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1£[ HEALTH EFFECTS INSTITUTE 

The Health Effects Institute, established in 1980, is an independent and unbiased source 
of information on the health effects of motor vehicle emissions. HEI studies all major 
pollutants, including regulated pollutants (such as carbon monoxide, ozone, nitrogen 
dioxide, and particulate matter), and unregulated pollutants (such as diesel engine exhaust, 
methanol, and aldehydes). To date, HEI has supported more than 150 projects at institu
tions in North America and Europe. 

Typically, HEI receives half its funds from the U.S. Environmental Protection Agency and 
half from 28 manufacturers and marketers of motor vehicles and engines in the United States. 
Occasionally, funds from other public or private organizations either support special projects 
or provide resources for a portion of an HEI study. Regardless of funding sources, HEI exercises 
complete autonomy in setting its research priorities and in reaching its conclusions. An 
independent Board of Directors governs HEI. The Institute's Research and Review Committees 
serve complementary scientific purposes and draw distinguished scientists as members. The 
results of HEI-funded studies are made available as Research Reports, which contain both the 
Investigators' Report and the Review Committee's evaluation of the work's scientific quality 
and regulatory relevance. 
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BACKGROUND 

In many people, exposure to ozone, an irritant gas and ubiquitous air pollutant, causes reversible decreases 
in some measures of lung function, increases in airway reactivity, and the appearance of indicators of airway 
inflammation in lung fluids. Individuals having the greatest risk of developing such effects appear to be those 
who exercise or engage in moderate-to-strenuous physical activity. To estimate the health risk that ozone 
exposure may pose to humans, regulators need to know how much ozone reaches the target tissues in the 
respiratory tract. 

Measuring respiratory dose requires an instrument that (1) can monitor ozone concentrations at the airway 
opening (mouth or nose) rather than in the ambient air; (2) responds dynamically at a rapid rate relative to an 
individual's breathing rate; and (3) is sensitive enough to measure ozone levels at or below ambient levels 
(0.07 to 0.20 ppm in urban areas) for both resting and exercising subjects. With previous HEI support, Dr. 
James Ultman and his colleagues developed a rapidly responding analyzer to measure the dose of inhaled 
ozone. To use it, a subject at rest inhaled air containing a predetermined bolus dose of ozone and then exhaled 
into the instrument, which quantified the amount of ozone exhaled. By comparing the amounts of ozone 
inhaled and exhaled, the investigators calculated how much ozone had been absorbed by the respiratory tract. 
However, this first-generation instrument proved to not be suitable for measuring ozone at levels less than 0.5 
ppm or in individuals engaged in moderate-to-strenuous physical activity. HEI funded this follow-on study 
to improve the first-generation ozone analyzer by increasing its ozone sensitivity and its response time, thereby 
allowing ozone uptake to be measured at ambient levels in exercising subjects. 

APPROACH 

Dr. Ultman and his colleagues redesigned their first-generation analyzer to reduce electronic noise (interfer
ence) and improve the signal's stability. To do so, they adjusted each parameter that influenced the analyzer's 
performance: the flow ofthe air sample into the instrument, the pressure in the chamber where the air sample 
and the reactant gas mixed, the relative amounts of the reactant gas and air sample, and electronic variables 
(frequency and voltage). Through trial and error, they determined the combination of parameters that would 
produce the fastest response time, the strongest and most stable signal, and the least interference from noise. 
To evaluate the success of their modifications, they conducted a pilot test to measure ozone uptake in the 
respiratory tracts of two human subjects. 

RESULTS AND IMPLICATIONS 

The investigators made significant advances in improving their first-generation ozone analyzer. By redesigning 
that instrument, they were able to accurately measure ozone levels below 0.2 ppm. The investigators also 
improved the instrument's response time, even though they were unable to markedly reduce the interference 
from electronic noise. Further improvements in design are needed to reduce the inherent electronic noise of 
the instrument. 

Nevertheless, because of the improved response characteristics, the second-generation ozone analyzer was 
able to measure ozone respiratory uptake in a pilot test using two subjects with breathing rates corresponding 
to moderate exercise while being exposed to 0.11 ppm ozone. In its current configuration, the instrument can 
be used when the subject's maximal breathing rate is 30 breaths per minute and the exposure concentration of 
ozone is approximately 0.1 ppm or greater. Thus, using the second-generation analyzer, more detailed clinical 
studies to quantify respiratory ozone uptake in exercising human subjects should be possible. 

This Statement, prepared by the Health Effects Institute and approved by its Board of Directors, is a summary of a research project sponsored 
by HEI from 1995 to 1996. This study was conducted by Dr. James S. Ultman and colleagues of Pennsylvania State University, University 
Park, PA. The following Research Report contains both the detailed Investigators' Report and a Commentary on the study prepared by the 
Institute's Health Review Committee. 
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Improvement of a Respiratory Ozone Analyzer 

James S. Ultman, Abdellaziz Ben-Jebria, Craig S. Mac Dougall, and Marc L. Rigas 

ABSTRACT 

The breath-to-breath measurement of total respiratory 
ozone (03)* uptake requires monitoring 03 concentration 
at the airway opening with an instrument that responds 
rapidly relative to the breathing frequency. Our original 
chemiluminescent analyzer, using 2-methyl-2-butene as 
the reactant gas, had a 10% to 90% step-response time of 
110 msec and a minimal detectable concentration of 0.018 
parts per million (ppm) 03 (Ben-Jebria et al. 1990). This 
instrument was suitable for respiratory 03 monitoring dur
ing quiet breathing and light exercise. For this study, we 
constructed a more self-contained analyzer with a faster 
response time using ethylene as the reactant gas. When the 
analyzer was operated at a reaction chamber pressure of 350 
torr, an ethylene-to-sample flow ratio of 4:1, and a sampling 
flow of 0.6 liters per minute (Lpm), it had a 10% to 90% 
step-response time of 70 msec and a minimal detectable 
concentration of 0.006 ppm. These specifications make 
respiratory 03 monitoring possible during moderate-to
heavy exercise. In addition, the nonlinear calibration and 
the carbon dioxide (COz) interference exhibited by the original 
analyzer were eliminated. In breath-to-breath measurements 
in two healthy men, the fractional uptake of 03 during one 
minute of quiet breathing was comparable to the results 
obtained by using a slowly responding commercial ana
lyzer with a quasi-steady material balance method (Wiester 
et al. 1996). In fact, fractional uptake was about 0.8 regard
less of 0 3 exposure concentration (0.11 to 0.43 ppm) or 
ventilation rate (4 to 41 Lpm/m2

). 

• A list of abbreviations appears at the end of the Investigators' Report. 

This Investigators' Report is one part of Health Effects Institute Research 
Report Number 79, which also includes a Commentary by the Health Review 
Committee, and an HEI Statement about the research project. This work 
improved an ozone analyzer developed earlier by this same group of inves
tigators, as described in HEI Research Reports Numbers 39 and 69. Corre
spondence concerning the Investigators' Report may be addressed to Dr. 
James S. Ultman, Pennsylvania State University, Department of Chemical 
Engineering, 106 Fenske Laboratory, University Park, PA 16802. 

Although this document was produced with partial funding by the United 
States Environmental Protection Agency under Assistance Award R824835 
to the Health Effects Institute, it has not been subjected to the Agency's peer 
and administrative review and therefore may not necessarily reflect the views 
of the Agency, and no official endorsement by it should be inferred. The 
contents of this document also have not been reviewed by private party 
institutions, including those that support the Health Effects Institute; there
fore, it may not reflect the views or policies of these parties, and no endorse
ment by them should be inferred. 

Health Effects Institute Research Report Number 79 © 1997 

INTRODUCTION 

People exposed acutely to near-ambient levels of 03 
exhibit decrements in pulmonary function. This has been 
documented with routine spirometric tests (McDonnell et 
al. 1983), and biochemical and cellular evidence of tissue 
inflammation has been found in bronchoalveolar lavage 
fluid (Koren et al. 1989). The pulmonary function response, 
in particular, depends on exposure concentration and ex
ercise-induced ventilation rate (Tilton 1989), with consid
erable variation existing among people (McDonnell et al. 
1985). Whereas most investigators have used ambient 03 
concentration alone to characterize exposure conditions, 
Adams and colleagues (1981) hypothesized that physiologi
cal response was more closely related to the product of 
inhaled concentration, minute ventilation, and exposure 
time, a quantity they defined as the "effective dose." How
ever, their experiments indicated that this was not strictly 
true; correlation of decrements in pulmonary function with 
effective dose alone could not completely account for the 
effect of exposure concentration. Moreover, this correlation 
was steeper for women than for men (Lauritzen and Adams 
1985), suggesting that other variables such as lung size, tidal 
volume, or breathing frequency could be important. 

