of 
therapeutic drugs in the patient’s bloodstream, Wherein the 
sensor provides a signal to indicate marker concentration 
that corresponds to therapeutic drug concentration in the 
patient’s bloodstream. The methods of the subject invention 
include the steps of measuring the concentration of one or 
more therapeutic markers in a patient’s exhaled breath. 
These measured markers can then be used to quantify the 
concentration of therapeutic drug(s) in the patient’s blood as 
Well as trend the delivered drug, and ultimately determine 
the PD/PK of the drug. 

[0039] In one embodiment, the subject invention contem 
plates administering to a patient a therapeutic drug, Wherein 
the therapeutic drug contains a therapeutic drug marker that 
is detectable in exhaled breath by a sensor of the subject 
invention. In certain embodiments of the invention, the 
therapeutic drug marker is the therapeutic drug itself or a 
metabolite of the drug, Which is detectable in exhaled breath. 
As contemplated herein, the blood concentration of the 
therapeutic drug and the exhaled concentration of the thera 
peutic drug marker are substantially proportional. By using 
a sensor of the subject invention for analyZing the concen 
tration of a therapeutic drug marker in exhaled breath, Which 
substantially corresponds to the blood concentration of a 
therapeutic drug, the present invention enables non-inva 
sive, continuous monitoring of therapeutic drug blood con 
centration. 

[0040] One particular application of the present invention 
is for predicting the depth of anesthesia utiliZing a breath 
detection system. It has been shoWn that there is a good 
correlation betWeen blood concentration of anesthetic agents 
(e. g., propofol) and depth of anesthesia. In a related embodi 
ment, the present invention provides methods and appara 
tuses for the detection, quantitation, and trending of intra 
venous (IV) and/or inhalational delivered drug 
concentration utiliZing a breath detection system. 

[0041] Since there is no direct on-line method to continu 
ously monitor blood concentration of agents, in that the 
blood and exhaled concentration are relatively proportional, 
the method of the present invention Will provide a more 
predictive method to monitor depth of anesthesia by moni 
toring breath rather than blood. 

[0042] In one embodiment, the method of the invention 
includes measuring both exhaled breath concentrations of IV 
and inhalational anesthetics, and also the circuit concentra 
tion of inhalational anesthetic gases. The method includes 
the steps of both measuring the circuit concentration and 
measuring the concentration of one or more components in 
the patient’s exhaled breath. These measured components 
can then be used to quantitate the concentration of anesthet 
ics in the circuit (such as halothane, iso?urane, sevo?urane, 
des?urane and en?urane) and to detect, quantitate, and trend 
the delivered drug, and ultimately determine depth of anes 
thesia. 
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[0043] The method of the present invention may also be 
used to monitor per?ubron concentration. Emulsi?ed per 
?ubron is one of a class of compounds used to deliver 
oxygen in anemic patients as a substitute for hemoglobin. 

[0044] In a preferred embodiment of the subject invention, 
a speci?c phase of the respiratory cycle, namely the end 
tidal portion of exhaled breath, is sampled to detect the 
concentration of a therapeutic drug marker as a measure of 
drug concentration levels in blood. 

[0045] In accordance With the subject invention, a sensor 
can be selected from a variety of systems that have been 
developed for use in collecting and monitoring exhaled 
breath components, particularly speci?c gases. For example, 
the sensor of the subject invention can be selected from 
those described in US. Pat. Nos. 6,010,459; 5,081,871; 
5,042,501; 4,202,352; 5,971,937, and 4,734,777. Further, 
sensor systems having computeriZed data analysis compo 
nents can also be used in the subject invention (i.e., US. Pat. 
No. 4,796,639). 

[0046] Sensors of the subject invention can also include 
commercial devices commonly knoWn as “arti?cial” or 
“electronic” noses or tongues to non-invasively monitor 
therapeutic drug blood concentration. Sensors of the subject 
invention can include, but are not limited to, metal-insulator 
metal ensemble (MIME) sensors, cross-reactive optical 
microsensor arrays, ?uorescent polymer ?lms, corona 
devices, surface enhanced Raman spectroscopy (SERS), 
semiconductor gas sensor technology, conductive polymer 
gas sensor technology, surface acoustic Wave gas sensor 
technology, functionaliZed microcantilevers and immunoas 
says. 

[0047] In certain embodiments, the systems of the subject 
invention include a reporting system capable of tracking 
marker concentration (remote or proximate) and providing 
the necessary outputs, controls, and alerts. 

