Quantum Cascade Laser based
@ Breath Analysis of Human Diseases

A A Kosterev,Y. Bakhirkin, C. Roller, and F K. Tittel

Rice University
Houston, TX 77005

http:/iwww.ece nce edu/lasersci

C. Gmachl and F. Capasso
m Lucent Technologies
i 1 Murmy Hill, NJ 07974
i

« Laser Spectroscopy for Breath Analysis

+ Candidate Breath Biomarkers

+ Measurement of Exhaled NO (Compact Gas Cells)
» Measurement of CO

+ Measurement of OCS

Motivation: Laser Spectroscopy
for Breath Analysis

Laser Absorption Spectroscopy (ILAS)
- LAS provides rapid, sensitive and selective
measurements of target gases

+ LAS is capable of measuring multiple target
gases with a single laser (important for
standardizing exhaled breath analysis)

« LAS has been shown to be robust
(e.g. — aircraft measurements)

Target Gases - 1
(Immediate Candidate Markers)
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Malecule Fermuia C ey
in Bresth (ppb)

Nitric Oxide NO 6- 100 Illamanstary and wmune respanses
(e g, azthma, COPD), vascular smooth
fmscle resporse

Carben co 400 - 3000 Hyperbilsrubinenus, Smolaing resparse,

Monexide CO potsorng, vascular smooth muscle
respanse, platelet sggregation

Hydrogen H,0; 1-3 Arwyy Inflamnation,

Peroxide Omidstive stress

Causbenyl Sulfiée  OCS 100 — 1000 Laver disexse md scute allograll rejection
mhng recprents

Fermaidehyde HCHO 400 - 1500 Cancerons tumors, breast cancer
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Trace
Cenceatratisn in Bislegical/
Melecaie Format Breath (ppb) Pathology Indication
Pentane CH,(CH,,CH, 4-20 Lipid peroxidation, axidative stress
associsted with inflammatory disesses,
immune responscs, transplant rejection,
bresst and lung cancer
Ethane (=49 3-100 Lipid peroxidution end oxidative stress
Cubon Dioxide | 3CO,MCO, 4-5210' ‘Marker for Helicobacter pylon miection, GI and
tsotope ratio hepatic Runction, drug clesrances rales
Methanc cH, 1000 - 8000 | Digestive function, colonic fermentation
Ammanis NH, 100 - 500 Hepatic encephalopathy, liver cirbosis,
fasting response
Arcinme CH,COCH, 1000 - 5000 | Fasting response, disbetes mellitus
response, kdoss
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Existing Methods for Trace Gas Detection
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Direct Laser Absorption Spectroscopy
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Beer-Lambert's Law of Linear Absorption
1(vi=lp e (V)P L

«{v) - absorpton coefficient [cr! atr']; L — path length {cm)

- frequency [enr']; P,- partial pressure [atm]
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Key Characteristics of Quantum Cascade Lasers

Spectral Coverage by Diode & QC Lasers
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« Laser wavelengths cover the entire range from 3.4 to 24 um
determined by layer thickness of same materials

- High power and single frequency ( 100 mW cw, 50 mW average,
pulsed)

Continuous tuning by temperature (~10 cm’!)

or current (~3 cm’?)

Reliable, robust, and be operated with compact systems

Capable of near-room temperature operation
- Pulsed: up to +150°C (System Design)
- CW: down to -63°C (Gas Cell Design)
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Exhaled Nitric Oxide

e “Asthma is a chronic inflammatery

disorder of the lower airways...”
Working definition (NHLBL 1995)

» eNO has a strong correlation with
eosinophilic airway inflammation,
considered a hallmark of bronchial asthma

- Main Applications:

Monitoring chronic airway inflammation by
longitudinal eNO breath measurements

Monitor the effectiveness and compliance of
anti-inflammatory therapies

Exhaled Nitric Oxide — Cont’d

- 30 to 80% of ex-asthmatics develop symptoms later in life and
most have increased airway responsiveness to methacholine

+ Suggested that ongoing airway inflammation is the principal
cause of progressing airway abnormalities

+  Airway symptoms correlate poorly with airway obstruction and
indices of asthma secverity

Adaptation of “perceptiveness” for bronchoconstriction
+ van den Toom et. al. recommended:
“adolescents who seem to have outgrown asthma should

be monitored for vears after symptoms have disappeared,
... using non-invasive measurements of airway

inflammation, such as eNO levels...”