The use of effective dose as a surrogate for the actual dose 
to respiratory tissues does not allow for possible differences 
in the efficiency of 03 absorption between individuals or 
between different breathing patterns in a particular individ
ual. We believe that the uptake of 03 is a more appropriate 
dosimeter with which to explain the extent of functional or 
biochemical response. The determination of this net respi
ratory dose involves monitoring 03 concentration at the 
airway opening using an instrument with a dynamic re
sponse that is rapid relative to the respiration frequency. 
For the extreme case of heavy exercise, the breathing fre
quency is about 40 breaths per minute (bpm) (Gale et al. 
1985). Assuming that the measurement device must re
spond at 10 times this frequency, its 10% to 90% step-re
sponse time should be about 50 msec. 

Pearson and Stedman (1980) developed a rapidly re
sponding instrument that used a sample stream containing 
03, which continuously reacted with pure nitric oxide, 
thereby emitting infrared light. Although the 40-msec re-
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sponse time of this chemiluminescent 03 analyzer would 
be ideal for respiratory measurements, the toxicity of pure 
nitric oxide creates a potential hazard for the human subject 
and for laboratory personnel, making it impractical for 
routine use. Monitoring 03 by measuring its gas-phase 
chemiluminescent reaction with an alkene (Nederbragt et 
al. 1965) is a much safer basis for a respiratory analyzer. By 
decreasing the size of both the reaction chamber and the 
sample inlet tubing of an ethylene-based analyzer origi
nally designed for monitoring environmental 03 levels, 
Gerrity and colleagues (1988) were able to reduce response 
time from 2.2 seconds to 670 msec. Uptake measurements 
with this analyzer required restricting a subject's breathing 
frequency to 24 bpm or less, a frequency characteristic of 
light exercise. Even so, the time-varying 03 concentration 
data were not sufficiently accurate to allow exact breath-to
breath calculations of uptake. 

Ben-Jebria and associates (1989, 1990) designed a chemi
luminescent analyzer that incorporated a needle valve to 
control the sampling flow, and utilized 2-methyl-2-butene 
as the reactant gas because it reacts rapidly with 03. This 
instrument achieved a response time of 110 msec, which is 
adequate for respiratory measurements during quiet breath
ing or light exercise. However, its output signal was influ
enced by the presence of COz in the air sample, and its 
calibration became nonlinear below 0.1 ppm 03. Gerrity 
and colleagues ( 1 995) eliminated these undesirable per
formance characteristics by employing ethylene as the reac
tant gas in an analyzer that was patterned after Ben-Jebria's 
device in all other respects. This device had a response time 
of 240 msec, which was suitable for the 03 uptake measure
ments that these investigators made during quiet breathing 
but would not be sufficiently responsive at the higher 
ventilatory frequencies corresponding to exercise. 

In this handful of attempts to develop a safe analyzer to 
measure 0 3 dosimetry in humans, none has achieved a 
dynamic response that is adequate for measuring breath-to
breath 03 uptake at the respiration frequencies encountered 
when people exercise at moderate or heavy levels. 

SPECIFIC AIMS 

Under a previous HEI research agreement, we developed 
a fast-responding chemiluminescent 03 analyzer that is 
suitable for monitoring 03 concentration in people who are 
inhaling and exhaling 03 at rest or during light exercise 
(Ultman and Ben-Jebria 1991). To use this device during 
moderate and heavy exercise, we needed to improve its 
performance characteristics. During the 16-month period of 
this research agreement, our specific aims were to build a 
new 0 3 analyzer that would exhibit (1) a decrease in the 
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step-response time from 110 msec to 50 msec, and (2) an 
increase in the signal-to-noise ratio from 9:1 to 30:1 at 0.1 
ppm 03. In redesigning our original chemiluminescent 
analyzer to achieve these performance goals, we employed 
ethylene in place of 2-methyl-Z-butene as the reactant gas; 
we optimized the inlet gas flows and chamber pressure; and 
we consolidated the analyzer components so they could fit 
in a small instrument cabinet. 

The project was divided into three Phases, each requiring 
about 5 months to complete. In Phase I, preliminary tests 
were performed using the original analyzer to determine 
near-optimal specifications for the improved analyzer. In 
Phase II, a totally new self-contained analyzer was designed 
and constructed. In Phase III, this instrument was tuned for 
optimal performance. We also performed an additional 
experiment-that was not planned in the research proposal. 
We incorporated the newly constructed analyzer into an 
inhalation exposure system, and measured the breath-to
breath uptake of 03 during rest and exercise in two healthy 
men. 

METHODS AND STUDY DESIGN 

DESIGN RATIONALE 

In our original chemiluminescent analyzer, 0.005 Lpm of 
pure 2-methyl-Z-butene was continuously combined with 
a 0.400-Lpm sample of respired gas in a 10-mL reaction 
chamber operated at ZOO torr. By detecting the emitted 
visible light with a photomultiplier tube (PMT) coupled to 
a high-gain electrometer, a 10% to 90% step-response time 
of 110 msec was achieved with a minimal detectable 03 
concentration of 0.018 ppm (Ben-Jebria et al. 1990). In 
developing a new analyzer, the 2-methyl-Z-butene was re
placed with ethylene to improve the linearity ofthe calibra
tion as well as to eliminate the influence of COz on the 
output signal. In a previous comparison of these two alke
nes, we found that they produced similar signal-to-noise 
ratios, but the step-response time for ethylene was five 
times longer than for 2-methyl-z-butene (Ben-Jebria and 
Ultman 1989). It should be possible, however, to improve 
dynamic response by increasing the gas-sampling and eth
ylene flow rates, particularly during exercise conditions 
when the rate of respired air flow is relatively rapid. 

The original analyzer consisted of five separate compo
nents: a reaction chamber coupled to a PMT housing, an 
electrometer with a self-contained adjustable low-pass fil
ter, a PMT bias voltage supply, a pair of flowmeters to 
measure gas flows, and a vacuum pump fitted with a vac
uum-control valve. In Phase II of this project, we con
structed a new instrument in which the reaction chamber, 
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electrometer, voltage supply, and flowmeters were mounted 
in a single cabinet (Figure 1; broken lines). In addition to 
protecting the critical components of the device and en
hancing its portability, this physical design had two fea
tures aimed at improving analyzer performance. First, we 
replaced the stand-alone electrometer with one that is inte
grated into the PMT housing to reduce electronic noise. 
Second, we installed a ventilation fan in the cabinet, which 
should improve the thermal stability of the analyzer. 

ANALYZER PERFORMANCE TESTS 

In testing both the original and the new chemilumines
cent analyzers, we relied on two standard performance 
tests. In the static calibration test, the gas-sampling line was 
directly connected to a standard ultraviolet 03 source 
(Model 49PS, Thermoenvironmental, Franklin, MA), and 
the analyzer output was recorded in digital form at various 
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Figure 1. Diagram of the respiratory chemihunescent analyzer. A continu
ous flow of respired air [1] is admitted into a high-resistance metering valve 
[2] and travels along a narrow-bore Teflon inlet tube. Pure alkene enters from 
a pressure-regulated gas cylinder [3] through a flowmeter-valve assembly [ 4]. 
The two gas streams mix in a low-volume stainless-steel reaction chamber 
[5] kept at a constant vacuum by a pump-valve combination [6]. Chemilumi
nescence is detected by a PMT [7] biased by a high voltage supply [8]. The 
PMT output current is converted to voltage by an electrometer [9] and then 
electronically filtered [10] to arrive at the final signal [11]. ill the original 
analyzer, the numbered components were individual, self-contained units. 
ill this analyzer, the electrometer was integrated into the PMT housing, and 
all the components within the broken lines were mounted in a single metal 
cabinet. 

03 concentrations from 0.02 to 1.0 ppm. The time average 
of the output, hereafter designated as the "signal" or S, and 
the root-mean-square of the output, hereafter designated as 
the "noise" or N, were numerically computed from these 
digital recordings (Figure 2). A static calibration line was 
determined by linearly regressing the signal with the corre
sponding 03 concentrations. In the test for dynamic step
response time, the air-sampling line was connected to the 
outlet of a three-way solenoid valve (Series 1, General 
Valve, Fairfield, NJ) that could rapidly switch its inlet 
between room air and the ultraviolet 03 source. The ana
lyzer output then was recorded in digital form as the valve 
was switched from 0.5 (or 0.1) ppm 03 in air to room air, 
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Figure 2. Static calibration test. The signals, electronically filtered at F = 8 
Hz, were recorded at optimal operating conditions (P = 350 torr, X= 4, VA 
= 0.6 Lpm, BV = -800 V) when the sampling line was connected to a source 
of constant 03 concentration. (A) The signal was computed as the time 
average of the PMT current. (B) S:N was computed as the ratio of the signal 
to the root-mean-square of the current. Each data point results from a single 
recording of analyzer output. 
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and then back to 0.5 (or 0.1) ppm 03 in air (Figure 3). To 

determine the analyzer response in an objective fashion, a 
computer code was developed to search the digital record
ings for those times when the analyzer output increased by 
10% and by 90% from its initial level to its final level. 