[0048] In one example, a sensor of the subject invention 
Would be used either in a clinical setting or patient-based 
location during delivery of a therapeutic drug to monitor 
drug concentration in blood by measuring therapeutic drug 
marker concentration in patient exhaled breath. Moreover, 
exhaled breath detection using the systems and methods of 
the present invention may enable accurate evaluation of 
PD/PK for drug studies and/or in individual patients. 

[0049] The preferred device of the present invention 
includes tWo parts: 1) the breathing circuit sensor and 2) the 
expired breath sensor. The breathing circuit sensor includes 
a sensor having a surface exposed to the gas stream and 
comprises a material selectively absorptive of a chemical 
vapor or group of vapors. The expired breath sensor includes 
a sensor having a surface exposed to the patient’s breath 
and/or airWay and also comprises a material selectively 
absorptive of a chemical vapor or group of vapors. These 
sensors are coupled to an analyZer(s) for producing an 
electrical signal indicative of the presence of the vapors. The 
analyZer is further operative to determine the approximate 
concentration of the vapors, display results, signal alarms, 
etc. 

[0050] In one embodiment, the device detects a target 
substance (anesthetic gases and/or physiologic gases) in 
both the breathing circuit and in expired breath using the 
folloWing components: (a) surface-acoustic Wave sensor(s) 
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capable of detecting the presence of the target substance, 
Wherein the sensor responds to the target substance by a shift 
in the resonant frequency; (b) oscillator circuit(s) having the 
sensor as an active feedback element; (c) frequency 
counter(s) in communication With the oscillator circuit(s) to 
measure oscillation frequency Which corresponds to reso 
nant frequency of the sensor(s); and (d) a processor for 
comparing the oscillation frequency With a previously mea 
sured oscillation frequency of the target substance and 
determining presence and concentration of the target sub 
stance therefrom. 

[0051] In another embodiment, the device detects a target 
marker (anesthetic gases and/or physiologic gases) in both 
the breathing circuit and in expired breath using the folloW 
ing components: (a) sensor(s) having an array of polymers 
capable of detecting the presence of the target substance, 
Wherein the sensor(s) responds to the target substance by 
changing the resistance in each polymer resulting in a 
pattern change in the sensor array; (b) a processor for 
receiving the change in resistance, comparing the change in 
resistance With a previously measured change in resistance, 
and identifying the presence of the target sub stance from the 
pattern change and the concentration of the substance from 
the amplitude. The processor can include a neural netWork 
for comparing the change in resistance With a previously 
measured change in resistance to ?nd a best match. 

[0052] In another embodiment, the invention includes a 
method of monitoring a patient during administration of 
anesthesia Wherein the patient is connected to a breathing 
circuit. In the method, a ?rst sensor is exposed to inspired 
gases, Wherein at least one inspired gas is an anesthetic 
agent; a second sensor is exposed to expired gases; one or 
more target substances is detected With the sensors; and 
concentration of the target substances is determined. 

[0053] In another embodiment, the invention includes an 
anesthetic agent delivery system for delivering balanced 
anesthesia to a patient through a breathing circuit and an IV 
Which includes: (1) an anesthetic gas supply having a 
controller for controlling the amount of volatile anesthetic 
agent provided by the supply to the breathing circuit; (2) an 
IV anesthetic agent supply having a controller for control 
ling the amount of IV anesthetic agent administered to the 
patient intravenously; (3) an inspired gas analyZer for ana 
lyZing the concentration of anesthetic gas in the breathing 
circuit; (4) an expired gas analyZer for analyZing the 
patient’s breath for concentration of at least one substance 
indicative of anesthetic agent concentrations in the patient’s 
bloodstream that provides at least one signal to indicate the 
anesthetic agent concentration delivered to the patient; and 
(5) a system controller connected to each of the anesthetic 
supplies Which receives the signal and controls the amount 
of anesthetic agents administered based on the signal. 

[0054] In still a further embodiment, the invention 
includes an apparatus for administering balanced anesthesia 
to a patient including: (1) at least one supply of at least one 
intravenous anesthetic agent; (2) intravenous delivery means 
for controllably delivering the intravenous anesthetic agent 
to the patent; (3) at least one supply of at least one inhala 
tional anesthetic agent; (4) a breathing circuit for delivery of 
said inhalational anesthetic agent; (5) an inspired gas ana 
lyZer for analyZing gas in the breathing circuit for the 
inhalational agent; (6) an expired gas analyZer for analyZing 