van den Toom et al., Current Opinion in Pulmonary Med , 2003

Point of Care
Exhaled Nitric Oxide instrumentation

eNO Measurement Examples
with Lead-Sait Diode Lasers

¢ Chemiluminescence
— Used for over ten years to measure eNO in both children and adults
~ FDA approval efforts are ongoing (product code MXA)
— Inter-study reproducibility issues
ATS has established recommendations for both online and offline
measurements. Stresses the need for patient to maintain constant
exhalation force

« Laser Absorption Spectroscopy (LAS)

— Used to measure eNO in both children and adults

~ Demonstrated self-calibrated operation using exhaled CO,
eliminating the need for the patient to maintain constant exhalation
pressures: important when considering a pediatric patient
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eCO, Helps to Standardize

eNO and Atmospheric NO (aNO)

eNO Measurements

eNO = 75pph
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5.year old girl with
severe asthma,
treated with
corticosteroids

Resistence (10-20 sec)

0= 64 ppb
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Ultrasensitive
Absorption Spectroscopy Techniques

eNO Detection with a Multipass Cell
and cw-Quantum Cascade Laser

« Conventional 100-meter
optical Herriott cell
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Novel Compact Gas Cell Design =~ * Advanced optical gas cell design
= +  Capable of cell volumes <10 cm®

« Enables rapid measurements of eNO
for flow independent eNO analysis

+ Can distinguish between NO
originating from airway walis or
alveolar regions
Useful in differentiating between
asthma and alveolitis

L Tsoukias et al
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CRDS Based Gas Sensor
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QC laser-based measurements of CO trace gas
above cell cultures

+ Measured CO production rates
of viable cultures of vascular
smooth muscle cells

« Achieved a detection limit of 3 @ we 10 X 0
for CO of ~20 ppb Pulsc numbcer i scarn

Measured CO production above cultured cells compared to control
measurements without cell cultures

Exhaled Carbon Monoxide
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+ Exhaled CO ts an FDA approved procedure for identification
of carboxyhemoglobin (marketing towards nconatal bilirubin diagnostics)
+ Natus Medical has received a 510(k) approval using
electrochemical cell technology [#K974805]
« While useful in many cases, is not suitable for neonatal
patients who
— are not in an open crib
~ are receiving oxygen via nasal cannula or hood

— or, have lugh breath H. content >
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H. Okuyama, Pediatrics International, 43, 8 Y 1Tyl I\T
329-333 (2001) ot

Exhaled Carbonyl Sulfide

OCS Mid-IR Absorption Spectrum

- Recent study by the T. H. Risby’s group demonstrated
elevated levels of OCS could have a diagnostic role in
the detection of acute allograft rejection in lung

transplant recipients
_ S M. Studer, et. al., J. of Heart and Lung Transplantation, 20(11), 1158-
66 (2001)
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Pulsed QC Laser Based Gas Sensor
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Acquired spectra of 13 ppm OCS
with Isotopic Selectivity
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Preliminary OCS
Concentration Measurements
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Schematic of a Portable LAS System

Summary and Future Directions

+ Quantum Cascade Laser based Trace Gas Sensors

* Compact, nable, and robust

= High sensitivity (<10*) and selectivity (3 to 300 MHz)

= Fast data acquisition and analysis

s Detected trace gases: NH,, CH,, N,0, CO,, CO, NO, H,0,
OCS, C,H,OH and isotopic spectes

+ Applications in Exhaled Breath Analysis

* eNO' asthma, and alveolitis (e g. interstitial pneumorua or
idiopathic pulmonary fibrosis)

* ET-CO: neonatal non-hemolytic hyperbilirubinemia

* OCS. acute allograft rejection in lung transplant recipients

« Future Directions

= Develop advanced compact optical gas cell for rapid eNO
analysis

» Begin clinical studies of exhaled OCS analysis

« Place a robust and portable point-of-care mid-IR laser
spectrometer in chinical setting




Target Gases -3

Coocentration in Bislegical/
Melceule Formuta Breath (pph) Pathelegy Indication
Hydrogen H;S 10-30 Heart Discases
Sulfide
Methryl CH,sH 10-30 Onl infection, hatitosis
mercaptan
Dimethyl Q28,5 2-20 Oral infection, halitosis
sulfide
Isoprene CH, = O(CHy- 40 - 400 o synthesis, scute i
CH=CH, mnfarction, ozone exposure, hemodiatysia
responae, sleep/wakefulness monitoring
Acetylene C,H, Additive Exogenous tracer to measure pulmonary
function and candisc output
Sulfiur SFg Additive Exogenous tracer to messure palmoasry
bexafluoride function
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