In both of these performance tests, the analyzer output 
was digitized at a sampling rate of 200Hz, and stored on a 
data acquisition system (570 DAS, Keithly, Taunton, MA). 
The following performance parameters were routinely 

computed from the test data: 

SEN= sensitivity, the slope of the static calibration line 
(nA/ppm); 

S:N = signal-to-noise ratio, (mean)/(root-mean-square) of 
the digitized analyzer output; and 

RT = response time, time (t) for the stepped output signal 
to rise from 10% (ho) to 90% (t9o) of its final level (msec). 

To optimize the value of these performance parameters, 
three operating parameters and two electronic parameters 

could be varied: 

VA = inlet flow to the analyzer of the respired air sample 

(Lpm); 
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Figure 3. Dynamic performance test. These unfiltered signals were recorded 
at optimal operating conditions (P = 350 torr, X= 4, VA= 0.6 Lpm, BV ~ -800 
V) when the sampling line was connected to a three-way solenoid valve, 
which rapidly switched back and forth from 0.5 ppm O, to room air. Analyzer 
transport delay was determined as the time elapsed from switching the valve 
until the signal first exhibited a decline (to= 295 msec). Response time was 
measured as the time required for the signal to rise from 10% to 90% of its 
final steady value (RT = tgo- ho = 75.3 msec). 
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X = ratio of the inlet flow of ethylene to the inlet flow of 
03-containing air sample; 

P =absolute pressure in the reaction chamber (torr); 

F = cut-off frequency of the low-pass filter (Hz); and 

BV =bias voltage ofthe PMT (V). 

In Phase I of the project, we used the original analyzer to 

confirm that performance could be improved by using 

ethylene as the reactant gas. First, we modified the analyzer 

by replacing the 2-methyl-2-butene source with a com

pressed source of pure ethylene. Then, with the electronic 

parameters fixed at F =6Hz and BV = -700 V, an experi

menter varied VA from 0.2 Lpm to 1.0 Lpm, X from 0.8 to 

5.2, and P from 160 torr to 440 torr. These variations were 

conducted in a trial-and-error fashion with the objective of 

finding a combination of VA, X, and P that would give the 

smallest value of RT and the largest value of S:N. The best 

performance, SEN= 6, 9 nA/ppm, S:N = 20:1, and RT= 80 msec 

at 0.5 ppm, occurred at an operating condition of VA = 0.55 

Lpm, X= 3.5, and P = 410 torr. 

In Phase III of the project, the performance of the new 
analyzer (constructed in Phase II) was optimized in a series 
of operating and electronic tests. In all of these tests, the 
electrometer was set at its maximal gain of 108 VIA. Three 

operating tests were carried out with electronic parameters 
fixed at BV = -800 V and F~oo (i.e., unfiltered signal). In 
the pressure test, VA was set at 0.55 Lpm, X was set at 3.5, 

and analyzer peformance was evaluated at different P val

ues between 200 and 500 torr. In the flow ratio test, VA was 

set at 0.6 Lpm, P was set at 350 torr, and performance was 
evaluated at alternative values for X between 1.0 and 4.5. 
In the air sample test, X was set at 4, P was set at 350 torr, 
and performance was evaluated at different levels of VA 

between 0.2 and 0.8 Lpm. 

Two electronic tests were conducted in Phase III with the 
operating parameters fixedatP= 350torr,X = 4, and VA= 0.60 

Lpm. In the bias voltage test, the unfiltered electrometer 
output was recorded at BV ranging from -400 to -1000 V. 
In the filter test, BV was fixed at -800 V and performance 
was determined when the electrometer output was smoothed 
with a four-pole low-pass analog filter at alternative F values 
from 8 to 50 Hz. 

Once optimal operating and electronic settings were 
obtained, the analyzer was tested for COz interference by 
recording two static calibrations, first with air (i.e., 20% Oz 
and 80% nitrogen [Nz]) as the feed gas to the standard 03 
source, and then with a feed gas similar to an exhaled breath 
(i.e., 5% COz, 15% Oz, and 80% Nz). Finally, we evaluated 
the stability of the analyzer by determining its static cali
bration every 60 minutes during continuous operation for 

6 hours. 



J.S. Ulbnan et al. 

HUMAN SUBJECT DEMONSTRATION TEST 

To test the new instrument in a typical dosimetry experi
ment, we continuously monitored the respired flow and 0 3 
concentration of two healthy nonsmokers (Table 1) in an 
exposure protocol approved by the Biomedical Committee 
of the Pennsylvania State University Office for Regulatory 
Compliance. Each subject alternately breathed 0.11 or 0.43 
ppm 03 while at rest or exercising on a bicycle ergometer 
(Monarch 850, Quinton Instruments, Seattle, WA) at work
loads of 120 or 160 W. For purposes of comparison, 0.12 ppm 
is the National Ambient Air Quality Standard (NAAQS) en
forced by the federal government. 

The subjects breathed orally through a mouthpiece as
sembly that originated from a two-way nonrebreathing 
valve containing a common port, an inspiratory inlet port, 
and an expiratory outlet port (2700, Hans Rudolph, Kansas 
City, MO). The common port was connected to a pneumo
tachograph (#2, Fleisch, Lausanne, Switzerland) that was 
fitted at its opposite end with a plastic mouthpiece. The 
inspiratory port was connected to a 30-L exposure dome 
containing the desired 03-air mixture (Asplund et al. 1996), 
and the expiratory port was exhausted to the room. The 
sampling line of the 03 analyzer was connected distally to 
the pneumotachograph at a distance of 1 em proximal to the 
plastic mouthpiece; the differential pressure across the 
pneumotachograph was detected by an electromagnetic 
transducer (MP45, Validyne Engineering, Northridge, CA). 
The voltage signals from both the analyzer and pressure 
transducer were digitally recorded at 100 Hz by a data 
acquisition system (DAS1602, Keithly, Tauton, MA) driven 
by a personal computer (P5-120, Midwest Micro, Fletcher, 
OH). 

Just before an experiment, the pneumotachograph was 
calibrated with a source of constant air flow, a static cali
bration of the 03 analyzer was performed, and the concen
tration of 03 in the exposure dome was stabilized at the 
desired level. While at rest on the bicycle ergometer, the 
subject breathed the 03-air mixture through the mouthpiece 
assembly, and a continuous recording of respiratory flow 
and 03 concentration was made for 60 seconds. The subject 
then pedaled the ergometer at a 120-W workload for 15 

Table 1. Characteristics of Tested Human Subjectsa 

Subject 

1 
2 

Age Height Weight 
(yr) (em) (kg) 

43 
50 

163 
173 

60 
68 

FVC 
(L) 

4.3 
5.5 

FEV1 FEV1/FVC 
(L) (%) 

3.4 
3.7 

79.1 
67.3 

a FVC = forced vital capacity; and FEV1 = forced expiratory volume in 1 
second 

minutes, at the end of which a 30-second recording of flow 
and 03 concentration was made. The ergometer load was 
then increased to 160 W and, after 15 more minutes of 
exercise by the subject, a final30-second recording of flow and 
03 concentration was made. We repeated this procedure with 
the individual inhaling 03 at levels of 0.11 or 0.43 ppm. 

Data processing consisted of shifting the 03 signal to 
account for the 295 msec transport delay of the analyzer; 
multiplying the flow and concentration signals by their 
respective calibration constants; and continously integrat
ing [respired gas flow] x [03 concentration] with respect to 
time to determine 03 uptake. The calibrated flow signal also 
was integrated with respect to time to determine the instan
taneous respired volume and the minute volume. 

RESULTS 

ANALYZER DESIGN 

The heart ofthe new analyzer was the custom-machined 
reaction chamber (Figures 1 and 4). The 10-mL gas space 
internal to the chamber was maintained at a constant hypo
baric pressure by an external vacuum pump (1004AC, Al-

1.25 D X 0.5 
REACTION WELL 

PROD. RESEARCH 
1.125 D AMBIENT PMT 

HOUSING 

VACUUM 
SAMPLE 

ETHYLENE 

TEFLON 
SEALS 

2.125 D X 0.093 
QUARTZ WINDOW 

Figure 4. Chemiluminescent reaction chamber. The stainless-steel reaction 
chamber had an internal volume of 10 mL. The quartz window retaining ring 
and PMT housing each were fastened to the main steel block by three 
machine screws (not shown). All dimensions are given in inches. D refers to 
diameter. 

5 



katel, Hingham, MA) fitted with a bellows valve (55-8BW, 
Nupro, Willoughby, OH). Pure ethylene was supplied at a 
pressure close to 1 atmosphere (atm) by an L-type gas 
cylinder fitted with a two-stage pressure regulator. The air 
sampling stream was drawn through a 135-cm long x 0.32-
cm i.d. Teflon tube fitted at its upstream end with a meter
ing valve (S-series Needle Valve, Nupro, Willoughby, OH). 
The ethylene and air-sampling streams entered the cham
ber through a mixing tee. By virtue of the small diameter 
port through which ethylene entered, this gas stream was 
accelerated and thoroughly mixed with the air stream. 
Immediately after exiting the mixing tee, the combined 
gases were swept across the surface of a quartz window 
(Suprasil, NSG Precision Cells, Farmingdale, NY) through 
which emitted visible light was detected by a 29-mm-di
ameter head-on PMT tube (R268, Hamamatsu, Bridgewater, 
NJ). 