Jul. 19, 2007 

the patient’s breath for concentration of at least one sub 
stance indicative of anesthetic agents in the patient’s blood 
stream that provides a signal to indicate anesthetic agent 
concentration delivered to the patient; (7) a system control 
ler connected to the intravenous delivery means Which 
receives the signal and controls the amount of anesthetic 
agent based on the signal; and (8) a system controller 
connected to the breathing circuit Which receives the signal 
and controls the amount of anesthetic agent based on the 
signal. 
[0055] Another embodiment includes a device for detect 
ing target substances in a breathing circuit including: (1) at 
least one surface-acoustic Wave sensor capable of detecting 
the presence of the target substance in inspired and/or 
expired gas, Wherein the sensor responds to the target 
substance by a shift in the resonant frequency; (2) an 
oscillator circuit having the sensor as an active feedback 
element; (3) a frequency counter in communication With the 
oscillator circuit to measure oscillation frequency Which 
corresponds to resonant frequency of the sensor; and (4) a 
processor for comparing the oscillation frequency With a 
previously measured oscillation frequency of the target 
sub stance and determining presence and concentration of the 
target substance therefrom. 

[0056] Another embodiment includes a device for detect 
ing target substances in a breathing circuit including: (1) a 
sensor having an array of polymers capable of detecting the 
presence of the target substance in inspired and/or expired 
gas, Wherein the sensor responds to the target substance by 
changing the resistance in each polymer resulting in a 
pattern change in the sensor array; (2) a processor for 
receiving the change in resistance, comparing the change in 
resistance With a previously measured change in resistance, 
and identifying the presence of the target substance from the 
pattern change and the concentration of the substance from 
the amplitude. 

[0057] Moreover, sensing antibiotics With the exhaled 
breath detection method of the present invention, Would 
alloW for use of the method as a surrogate for blood 
antibiotic concentration. This Would also be true for a Wide 
range of medications for Which blood concentration Would 
be valuable. Exhaled breath detection using the method of 
the present invention may also evaluate PD/ PK for both drug 
studies and in individual patients. Moreover, it may be used 
to sense endogenous compounds such as glucose, ketones, 
lactic acid and electrolytes, Which are normally found in 
blood. 

[0058] The invention also includes a method of determin 
ing the rate of Washout of a target substance (such as 
anesthetic gases or other drugs) by (a) obtaining a sample of 
expired breath at a ?rst interval; (b) analyZing the sample 
With sensor technology to determine the concentration of the 
substance; (c) obtaining at least one additional sample of 
expired breath at a later interval; (d) analyZing said addi 
tional sample With sensor technology to determine the 
concentration of said substance; and (e) comparing the 
concentration of the ?rst sample With the concentration of 
additional samples to determine rate of Washout of the target 
substance. 

[0059] Therefore, it is an object of the present invention to 
non-invasively monitor therapeutic drug blood or endog 
enous compound concentration by monitoring the concen 
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tration of therapeutic drug marker or endogenous compound 
marker, respectively, present in exhaled breath using sensors 
that analyze markers in exhaled breath. 

[0060] In one embodiment of the invention, monitoring of 
therapeutic drug marker and/or endogenous compound 
marker concentration is conducted continuously using a 
system of the invention. In another embodiment of the 
invention, monitoring of therapeutic drug marker and/or 
endogenous compound marker concentration is conducted 
intermittently using a system of the invention. 

[0061] Another object of the present invention is to non 
invasively monitor substance concentration (such as endog 
enous compound blood concentration) by monitoring sub 
stance or substance marker concentrations in exhaled breath 
using sensors that analyZe exhaled breath components. 
Exhaled breath detection using the method of the present 
invention may be used to sense endogenous compounds 
such as glucose, ketones, lactic acid, and electrolytes that are 
normally found in blood. These compounds could be moni 
tored intermittently or continuously in a Wide range of 
environments. Small handheld portable equipment could be 
used by patients in the home, at Work, in nursing homes or 
While they are ambulatory, While other devices could be 
designed for continuous monitoring in the operating room, 
intensive care units and in other areas of hospitals or other 
healthcare facilities such as clinics, doctors of?ces Where 
this capability Would be valuable. 

[0062] A resulting advantage of the subject invention is 
the ability to monitor such substance and/or therapeutic drug 
concentration in a more cost effective and frequent manner 
than current methods, Which involve draWing blood samples 
and transferring the blood samples to a laboratory facility for 
analysis. In addition, the subject invention enables the user 
to immediately and continuously monitor therapeutic drug 
and/or endogenous compound concentration levels in a 
patient’s blood stream to monitor patient health, Whether in 
a clinical setting or via knoWn forms of communication if 
the patient is located at a remote location. The systems and 
methods of the subject invention can be used in place of the 
invasive practice of draWing blood to measure concentra 
tion. 