With the exception of the sample inlet line, the vacuum 
pump, and the ethylene source, all components of the 
analyzer were contained in a cabinet 48 em x 53 em x 18 
em (Figure 5). The vacuum pump and ethylene connections 
and the signal output were located on the rear panel of the 
cabinet (not shown). The analyzer controls and readouts 
were accessible on the fran t panel of the cabinet (Figure 6). 
The downstream end of the Teflon sampling line was con-

® ® 

0 

®I ~ ® 
@8 II Q 

~ 
II 

53 em 

7 

II 
II 

II 

u 

FRONT 

~-----------------48 em------------------~ 

Figure 5. Internal layout of the new analyzer. This top view of the chassis 
indicates the approximate position and orientation of the major components 
of the analyzer. [1] Custom-machined reaction chamber; [2] PMT mount and 
[3] electrometer circuitry integrated into a single enclosure {PR1120RF004, 
Products for Research, Danvers, MA); [4]low-pressure regulator for ethylene 
supply {R07-200-RGA, Norgren, Export, PA); [5] absolute pressure transducer 
for monitoring vacuum in the reaction chamber {PX176-015A5V, Omega 
Engineering, Stamford, CT); [6] exhaust vent for circulating air; [7] printed 
circuit electronics board containing [7-A] modular high-voltage supply for 
biasing the PMT {C1309-06, Hamamatsu, Bridgewater, NJ), and [7-B] four
pole low-pass Butterworth analog filter for smoothing electrometer output 
{824L8B, Frequency Devices, Haverhill, MA); [8] 5V/12V DC voltage supply 
for powering electronics {ATV251, Astec, Carlsbad, CA); and [9] AC air fan 
{MuffinXL, Comair Rolon, San Ysidro, CA). 
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nected to the Sample Port. To check the sampling flow, the 
air-metering valve at the upstream end of the Teflon sam
pling line was periodically connected to the Sample ro
tameter (1-Lpm Visifloat Flowmeter, Dwyer, Michigan 
City, IN). Ethylene flow was regulated with the Ethylene 
Adjust valve (S-series Needle Valve, Nupro, Willoughby, 
OH), and monitored with the Ethylene rotameter (4-Lpm 
Visifloat Flowmeter, Dwyer, Michigan City, IN). The PMT 
BV could be regulated continuously from 0 to -1000 Vwith 
the Bias Adjust potentiometer and monitored with the PMT 
Bias digital panel meter (PM452, Nonlinear Systems, San 
Diego, CA). The Gain switch allowed amplification of the 
electrometer at 105

, 106
, 107

, or 108 V/A, but the gain was 
set at its maximal value of 108 VI A at all times in this study. 
The Filter switch set the frequency of the analog low-pass 
filter at 8, 25, or 50 Hz, or the filter could be bypassed (i.e., 
F~oc). The Cell Pressure meter (DP3002-E, Omega Engi
neering, Stamford, CT) displayed the reaction chamber 
pressure, and the PMT Output panel meter (F35-1-13-Q, 
Simpson, Fort Worth, TX) displayed the signal from the 
analog filter. 

The offset control for the electrometer was internal to the 
PMT enclosure; thus the analyzer cabinet had to be opened 
to zero the signal. We rejected having a separate buffer 
amplifier to allow us to zero the electrometer output signal 
from a front panel control because of the electronic noise it 
might have generated. 

PERFORMANCE DATA 

Data from the Phase III operating tests of the newly 
constructed analyzer are shown in Figures 7, 8, and 9. In 
the reaction chamber pressure test (Figure 7). values of S:N 

and RT both increased as P increased, indicating that an 
improvement in resolution would come at the expense of 
dynamic response. A pressure of 350 torr gave a reasonable 
balance between these two performance goals. In the flow 
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8 em 
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25 50 00 

liCE~ ?R?s~EJ I B-0' 
FILTER 

6107 8 @ 

II o.ooll,;50-0'
10 ETHYLENE 1 

ADJUST. 

POWER 
PMT OUTPUT GAIN 

@ 
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Figure 6. Front panel layout of the new analyzer. The front panel of the 
instrument included the controls and displays necessary to regulate the 
ethylene and air-sampling flows, the PMT bias voltage, the electrometer gain, 
and the analog low-pass filter. 
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ratio test (Figure 8), S:Nwas virtually constant whereas RT 
decreased with X. Because RT leveled off at X = 4, this 
became the appropriate value to use for the ethylene:air 
flow· ratio. In the air sample test (Figure 9), S:N increased 
and RT decreased with VA, indicating that resolution and 
dynamic response time could both be improved by increas
ing the inlet air flow. To minimize disturbance of the 
respired gas stream, however, it was best to limit VA to 0.6 
Lpm, the value at which RT appeared to level off. 
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Figure 7. Reaction chamber pressure test. The effect of P on performance 
was determined from the unfiltered signals when X= 3.5, VA = 0.55 Lpm, 
and BV = -BOO V. Each data point represents the average of five replicate 
measurements, and the vertical bars indicate the SD around the average (in 
the absence of bars, the SD is less than the diameter of a data point). The solid 
curves on the SEN (panel A) and RT (panel C) plots are the least-squares 
regression of Equations 1 and 2 to the data points. The interrupted curves on 
the S:N (panel B) plot have no theoretical basis. 

An interesting aspect of these unfiltered performance 
data is the parallel behavior of S:N and SEN illustrated by 
Figure 10. The fact that S:N was uniquely correlated with 
SEN independent of P, X, and VA suggests that noise primarily 
was due to the PMT and the electrometer rather than to 
fluidics in the inlet tubing and the reaction chamber. Fur
thermore, the increase in S:N that occurred as SEN in
creased indicates that background interference is an 
important component of the noise. 

The Phase III electronic tests were conducted at the 
optimal conditions of P = 350 torr, X= 4, and VA= 0.6 Lpm 
determined in the operating tests. From the PMT bias volt-
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Figure B. Flow ratio test. The effect of X on performance was determined 
from the unfiltered signals when VA= 0.6 Lpm, P = 350 torr, and BV =-BOO 
V. Each data point represents the average of five replicate measurements, and 
the vertical bars indicate the SD around the average (in the absence of bars, 
the SD is less than the diameter of a data point). The solid curves on the SEN 
(panel A) and RT(panel C) plots are the least-squares regression of Equations 
1 and 2 to the data points. The interrupted curves on the S:N (panel B) plot 
have no theoretical basis. 
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age test (Figure 11), it was apparent that instrument resolu
tion was dramatically improved by decreasing BV to a value 
of-900 V. In practice, BV should be limited to-800 Vbecause 
of the appearance of high frequency spikes at more negative 
values (data not shown). In the analog filter test (Figures 12 
and 13), both S:N and RT increased with decreasing F, 
indicating the trade-off between resolution and dynamic 
response caused by electronic smoothing of the signal. In 
the continuous monitoring of respired air, in which dy
namic response had a higher priority than resolution, ana-
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Figure 9. Air sample test. The effect of VA on performance was determined 
from the unfiltered signals when X= 4, P = 350 torr, and BV = -800 V. Each 
data point represents the average of five replicate measurements, and the 
vertical bars indicate the SD around the average (in the absence of bars, the 
SD is less than the diameter of a data point). The solid curves on the SEN 
(panel A) and RT (panel C) plots are the least-squares regression of Equations 
1 and 2 to the data points. The interrupted curves on the S:N (panel B) plot 
have no theoretical basis. 
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log filtering at 8 Hz was best. In the filter test, a smaller RT 
value was associated with a 0.1-ppm rise in 03 level than 
with a 0.5-ppm rise, an unexpected observation that sug
gested that the dynamic behavior ofthe analyzer was non
linear. 

The COz interference test was carried out with the oper
ating parameters set at their optimal values. In the absence 
of COz, the slope and intercept ofthe calibration line were 
11.70 ± 0.01 nA/ppm and 0.09126 ± 0.01432 nA, respec
tively. In the presence of COz, the corresponding values 
were 11.62 ± 0.01 nA/ppm and 0.07359 ± 0.01369 nA. These 
results suggest that interference from the presence of COz 
in expired air should be negligible. 

The stability test also was conducted at the optimal 
operating conditions. During the six hours of this test, the 
temperature varied randomly between 25.2° and 25.6°C . 
The value of SEN also varied randomly from 13.30 to 13.17 
nA/ppm, but the intercept of the calibration line varied 
more systematically from 0.0350 nA at the beginning to 
0.0659 nA at the end of the experiment. Therefore, the 
sensitivity of the instrument was very stable, but the zero 
reading drifted in six hours by a current equivalent to 0.002 
ppm. The correlation coefficients for all seven of the cali
bration lines in this test were 0.9997 or better, indicating 
that the linearity of the analyzer was nea.rly perfect. 
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Figure 10. Relationship between S:N and SEN at 0.1 and 0.5 ppm Oa. This 
is a cross-plot of the data points from Figures 7, 8, and 9. At a particular 03 
concentration, the relation between S:N and SEN is independent of the three 
operating parameters, P, X, and VA· This suggests that the noise is primarily 
electronic in origin. 
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Table 2 summarizes the optimal performance charac
teristics and the corresponding operating conditions for 
both the new and the old analyzers. The dynamic response 
time, in particular, was improved by increasing the sample 
flow (VA) into the reaction chamber (Figure 9). When in
creasing VA. we wanted to be reasonably certain that res
piration would not be disturbed by the sampling process 
itself. Even at the smallest respired flow expected during 
quiet breathing, about 12 Lpm, the 0.6-Lpm sampling flow 
of the new analyzer should be sufficiently small to avoid 
such a disturbance. 

HUMAN SUBJECT DATA 

Ozone uptake was measured in two human subjects 
while at rest and after pedaling a bicycle ergometer at 
alternate work loads of 120 and 160 W. The 120-W work 
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Figure 11. PMT bias voltage test. The effect of BV on performance was 
determined from the unfiltered signals when X= 4, VA = 0.6 Lpm, and P = 
350 torr. Each data point represents the average of five replicate measure
ments, and the vertical bars indicate the SD around the average (in the absence 
of bars, the SD is less than the diameter of a data point). 

load elicited ventilation rates from 19 to 24 Lpm/m2 ofbody 
surface area. For the middle-aged men in this study, this 
was considered to be light-to-moderate exercise. The 160-W 
work load resulted in ventilation rates from 38 to 41 
Lpm/m2 of body surface area, corresponding to moderate
to-heavy exercise. 

Ozone concentration, respired flow, and respired volume 
signals for a representative series of breaths obtained during 
a 0.11-ppm-03 exposure at 160 W of exercise are shown in 
Figure 14. Even at this relatively low 03 concentration and 
high level of exercise, the noisiness and responsiveness of 
the 03 analyzer and pneumotachograph signals were simi
lar. Because the pneumotachograph is an instrument widely 
accepted for measuring respired flow in exercising subjects, 
this indicated that the performance of the chemilumines
cent analyzer is adequate for its intended application. As 
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Figure 12. Analog filter test. The effect ofF on performance was determined 
at optimal operating conditions (P= 350 torr, X= 4, VA= 0.6 Lpm, BV = -800 
V) for the four-pole analog filter internal to the instrument (unfilled symbols) 
and for an external eight-pole digital filter (filled symbols). Each data point 
represents the average of five replicate measurements, and the vertical bars 
indicate the SD around the average (in the absence of bars, SD is less than 
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shown in Figure 14, there is a delay of about 150 msec 
between the respiratory flow reversal (dotted lines) and the 
sharp inspiratory rise in 03 concentration. Because the 
transport delay of the analyzer was taken into account in 
constructing this figure, the additional150 msec represents 
the transport delay through the dead space of the mouth
piece assembly. Judging from the lower graph, the volume 
ofthis dead space is about 175 mL, which is consistent with 
the actual volume of the Hans Rudolf valve and the pneu
motachograph. 

Figure 15 compares the integrated product of [03 concen
tration] x [respired gas flow] during rest, during 120-W 
exercise, and during 160-W exercise. With the gas-sampling 
line located near the subject's lips, this integral represents 
the cumulative amount of 03, relative to time zero, that is 
delivered to the gas space of the lung. Because the time
varying concentration patterns within the gas space are 
reproducible from breath to breath, the value of the integral 
at the beginning of any inspiration corresponds to the 
cumulative uptake of03 into respiratory mucosa since time 
zero. As expected, 03 uptake is directly affected by the 
exercise workload. 

Each individual breath represented in Figure 15 exhibits 
a characteristic pattern; a peak value of03 uptake is reached 
during inhalation, followed by a slight decline and then by 
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Figure 13. Effect of analog filtering on dynamic signals. These filtered signals 
were obtained in the dynamic response test at 0 3 concentrations of 0.5 ppm 
(upper panels) and 0.12 ppm (lower panels) when the analyzer was operated 
at optimal conditions (P = 350 torr, X= 4, VA= 0.6 Lpm, BV = -800 V). 
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a plateau during exhalation. The rising portion of a breath 
corresponds to the cumulative transport of03 into the lungs 
during inhalation. Initially during exhalation, 03leaves the 
conducting airways, leading to a decline in the curve. As 

Table 2. Achievement of Performance Goalsa 

0.1 ppm 03 0.5 ppm 03 

Goal Old New Goal Old New 

RT(msec) 50 70 50 110 90 
S:N 30:1 9:1 11:1 28:1 24:1 

a Operating conditions: P = 200 torr, VA= 0.4 Lpm, X= 0.01, F =6Hz for the 
old analyzer; and P = 350 torr, VA = 0.6 Lpm, X= 4, F =8Hz for the new 
analyzer. 
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Figure 14. Breath-by-breath data for subject 1. Oral exposure to 0.11 ppm 03 
at an exercise workload of 160 W. The 0 3 concentration data have been 
shifted to correct for the 295 msec transport delay of the analyzer, as 
determined in the dynamic performance test (Figure 3). The vertical dotted 
lines correspond to the reversal from exhalation (- respiratory flow) to 
inhalation(+ respiratory flow). 
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the anatomical dead space is washed out by alveolar air that 
is free of 03, the curve levels off. This pattern in the 
cumulative uptake curves implies that the fractional uptake 
of inhaled 03 during a single breath was less than 1.0. 

Table 3 summarizes both the uptake rate and the frac
tional uptake per breath. Uptake rate was obtained by 
dividing the cumulative uptake obtained from a series of 12 
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Figure 15. Continuous uptake for subject 1 during oral exposure to 0.11 ppm 
03. Uptake was determined as the running integration of [03 concentration] 
x [respired gas flow] with respect to time. 

to 15 breaths by the corresponding time period. Fractional 
uptake was obtained by determining the integral of [03 
concentration] x [respired gas flow] separately during the 
inspiratory and expiratory phases of the breaths. As ex
pected, the uptake rate increased with minute volume and 
exposure concentration, as well as exercise level. However, 
for the two subjects tested, there appeared to be no system
atic variation in fractional uptake with ventilation rate or 
with exposure concentration. 

DISCUSSION 

ANALYZER PERFORMANCE 

In the chemiluminescent respiratory 03 analyzer (Figure 
1), an ozone-containing air sample [1-2] is continiwusly 
mixed with a stoichiometric excess of pure ethylene [3-4] 
in a reaction chamber [5] maintained at a constant hypo
baric pressure by a vacuum pump [6]. When 03 and ethyl
ene combine, they form a high-energy intermediate that 
emits light during its spontaneous transformation into a 
stable aldehyde. This chemiluminescent process is par
tially quenched by diluent gas molecules such as nitrogen 
and oxygen that compete for reaction with the intermediate. 
Because the 03-ethylene luminescence has a wavelength of 
300 to 600 nm, it can be continuously detected by a PMT 
having broad spectral sensitivity to visible light [7-11]. 

Performance tests were carried out to maximize dynamic 
response time and resolution by manipulating reaction 
chamber pressure, P; the ethylene to sample flow ratio, X; 
and sample flow, VA· As an aid for interpreting results, we 
developed a mathematical model (Appendix A) similar to 
the one published by Mehrabzadeh and colleagues (1983). 
The key assumption in the model is that the gas in the 

Table 3. Ventilation and Uptake Parameters in Human Subject Experiments 

Ventilation Rate Frequency 03 Uptake Fractional 
(Lpm) (bpm) (nmol/min) Uptake 

Workload Subject Subject Subject Subject Subject Subject Subject Subject 
03 (ppm) (W) 1 2 1 2 1 2 1 2 

0.11 0 8.3 7.4 12.7 11.8 15.2 12.4 0.76 0.80 
120 35.4 35.0 31.0 26.1 67.9 71.1 0.67 0.78 
160 63.7 74.5 31.7 36.4 148.0 164.2 0.75 0.78 

0.43 0 9.0 9.4 13.5 17.0 75.6 61.8 0.81 0.69 
120 39.1 34.2 25.7 27.4 375.4 316.2 0.77 0.77 
160 61.5 72.2 32.5 33.8 625.6 758.4 0.76 0.79 
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reaction chamber is perfectly mixed. It follows from model 
Equations AlO and All that the 10% to 90% response time 
is given by: 

RT= 
2.20 [k1C(PIP;)XI(1+X) + (1+X)(VAIV)(P;IPJr1 (1) 

where k1 is the rate constant of the 03-ethylene reaction, C 

is the molar gas density at the atmospheric inlet pressure, 
P;, and V is the reaction chamber volume. A nonlinear 

regression of RT data (Figures 7, 8, and 9) to Equation 1 was 
performed by using a nonlinear optimization algorithm 
(Excel 5.0 Solver, Microsoft Corp.) for minimizing the 
summed square error. The results were not satisfactory 
when k1 was employed as the only adjustable parameter. 
When V and k1 were treated as adjustable parameters, 
however, a reasonable regression was obtained (Figures 7, 
8, and 9; continuous curves). The best estimate of V = 5.13 
mL was smaller than the actual reaction chamber volume 
of 10 mL. This probably was due to stagnation regions, 
peripheral to the main sweep flow in the reaction chamber, 
that did not substantially contribute to chemilumines
cence. The best estimate of k1 = 1.17 x 10-18 mL/molec-sec 
was similar to the value of 1.9 x 10-18 mL/molec-sec pre

viously reported (Japar et al. 1974). 