[0063] The invention Will noW be described, by Way of 
example and not by Way of limitation, With reference to the 
accompanying sheets of draWings and other objects, features 
and advantages of the invention Will be apparent from the 
folloWing detailed disclosure and from the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0064] FIG. 1 shoWs a capnogram of a single respiratory 
cycle and a capno gram of several breaths from a patient With 
obstructive lung disease. 

[0065] FIG. 2 shoWs a gas sensor chip, Which may be 
utiliZed as the sensor for the present invention. 

[0066] FIG. 3 shoWs the FT-IR signal for propofol. 

[0067] FIG. 4 shoWs an example of measuring expired 
breath of a patient utiliZing a sensor. 

[0068] FIG. 5a shoWs the characteristic signature of pro 
pofol. 
[0069] FIG. 5b shoWs a propofol relative breath concen 
tration pro?le of a patient. 
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[0070] FIG. 6a shoWs the unique signature of Iso?urane 
derived from a SAW sensor. 

[0071] FIG. 6b shoWs the unique signature of Sevo?urane 
derived from a SAW sensor. 

[0072] FIGS. 7a and 7b illustrate the blood (8a) and breath 
(8b) concentrations of glucose over time after the ingestion 
of a 100 gm glucose solution. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0073] The present invention provides systems and meth 
ods for non-invasive monitoring of substances in blood by 
analyZing a patient’s exhaled breath components. Sub 
stances in blood that can be monitored by analyZing exhaled 
breath components include, but are not limited to, endog 
enous compounds, such as glucose, ketones, lactic acid, 
prostaglandins, leukotrienes, cortisol, and electrolytes, and 
therapeutic drugs, including IV and/ or inhalation anesthetics 
for detecting the depth of anesthesia and a Wide range of licit 
and illicit drugs. 

[0074] In certain embodiments, the breath concentration 
of at least one endogenous compound marker is analyZed 
using sensor technology. The endogenous compound marker 
can be the endogenous compound itself or derived from the 
endogenous compound, such as a metabolite of the endog 
enous compound. According to the present invention, the 
concentration of an endogenous compound marker in breath 
is proportionate to the concentration of the corresponding 
endogenous compound in blood. Thus, based on the breath 
concentration of endogenous compound markers, the con 
centration of the corresponding endogenous compounds in a 
patient can be non-invasively and efficiently assessed. 

DEFINITIONS 

[0075] As used herein, the term “therapeutic drug” or 
“drug” refers to a substance used in the diagnosis, treatment, 
or prevention of a disease or condition, Wherein the con 
centration of the therapeutic drug in a patient’s blood stream 
must be monitored to ensure the therapeutic drug level is 
Within a clinically effective range. A therapeutic drug of the 
present invention includes anesthetic agents. 

[0076] Throughout this disclosure, a “marker” is de?ned 
as a substance that is detected by means of its physical or 
chemical properties using a sensor of the subject invention. 
According to the subject invention, an endogenous com 
pound marker is either the endogenous compound itself or a 
compound derived directly from the endogenous compound 
(such as a metabolite of the endogenous compound). Thera 
peutic drug markers are the therapeutic drug itself, or 
derived either directly from the therapeutic drug (such as a 
metabolite) or from an additive combined With the thera 
peutic drug prior to administration. Such therapeutic drug 
markers preferably include olfactory markers (odors) as Well 
as other substances and compounds, Which may be detect 
able by sensors of the subject invention. 

[0077] Halogenated compounds (i.e. ?uorinated drugs or 
markers) hold particular promise as they are readily highly 
volatile, safe for human consumption at doses required, and 
are readily detected in exhaled breath With several types of 
portable Freon leak detectors. Some of these compounds are 
used as propellants for delivery of drugs via the pulmonary 
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route, such as metered dose inhalers and therefore are known 
to be safe and are FDA approved. The technologies most 
often used to detect Freon leaks include: Negative Ion 
Capture, Heated Sensor/Ceramic Semiconductor, Infrared 
Absorption, and TIF TIFXP-lA Negative Corona Leak 
Detector. Many drugs are ?uorinated and metabolites are 
often extremely volatile and detectable in exhaled breath. 
Numerous such compounds are available that could be used 
as markers and could be added as excipients during the 
manufacture of drugs 

[0078] A “patient,” as used herein, describes an organism, 
including mammals, from which exhaled breath samples are 
collected in accordance with the present invention. Mam 
malian species that bene?t from the disclosed systems and 
methods for therapeutic drug monitoring include, and are 
not limited to, apes, chimpanzees, orangutans, humans, 
monkeys; and domesticated animals (e.g., pets) such as 
dogs, cats, mice, rats, guinea pigs, and hamsters. 