Equation 1 indicates that RT is inversely proportional to 
the sum of k1C(PIP;)XI(1+X), the characteristic 0 3 reaction 
rate, plus (l+X)( VAIV)(P;IP), the characteristic gas transit 

rate through the reaction chamber. The decrease in the RT 

measurements observed when X increased (Figure 8) re
sulted from an increase in reaction rate as well as transit 
rate, but the decrease in RT associated with an increase in 
VA (Figure 9) only could have resulted from an increase in 

the transit rate. The increase in RTprompted by an increase 
in P (Figure 7) demonstrates that the transit rate had a 
stronger influence on RT than did the reaction rate. 

The sensitivity of the analyzer can be predicted from 
model Equation AlO as J:Co;, which is the ratio of [the 
intensity of emitted light per unit volume of reacting gas (I)] 
to [the molar 03 concentration at the analyzer inlet (Co;)] 

reached at steady state (i.e., very large values oft). 

SEN= [(KVART/2.20)(k1CXPIP;)/(1+X)] X 

[1 + (kzCPIP;)I(1+X)r1 (2) 

where kz is a quenching constant, and K is a proportionality 
constant that accounts for the transduction of light intensity 
into an electrical output current. A nonlinear least
squares regression of SEN data to Equation 2 gave reason
able results (Figures 7, 8, and 9) when K and kz were treated 
as adjustable parameters whose best estimates were 3.96 
nA-sec/ppm-mL and 4.77 x 10-20 mL/molec, respectively. 
Because the quenched fraction of high-energy intermedi
ate, (kzCPIP;)I(1+X), usually was much less than 1.0 for the 
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operating conditions employed in the experiments, the 
analyzer sensitivity was determined primarily by the vari
ables in the numerator of Equation 2, RT • V APXI(1+X). For 

example, when P was increased, RT also increased so that 
SEN increased (Figure 7). On the other hand, as X increased, 
the decrease in RT was sufficiently sharp that SEN also 
declined, even though X/(l+X) increased (Figure 8). Fi
nally, as VA increased, the corresponding decrease in RT 

was sufficiently small that SEN increased (Figure 9). 

In addition to correlating performance data, the mathe
matical model can suggest further improvements in ana
lyzer design or operation. For example, the reaction chamber 
volume was not varied in this study, but it is apparent from 
Equation 1 that decreasing V could have the desirable effect 
ofreducing RT. Judging from Equation 2, a reduction in RT 

would also diminish SEN and, according to the data in 
Figure 10, this would diminish S:N. To illustrate this trade
off between improved RT but compromised S:N, suppose 
the "effective" volume of the present reaction chamber was 
halved. In that case, the model predicts that RT would 
decrease from 69.5 msec to 41.6 msec, and SEN would 
simultaneously decrease from 11.9 to 7.2 nA/ppm. This 
drop in SEN would cause a decrease in S:N from 11:1 to 8:5 

at 0.5 ppm 03 and from 4:1 to 2:1 at 0.1 ppm 03. Therefore, 
unless noise also could be reduced, it would not be desir
able to decrease the reaction chamber volume. 

Low-pass electronic filtering can attenuate noise; pro
vided that the noise is of sufficiently high frequency, the 
adverse effect on dynamic response time is minor. For 

example, analog filtering at 8 Hz almost tripled S:N at 0.1 
ppm 03, from 4:1 to 11:1, while causing a small increase in 
RT from 60 to 70 msec (Figure 12; unfilled symbols). In an 

attempt to increase S:N closer to the goal of 30:1 at 0.1 ppm, 
an additional filtering test was conducted; the analog filter 
internal to the instrument was set at F = 50 Hz, and the 
resulting signal was further smoothed by an external low
pass digital filter (ASYST Software Technologies, Roches
ter, NY). The sharp cutoff characteristics ofthe digital filter 
dramatically increased S:N, coming close to the 30:1 goal 
at F =8Hz, but it also increased RT to a value of 150 msec 
(Figure 12, filled symbols). Analog filtering is preferable, 
therefore, in the intended application of the analyzer. 

The residual noise in the filtered signal exhibited a 
surprisingly regular periodicity (Figure 13). The occurrence 
ofthis low-frequency noise, probably inherent in the opera
tion of the electrometer, is the limiting factor in the S:Nthat 

can be achieved at low 03 concentrations (inset to lower 
panel of Figure 2). In particular, the 03 level at which S:N 

= 1:1, one representation ofthe minimal detectable concen
tration ofthe analyzer, was 0.006 ppm when the signal was 
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filtered at 8 Hz. Alternatively, with the specification that 
S:N = 2:1, the minimal detectable concentration was 0.012 
ppm. 

MEASUREMENTS ON HUMAN SUBJECTS 

Only a few measurements of 03 uptake during continu
ous exposure have been reported previously. Gerrity and 
colleagues (1988) monitored 03 concentration in the poste
rior pharynx of 18 healthy men using a nasopharyngeal 
sampling tube connected to an ethylene-based chemilumi
nescent analyzer with a 10% to 90% step-response time of 
670 msec. While at rest, the subjects breathed 03 concen
trations of 0.1, 0.2, and 0.4 ppm at ventilation rates of 10 
and 19 Lpm. From these measurements, those investigators 
computed regional uptake into the extrathoracic airways 
during inhalation and into the intrathoracic airways during 
a complete respiratory cycle. To compensate for their ana
lyzer's slow response time, their computations were based 
on the maximal and minimal 03 levels ofthe single-breath 
concentration curves. To compare our data with theirs, we 
assumed that their values for fractional uptake into the 
extrathoracic airways during inhalation would be the same 
during exhalation, and then estimated fractional uptake in 
the entire respiratory system from their regional uptake 
values. The resulting value of 0.96 for fractional uptake was 
insensitive to ventilation rate and to exposure concentra
tion. 

Using a similar pharyngeal sampling tube connected to 
the same analyzer, Gerrity and associates (1994) deter
mined extrathoracic and intrathoracic 03 uptake in 20 
healthy men. While exercising on a treadmill, they breathed 
at an oral ventilation rate of 20 Lpm/m2 of body surface area 
and continuously inhaled 0.4 ppm 03. Improvements in 
that study included the incorporation of continuous flow 
data in the computation of regional uptake, and the use of 
a dynamic correction algorithm to compensate partially for 
the 1.2-sec step-response time of the analyzer. On the basis 
of their regional uptake values, we estimated the fractional 
uptake for the entire respiratory system to be 0.88. Employ
ing an ethylene-based analyzer similar in design to that of 
Ben-Jebria and coworkers (1990). Gerrity and coworkers 
(1995) continuously measured oral as well as bronchial 
concentrations of 03 in 10 adults during quiet breathing of 
0.4 ppm 03 at a ventilation rate of about 9 Lpm. After they 
employed a dynamic correction for the 250-msec step-re
sponse time of the analyzer, their data indicated that frac
tional uptake for the entire respiratory system was 0.91. 
Therefore, the latter two studies by Gerrity and colleagues 
consistently demonstrate that fractional uptake is about 0.9. 
This is 10% to 15% greater than the values we determined 
in our demonstration experiments. 

Wiester and coworkers (1996) measured average 03 up
take into the lungs of 10 healthy men who breathed quietly 
from a mask affixed to a large-diameter pipe through which 
0.3 ppm ozonated air was flowing. They determined frac
tional uptake by measuring the upstream-to-downstream 
drop in the quasi-steady 03 concentration in the pipe 
thereby avoiding the need for a fast-responding instrument. 
However, this breathing circuit would be too cumbersome 
to use during exercise. These investigators reported a frac
tional uptake range from 0.51 to 0.96, with a mean of 0.75, 
during oral breathing at a ventilation rate of 10 Lpm. This 
mean value lies between the values of 0.81 and 0.69 meas
ured for the two subjects in the current study during quiet 
breathing and 0.43 ppm 03 exposure. 