[0079] According to the subject invention, substances 
detectable in exhaled breath using the systems and methods 
of the invention include those that may be found in breath 
gas, breath condensate (liquid phase), respiratory droplet, 
breath evaporate, water vapor, and/or bronchial or alveolar 
aerosols. 

[0080] The term “pharmacodynamics,” as used herein, 
refers to the interaction (biochemical and physiological) of 
a therapeutic drug with constituents of a patient body as well 
as the mechanisms of drug action on the patient body (i.e., 
drug effect on body). 

[0081] As used herein, the term “pharmacokinetics” refers 
to the mathematical characteriZation of interactions between 
normal physiological processes and a therapeutic drug over 
time (i.e., body effect on drug). Certain physiological pro 
cesses (absorption, distribution, metabolism, and elimina 
tion) will affect the ability of a drug to provide a desired 
therapeutic effect in a patient. Knowledge of a drug’s 
pharmacokinetics aids in interpreting drug blood stream 
concentration and is useful in determining pharmacologi 
cally effective drug dosages. 

[0082] “Concurrent” administration, as used herein, refers 
to the administration of a therapeutic drug marker suitable 
for use with the systems and methods of the invention 
(administration of a therapeutic drug) for monitoring thera 
peutic drug levels in blood stream. By way of example, a 
therapeutic drug marker can be provided in admixture with 
a therapeutic drug, such as in a pharmaceutical composition; 
or the marker and therapeutic drug can be administered to a 
patient as separate compounds, such as, for example, sepa 
rate pharmaceutical compositions administered consecu 
tively, simultaneously, or at different times. Preferably, if the 
marker and the therapeutic drug are administered separately, 
they are administered within su?icient time from each other 
so that the concentration of the marker in exhaled breath is 
an accurate indicator of the concentration of therapeutic 
drug in the blood stream. 

[0083] The term “aptamer,” as used herein, refers to a 
non-naturally occurring oligonucleotide chain that has a 
speci?c action on a therapeutic drug marker. Aptamers 
include nucleic acids that are identi?ed from a candidate 
mixture of nucleic acids. In a preferred embodiment, aptam 
ers include nucleic acid sequences that are substantially 
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homologous to the nucleic acid ligands isolated by the 
SELEX method. Substantially homologous is meant a 
degree of primary sequence homology in excess of 70%, 
most preferably in excess of 80%. 

[0084] The “SELEXTM” methodology, as used herein, 
involves the combination of selected nucleic acid ligands, 
which interact with a target marker in a desired action, for 
example binding to an olfactory marker, with ampli?cation 
of those selected nucleic acids. Optional iterative cycling of 
the selection/ampli?cation steps allows selection of one or a 
small number of nucleic acids, which interact most strongly 
with the target marker from a pool, which contains a very 
large number of nucleic acids. Cycling of the selection/ 
ampli?cation procedure is continued until a selected goal is 
achieved. The SELEX methodology is described in the 
following US. patents and patent applications: US. patent 
application Ser. No. 07/536,428 and US. Pat. Nos. 5,475, 
096 and 5,270,163. 

[0085] As used herein, the term “pharmaceutically accept 
able carrier” means a carrier that is useful in preparing a 
pharmaceutical composition that is generally compatible 
with the other ingredients of the composition, not deleteri 
ous to the patient, and neither biologically nor otherwise 
undesirable, and includes a carrier that is acceptable for 
veterinary use as well as human pharmaceutical use. “A 
pharmaceutically acceptable carrier” as used in the speci? 
cation and claims includes both one and more than one such 
carrier. 

Breath Sampling 

[0086] Generally, the exhalation gas stream comprises 
sequences or stages. At the beginning of exhalation there is 
an initial stage, the gas representative thereof coming from 
an anatomically inactive (deadspace) part of the respiratory 
system, in other words, from the mouth and upper respira 
tory tracts. This is followed by a plateau stage. Prior to the 
plateau stage, the gas is a mixture of deadspace and meta 
bolically active gases. During the plateau phase, which 
comprises the last portion of the exhaled breath, nothing but 
deep lung gas, so-called alveolar gas is present. This gas, 
which comes from the alveoli, is termed end-tidal gas. 