The observation from the demonstration data (Table 3) 
that fractional uptake was insensitive to exposure concen
tration implies that the underlying diffusion and chemical 
reaction processes are linear. This would be the case, for 
example, if03 diffusion followed Fick's Law and biochemi
cal substrates were in sufficient excess that 03 reacted with 
tissue by first-order kinetics. The additional observation 
that fractional uptake does not vary systematically with 
respiratory flow can be explained on the basis of previous 
03 bolus inhalation experiments conducted in our labora
tory (Hu et al. 1 992). In particular, an increase in respiratory 
flow results in a distal shift in the absorption distribution, 
implying that less 03 is removed by conducting airway 
tissue. During exercise, however, tidal volume as well as 
respiratory flow becomes greater. Therefore, a larger pro
portion of the inhaled breath reaches the respiratory air
spaces, where 03 absorption is almost 100% efficient. If 
diminished conducting airway absorption was balanced by 
increased uptake in the respiratory zone, overall uptake 
fraction would be independent of flow. 

SUMMARY 

In this study, we used the basic design of our original 
methyl-butene-based chemiluminescent analyzer (Ben-Je
bria et al. 1990) in a more self-contained ethylene-based 
instrument. Table 2 compares the specific goals of this 
study with the performance of both the new and the old 
analyzer. Note that (1) the minimal detectable 03 concen
tration (evaluated at S:N = 1:1) of 0.018 ppm achieved with 
the old analyzer was improved to 0.006 ppm in the new 
instrument; (2) the static calibration of the old device was 
nonlinear below 0.1 ppm 03, but was completely linear for 
the new analyzer; and (3) the old analyzer was subject to 
interference by carbon dioxide, whereas the new instru
ment was not. 
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The improvement in analyzer performance to RT = 70 
msec and S:N = 11:1 at 0.1 ppm fell short of the desired 
specifications of RT = 50 msec and S:N = 30:1 at 0.1 ppm. 
This restricts the device to a maximal breathing frequency 
of 30 bpm (moderate-to-heavy exercise conditions) at a 
minimal exposure concentration of 0.1 ppm. Because the 
NAAQS is currently 0.12 ppm 03, this limit encompasses 
most situations in which people are normally exposed to 
0 3 outdoors. At lower breathing frequencies, at which a 
longer response time can be tolerated, the resolution of the 
instrument can be improved by more agressive low-pass 
filtering of the signal. Conversely, at higher exposure con
centrations, in which less absolute resolution is necessary, 
it is possible to improve dynamic response by less agressive 
filtering. 

In demonstration measurements of total respiratory 03 
absorption in two healthy men, the fractional uptake during 
quiet breathing was comparable to the results obtained with a 
commercially available analyzer in a quasi-steady material 
balance method (Wiester et al. 1996). In fact, fractional 
uptake was about 0.8 regardless of 03 exposure concentration 
(0.11 to 0.43 ppm) or ventilation rate (4 to 41 Lpm/m2

). 
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APPENDIX A. Perfectly Mixed Reactor Model of 
Analyzer Performance 

Aimedieu and Barat (1981) described the gas-phase reac
tion kinetics between 03 and ethylene in which light is 
produced by the spontaneous decomposition of a high-en
ergy intermediate; quenching occurs simultaneously by the 
competitive reaction of the intermediate with diluent mole
cules such as oxygen and nitrogen. According to these 
kinetics, the molar rate of 03 conversion to intermediate per 
unit volume of reacting gas is given by: 

ro = k1CoCE (Al) 

where k1 is a reaction rate constant, and Co and CE are the 
molar concentrations of 03 and ethylene, respectively. 
Moreover, the intensity of the emitted light per unit volume 
of reacting gas is: 

I= [kl/(1+kzCM)]CoCE (A2) 

where CM is the molar concentration of the diluent mole
cules, and kzCM is the fraction of the high-energy interme
diates that are quenched without emitting light. 

In our 03 analyzer (Figure 1), a sampling stream consist
ing of practically pure diluent gas and a low concentration 
of 03 is mixed with a pure ethylene stream. Initially, both 
streams are very close to ambient pressure but, after being 
drawn through two metering valves by a vacuum pump, their 
pressure becomes subatmospheric and their volumetric 
flow rates increase. Assuming an isothermal gas expansion 
across the metering valves from an atmospheric inlet pres
sure, P;, to a hypobaric downstream pressure, P, and also 
assuming that the molar gas densitites of ethylene and 
sampled air are equal at the inlet to the analyzer, then the 
mixed gas stream entering the reaction chamber will have 
a volumetric flow of: 

V = (P;IP)(1+XJVA 

a molar 03 concentration of: 

Co'= Co;(P/P;)/(l+X) 

a molar ethylene concentration of: 

CE = C(P!P ;)/(l+X) 

and a molar diluent concentration of: 

CM= C(PIP;)X/(1+X) 

(A3) 

(A4) 

(A5) 

(A6) 

where VA is the sampling stream flow, X is the ratio of 
ethylene to sampling stream flow, Co; is the molar 03 
concentration, and Cis the molar gas density, all evaluated 
at the analyzer inlet. 

Within the reaction chamber, the concentrations of eth
ylene and diluent gas are essentially constant, but 03 is 
depleted at a rate that is equal to its output rate less its input 
rate plus its disappearance by chemical reaction. Assuming 
that the reaction chamber is perfectly mixed, this can be 
expressed by: 

V(-dCo!dt) = VCo - VCo' + Vro (A7) 

where Vis the volume of the reaction chamber, Co is the 
molar 03 concentration exiting the chamber, and tis time. 
In the test for step-response time of analyzer dynamics, Co 
is initially zero and Co' is rapidly stepped up from zero to 
a constant value. In that case, Equation A7 can be combined 
with Equation Al and then integrated to find the 03 re
sponse: 

Co= Co' [1- exp(-th:)] (AS) 

where 

(A9) 

The predicted change in light intensity resulting from 
this test for step-response time is found by substituting 
Equations A3 through A6 into Equations AS and A9 such 
that: 

I= [(VART/2.20)(klCXPIP;)/(1+X)] X 

[1 + (kzCPIP;)I(1+X)r1 [1- exp(-th:)] Co; (AlO) 

and 

1 = [klC(PIP;)XI(1+X) + (1+X)(VAIV)(P;IP)r1. (All) 
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molar concentration of 03 at the 
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cutoff frequency of the low-pass filter 

unfiltered signal 
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forced vital capacity 

intensity of emitted light per unit 
volume of reacting gas 
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signal 

sensitivity (slope of the static 
calibration line) 

signal-to-noise ratio 

exponential time constant 

time 

time for output signal to increase to 
10% or 90% of its final level 

reaction chamber volume 

inlet flow to analyzer of respired air 
sample 

total mixed gas flow entering reaction 
chamber 

ratio of inlet flow of ethylene to the 
inlet flow of 03-containing air sample 
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INTRODUCTION 

In humans, exposure to ozone, an irritant gas and ubiq
uitous air pollutant, has been associated with reversible 
decreases in certain measures oflung function, increases in 
airway reactivity, and the appearance of indicators of res
piratory tract inflammation in lung lavage fluid. Animal 
studies indicate that a major site of ozone-related injury is 
the bronchiole entrance to the acinus of the lung. Human 
studies suggest a high degree of interindividual variability 
in respiratory response to ozone exposure as a result of 
either differential tissue sensitivity or variable delivery of 
ozone to sensitive tissues. Individuals at increased risk of 
developing adverse effects following short-term exposures 
to ozone include those who exercise or engage in moderate
to-strenuous physical activity (reviewed by Lippmann 
1989, 1993; Bates 1995; U.S. Environmental Protection 
Agency 1996). 

In order to estimate the health risk that ozone exposure 
may pose to humans, regulators need to know how ozone 
exposure, dose to the respiratory tract, and subsequent 
biological responses are interrelated. Although dose can be 
estimated on the basis of exposure parameters and ozone 
concentration, such an approach ignores ozone absorption 
by the upper respiratory tract, and does not account for 
differences among individuals. Of particular interest has 
been the ability to measure the amount of ozone absorbed 
upstream (mouth, nose, and upper airways) of target respi
ratory tissues separately from the amount absorbed in the 
lower airways and acini. 

Determining the respiratory dose of ozone requires an 
instrument that can (1) measure the ozone concentration at 
the airway opening, (2) respond with a dynamic response 
that is rapid relative to the subject's breathing frequency, 
(3) quantify ozone levels accurately at or below the National 
Ambient Air Quality Standard (NAAQS)*, and (4) provide 
measurements in both resting and exercizing subjects. The 
first analyzers developed for ozone dosimetry measure
ments had a relatively slow response time, which limited 
their practical application (Gerrity et al. 1988, 1995). As 
part of its research program to improve methods for assess
ing ozone dose to target tissues, HEI supported Dr. James 

* A list of abbreviations appears at the end of the Investigators' Report for 
your reference. 

This document has not been reviewed by public or private party institutions, 
including those that support the Health Effects Institute; therefore, it may not 
reflect the views of these parties, and no endorsements by them should be 
inferred. 