[0087] According to the present invention, exhaled gas 
from any speci?c phase of the respiratory cycle can be 
sampled to detect for the presence of target markers as 
indicators of therapeutic drug and/ or endogenous compound 
concentration in the patient. For example, sensor technology 
as described herein can be applied to exhalation samples 
drawn from the initial phase, or the end-tidal (late plateau) 
phase. 

[0088] Technology used for end-tidal component monitor 
ing (such as CO2 sensors, 02 sensors, and NO sensors) can 
be used to determine when or at what stage the sample is 
collected. Known methods for airway pressure measure 
ments or for monitoring gas ?ow a?‘ord other means of 
collecting samples at the appropriate phase of the respiratory 
cycle. In a preferred embodiment, the exhaled breath sample 
is collected at end-tidal breathing. 

[0089] Single or multiple samples collected by the known 
in-line (or mainstream) sampling method are preferable, but 
if sensor acquisition time is reduced, side stream sampling 
may be used. With in-line sampling, a sensor of the subject 
invention is placed proximal to the ET tube directly in the 
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gas stream. In the latter, samples are collected through an 
adapter at the proximal end of an endotracheal (ET) tube and 
draWn through thin bore tubing to a sensor of the subject 
invention. In certain embodiments that use in-line sampling, 
the sensor is placed in a sampling chamber positioned Within 
the patient’s gas stream. Alternatively to sample end-tidal 
gas, samples can be taken throughout the exhalation phase 
of respiration and an average value determined and corre 
lated With blood concentration. Depending on the sample 
siZe and sensor response time, exhaled gas may be collected 
on successive cycles. 

[0090] Referring noW to FIG. 1, the upper frame demon 
strates a capnogram of a single respiratory cycle. For accu 
rate blood level correlation, samples are taken at the point 
labeled “end-tidal PCO2” Which re?ects the CO2 concentra 
tion in the lung. The loWer frame shoWs a capnogram of 
several breaths from a patient With obstructive lung disease. 
Again the end-tidal sample correlated best With blood con 
centration. 

[0091] In one embodiment, a VaporLabTM brand instru 
ment is used to collect and analyZe exhaled breath samples. 
The VaporLabTM instrument is a hand-held, battery poWered 
SAW-based chemical vapor identi?cation instrument suit 
able for detecting components in exhaled breath samples in 
accordance With the present invention. This instrument is 
sensitive to volatile and semi-volatile compounds using a 
high-stability SAW sensor array that provides orthogonal 
vapor responses for greater accuracy and discrimination. In 
a related embodiment, this instrument communicates With 
computers to provide enhanced pattern analysis and report 
generation. In a preferred embodiment, this instrument 
includes neural netWorks for “training” purposes, i.e., to 
remember chemical vapor signature patterns for fast, “on 
the-?y” analysis. 

[0092] In another embodiment, samples are collected at 
the distal end of an ET tube through a tube With a separate 
sampling port. This may improve sampling by alloWing a 
“cleaneri(less deadspace)” sample during each respiratory 
cycle. 

[0093] In certain instances, the concentration of a thera 
peutic drug in a patient body is regulated by the amount of 
the drug administered over a given time period and the rate 
at Which the agent is eliminated from the body (metabolism). 
The present invention provides the steps of administering a 
therapeutic drug to a patient and analyZing patient exhaled 
breath for concentration of therapeutic drug markers such as 
unbound substances, active metabolites, or inactive metabo 
lites associated With the therapeutic drug, after a suitable 
time period. In certain embodiments of the subject inven 
tion, the marker concentration indicates a characteristic of 
metabolism of the drug in the patient. 

[0094] Methods of the subject invention may further 
include the use of a How sensor to detect starting and 
completion of exhalation. The method further includes pro 
viding results from the analysis and communicating to the 
user or patient the blood concentration of the therapeutic 
drug. In a preferred embodiment, results from analysis can 
be communicated immediately upon sampling exhaled 
gases. 

[0095] In certain embodiments, the subject invention 
enables the immediate monitoring of therapeutic drug levels 

Jul. 19, 2007 

in a patient’s blood stream. As contemplated herein, imme 
diate monitoring refers to sampling and analysis of exhaled 
gases from a patient for target markers substantially com 
pletely Within a short time period folloWing administration 
of a therapeutic drug (i.e., generally Within a feW minutes to 
about 24 hours). 

[0096] Alternatively, in certain instances, a speci?c period 
of time must progress before a therapeutic drug concentra 
tion level in the blood stream can be detected. Accordingly, 
a system and/or method of the invention can be provided to 
a patient taking a therapeutic drug for intermittent or con 
tinuous monitoring of therapeutic drug concentrations (or 
endogenous compound markers) in the blood stream. In 
certain embodiments, the monitoring system and method of 
the subject invention can be administered to a patient taking 
a therapeutic drug on an hourly, daily, Weekly, monthly, or 
even annual basis. Further, additional monitoring can be 
administered to a patient When an additional therapeutic 
drug is prescribed. 

[0097] Moreover, a CPU may be provided as a data 
processing/control unit for automatically detecting the sig 
nal from the How sensor to control sampling of exhaled 
breath. The CPU may further provide to the user/patient the 
appropriate dosage of the therapeutic drug to be delivered 
based on analysis of trends in therapeutic drug blood con 
centration. In certain embodiments, Where the depth of 
anesthesia is to be monitored and controlled, the CPU may 
further provide the analysis and control of the infusion pump 
or other administering means for anesthetic agents. 

[0098] Depending on the mode of therapeutic drug admin 
istration, the present invention provides means for automati 
cally adjusting and administering the appropriate dosage of 
a therapeutic drug, based on blood concentration levels, to a 
patient. In certain embodiments, a CPU is provided for 
analysis and control of dosage adjusting and administering 
means. In one embodiment in Which a therapeutic drug is 
delivered intravenously, an infusion pump is used, Wherein 
the CPU provides analysis and control of the infusion pump. 

[0099] Concentration in the blood of therapeutic drug 
markers, as measured by breath analysis in accordance With 
the present invention, may indicate When the patient is 
receiving a high dose (i.e., toxic dose), a loW dose (i.e., 
ineffective dose), or effective (i.e., appropriate) dose of the 
therapeutic drug. Even if there is Wide variation in the 
metabolism or response to the therapeutic drug, knoWledge 
of the exhaled breath concentration alloWs the user to knoW 
if the drug is accumulating in the blood, possibly leading to 
dangerously toxic levels of the drug, or that the concentra 
tion is falling, possibly leading to an inadequate dose of the 
drug. Monitoring changes in therapeutic drug blood concen 
tration in accordance With the subject invention are, there 
fore, useful. 

[0100] In another embodiment, the exhalation air is mea 
sured for marker (such as endogenous compound, therapeu 
tic drug, free agent, and/or metabolite) concentration either 
continuously or intermittently/periodically. From the exha 
lation air is extracted at least one measured marker concen 
tration value. Numerous types of breath sampling appara 
tuses can be used to carry out the method of the present 
invention. 

[0101] In one embodiment, the breath sampling apparatus 
includes a conventional ?oW channel through Which exha 
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lation air ?oWs. The ?oW channel is provided With a sensor 
of the subject invention for measuring marker concentration. 
Furthermore, necessary output elements may be included 
With the breath sampling apparatus for delivering at least a 
measured concentration result to the user, if necessary. 

[0102] An alarm mechanism may also be provided. An 
instrument of similar type is shoWn in FIGS. 1 and 2 of US. 
Pat. No. 5,971,937 incorporated herein by reference. 

[0103] In another embodiment, once the level of concen 
tration is measured, it is given numerical value (for example, 
50 on a scale of 1 to 100). Should the concentration fall 
beloW that value, the neW value Would be indicative of a 
decrease in concentration. Should the concentration increase 
beyond that value, the neW value Would be indicative of an 
increase in concentration. This numerical scale Would alloW 
for easier monitoring of changes in concentration. The 
numerical scale Would also alloW for easier translation into 
control signals for alarms, outputs, charting, and control of 
external devices (e. g., infusion pump). The upper and loWer 
limits could be set to indicate thresholds such as from 
ine?‘ective to dangerous therapeutic drug levels. 

Sensor Technology 

[0104] The invention preferably utiliZes gas sensor tech 
nology, such as commercial devices knoWn as “arti?cial” or 
“electronic” tongues or noses, to non-invasively monitor 
marker concentration in exhaled breath (FIG. 2). Electronic 
noses have been used mostly in the food, Wine, and perfume 
industry Where their sensitivity makes it possible to distin 
guish betWeen odorous compounds. For example, electronic 
noses have been useful in distinguishing betWeen grapefruit 
oil and orange oil in the perfume industry and identify 
spoilage in perishable foods before the odor is evident to the 
human nose. 

[0105] In the past, there Was little medical-based research 
and application of these arti?cial/electronic tongues and 
noses. HoWever, recent use has demonstrated the poWer of 
this non-invasive technique. For example, electronic noses 
have been used to determine the presence of bacterial 
infection in the lungs by analyZing the exhaled gases of 
patients for odors speci?c to particular bacteria (Hanson C 
W, Steinberger H A, “The use of a novel electronic nose to 
diagnose the presence of intrapulmonary infection,”Anes 
Zhesiology, 87(3A):Abstract A269, (1997)). Also, a geni 
tourinary clinic has utiliZed an electronic nose to screen for, 
and detect bacterial vaginosis, With a 94% success rate after 
training (Chandiok S, et al., “Screening for bacterial vagi 
nosis: a novel application of arti?cial nose technology, 
”Journal of Clinical Pathology, 50(9):790-1 (1997)). Spe 
ci?c bacterial species can also be identi?ed With the 
electronic nose based on special odors produced by the 
organisms (Parry A D et al., “Leg ulcer odor detection 
identi?es beta-haemolytic streptococcal infection,”Journal 
of Wound Care, 41404-406 (1995)). 

[0106] A number of patents Which describe gas sensor 
technology that can be used in the subject invention include, 
but are not limited to, the following: US. Pat. Nos. 5,945, 
069; 5,918,257; 4,938,928; 4,992,244; 5,034,192; 5,071, 
770; 5,145,645; 5,252,292; 5,605,612; 5,756,879; 5,783, 
154; and 5,830,412. Other sensors suitable for the present 
invention include, but are not limited to, metal-insulator 
metal ensemble (MIME) sensors, cross-reactive optical 
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microsensor arrays, ?uorescent polymer ?lms, surface 
enhanced raman spectroscopy (SERS), diode lasers, selected 
ion ?oW tubes, metal oxide sensors (MOS), non-dispersive 
infrared spectrometer, bulk acoustic Wave sensors, calori 
metric tubes, functionaliZed microcantilevers and infrared 
spectroscopy. 

[0107] Recent developments in the ?eld of detection that 
can also be used as sensor for the subject invention include, 
but are not limited to, gas chromatography, semiconductive 
gas sensors, mass spectrometers (including proton transfer 
reaction mass spectrometry), and infrared (IR) or ultraviolet 
(UV) or visible or ?uorescence spectrophotometers (i.e., 
non-dispersive infrared spectrometer). For example, With 
semiconductive gas sensors, markers cause a change in the 
electrical properties of semiconductor(s) by making their 
electrical resistance vary, and the measurement of these 
variations alloWs one to determine the concentration of 
marker(s). In another example, gas chromatography, Which 
consists of a method of selective detection by separating the 
molecules of gas compositions, maybe used as a means for 
analyZing markers in exhaled breath samples. 

[0108] In accordance With the subject invention, sensors 
for detecting/quantifying markers utiliZe a relatively brief 
detection time of around a feW seconds. Other recent gas 
sensor technologies contemplated by the present invention 
include apparatuses having conductive-polymer gas-sensors 
(“polymeric”), aptamer biosensors, amplifying ?uorescent 
polymer (AFP) sensors, and apparatuses having surface 
acoustic-Wave (SAW) gas-sensors. 

[0109] The conductive-polymer gas-sensors (also referred 
to as “chemoresistors”) have a ?lm made of a conductive 
polymer sensitive to the molecules of odorous substances. 
On contact With target marker molecules, the electric resis 
tance of the sensors changes and the measurement of the 
variation ofthis resistance enables the concentration of the 
markers to be determined. An advantage of this type of 
sensor is that it functions at temperatures close to room 
temperature. Di?‘erent sensitivities for detecting di?‘erent 
markers can be obtained by modifying or choosing an 
alternate conductive polymer. 

[0110] Polymeric gas sensors can be built into an array of 
sensors, Where each sensor is designed to respond differently 
to different markers and augment the selectivity of the 
therapeutic drug markers. For example, a sensor of the 
subject invention can comprise of an array of polymers, (i.e., 
32 different polymers) each exposed to a marker. Each of the 
individual polymers sWells differently to the presence of a 
marker, creating a change in the resistance of that membrane 
and generating an analog voltage in response to that speci?c 
marker (“signature”). The normaliZed change in resistance 
can then be transmitted to a processor to identify the type, 
quantity, and quality of the marker based on the pattern 
change in the sensor array. The unique response results in a 
distinct electrical ?ngerprint that is used to characteriZe the 
marker. The pattern of resistance changes of the array is 
diagnostic of the marker in the sample, While the amplitude 
of the pattern indicates the concentration of the marker in the 
sample. 

[0111] Responses of polymeric gas sensors to target mark 
ers can be fully characterized using a combination of con 
ventional gas sensor characteriZation techniques. For 
example, the sensor can be attached to a computer. The 






