Health Effects Institute Research Report Number 79 © 1997 

Ultman and his collaborators to develop a rapidly respond
ing analyzer to measure the absorption of inhaled ozone in 
the human respiratory tract (refer to Ultman and Ben-Jebria 
1991 and Ultman et al. 1994 for additional background 
information). In their first two studies, the investigators 
made substantial technological advances by developing a 
chemiluminescent analyzer with a dynamic response time 
that was adequate for measuring ozone uptake at both low 
respiratory flow rates and relatively high ozone concentra
tions (higher than 0.5 ppm). However, that first-generation 
instrument was unable to measure ozone uptake at relevant 
ambient levels (0.07 to 0.20 ppm), and was not applicable 
to individuals engaged in moderate-to-strenuous physical 
activity. Therefore, HEI supported this third study with 
two objectives: (1) to redesign their first-generation ozone 
analyzer to have a faster response time and a lower ozone 
detection limit, and (2) to optimize the newly designed 
second-generation instrument by varying the operating pa
rameters. 

RATIONALE FOR THE STUDY 

Previous work by Dr. Ultman and others (Gerrity et al. 
1988, 1995) resulted in instruments that could measure 
ozone uptake in subjects with respiratory flow rates of less 
than 1,000 mL!sec, which is characteristic of low-to-mod
erate physical activity, and at exposure concentrations of 
greater than 0.5 ppm ozone (Ultman et al. 1994). Dr. Ult
man's first-generation analyzer was able to continuously 
monitor ozone concentrations in air inspired and expired 
by human subjects after they inhaled a bolus of ozone 
(Ultman et al. 1994). That instrument had a number of 
limitations, including nonlinearity of the instrument cali
bration curve at low ozone levels, interference from expired 
carbon dioxide, a low signal-to-noise ratio (9:1) at 0.1 ppm 
ozone, and only a moderately rapid response time (110 

msec). An instrument with improved ozone sensitivity and 
a faster response time relative to respiratory frequency was 
needed to determine the respiratory dose of ozone at ambi
ent exposure levels and in exercising subjects. 

OBJECTIVES AND STUDY DESIGN 

The primary objective of this study was to improve the 
first-generation ozone analyzer that had been designed to 
noninvasively measure breath-to-breath ozone absorption 
in the human respiratory tract. The goals for the second-
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generation ozone analyzer were: (1) a response time of 50 
msec; (2) decreased sensitivity to expired carbon dioxide; 
(3) increased sensitivity to permit linear measurement of 
ozone concentrations below 0.1 ppm; and (4) an increased 
signal-to-noise ratio of 30:1 at 0.1 ppm ozone. If these goals 
were achieved, the second-generation instrument would be 
capable of quantitatively measuring ozone uptake in hu
man subjects engaged in moderate-to-strenuous physical 
activity while being exposed to ambient or near-ambient 
ozone levels. 

The study was conducted in three phases. In Phase I, the 
investigators determined what conditions would permit 
near-optimal performance of the first-generation ozone ana
lyzer (Ultman et al. 1994). Because the investigators had 
demonstrated earlier that ethylene reduced interference 
from carbon dioxide (Ben-Jebria and Ultman 1989), they 
modified their first-generation analyzer by replacing the 
ozone-reacting gas, 2-methyl-2-butene, with ethylene. This 
change improved the linearity of the calibration curve at 
ozone levels below 0.1 ppm and eliminated interference in 
the output signal caused by expired carbon dioxide. Know
ing that ethylene has a slower reaction rate with ozone than 
2-methyl-2-butene, the investigators increased the gas flow 
rate to compensate for the decreased reaction rate. The 
investigators tested the altered analyzer using both static 
calibration techniques and dynamic step-response methods 
until, in an intuitive process, they found a combination of 
operating parameters that would give the most rapid re
sponse time and the largest signal-to-noise ratio. 

In Phase II, the investigators redesigned their first-gen
eration analyzer, which originally consisted of five separate 
components. They mounted four of these components into 
a single cabinet in the second-generation instrument. The 
detector cell also was redesigned to improve mixing be
tween reactant gas and ozone. These changes in the physical 
design improved the portability of the device, and ensured 
protection of its critical components, reduced electronic noise, 
and stabilized the thermal fluctuations of the analyzer. 

In Phase III, the investigators tested the second-generation 
instrument, as they had in Phase I, by systematically varying 
each operating parameter, such as flow rate and reaction 
chamber pressure, to determine the optimal response time 
and signal-to-noise ratio. Optimization was achieved by a 
series of operating and electronic tests, and then the im
proved instrument was tested for carbon dioxide interfer
ence and for stability by determining its static calibration 
during six hours of continuous operation. Finally, they 
pilot-tested the performance of the second-generation 
ozone analyzer by measuring ozone uptake in two human 
subjects alternatively exposed to 0.11 ppm or 0.43 ppm 
ozone while at rest and while exercising. 
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TECHNICAL EVALUATION 

ATTAINMENT OF STUDY OBJECTIVES 

Dr. Ultman's study was thorough and comprehensive, 
and met most of the project's goals. Table 1 in this Com
mentary compares the performance characteristics of the 
second-generation ozone analyzer with those of the first
generation instrument. 

METHODS AND STUDY DESIGN 

The investigators applied a trial-and-error approach, 
rather than a statistical approach, to determine the optimal 
operating and electronic parameters; that is, certain pa
rameters were held constant while others were varied. 
Although this approach may have resulted in the optimal 
solution, it does not guarantee that instrument optimization 
was achieved. A more technically appropriate approach 
would have been the use of statistical experimental design 
methods (Kuehl 1994; Deming 1978) to assure that the 
optimal combination of parameters had been found. How
ever, to describe other features and properties of the sec
ond-generation analyzer, the investigators used statistical 
procedures that were appropriate for the type of data col
lected. Although only two human subjects were evaluated 
for ozone uptake by the second-generation analyzer, this 
portion of the study was intended only as a preliminary 
pilot test to validate the utility of the instrument with 
exercising subjects exposed to low ozone concentrations. 

RESULTS AND INTERPRETATION 

The investigators overcame two deficiencies of their 
first -generation ozone analyzer by changing the reactant gas 
from 2-methyl-2-butene to ethylene. This change mini
mized interference from carbon dioxide and allowed for the 
linear measurement of ozone at low concentrations. The 
investigators also reduced the instrument response time 
from 110 msec to 70 msec. This reduction, though signifi
cant, did not quite meet the goal of a 50-msec response time. 
In addition, the investigators were unable to markedly 
improve the signal-to-noise ratio. The ratio for the second
generation instrument was 11:1 at 0.1 ppm ozone, com
pared with the ratio of 9:1 for the first-generation analyzer 
and the project goal of 30:1. Nevertheless, because of the 
improved response characteristics, the second-generation 
ozone analyzer was able to measure ozone respiratory up
take in two subjects with breathing rates corresponding 
with moderate-to-strenuous physical activity while being 
exposed to a low level of ozone (0.11 ppm). 
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The second-generation analyzer was tested at levels that 
were both static (0.02 to 1 ppm) and dynamic (step changes 
of 0.1 ppm ozone over a range of ozone concentrations) to 
mimic the concentration changes encountered during 
breathing. The instrument's signal stability over six hours 
of operation was acceptable, although the baseline drifted 
slightly. 

The investigators have discussed theoretical perform
ance aspects of the detector in detail. They developed a 
mathematical model, which appears in Appendix A, to aid 
in evaluating the effects of various theoretical changes in 
instrument configuration, and explored several design 
changes that may result in further improvement to the 
instrument. For example, the theoretical model suggests 
that a decrease in reaction chamber volume should result 
in a shortened response time. However, reducing reaction 
chamber volume also decreases sensitivity and the signal
to-noise ratio. Further detector improvements may need to 
focus on ways to reduce the electronic noise of the instru
ment. 

Instrument testing appears to have been sufficient except 
for one issue. Testing indicated that the fractional ozone 
uptake in two human subjects was approximately 0.8, re
gardless of the test conditions (i.e., respiratory frequency 
and ozone concentration). However, the investigators did 
not demonstrate the instrument's ability to measure frac
tional ozone uptake greater than 0.8. Although it is likely 
that 100% ozone absorption can be measured by the instru
ment, a positive control experiment demonstrating this 
feature would fully validate the analyzer's performance. 

It is important to view the results of the pilot test with 
human subjects as preliminary; the goal of this portion of 
the study was to validate the instrument's usefulness with 

human subjects being exposed to ambient ozone levels 
while exercising, rather than to measure quantitatively the 
magnitude of ozone uptake in these subjects. 

IMPLICATIONS FOR FUTURE RESEARCH 

The improvements in analyzer performance in response 
time and signal-to-noise ratio at 0.1 ppm ozone fell short of 
the desired specifications. These will limit the use of the 
instrument to a maximal breathing rate of 30 breaths per 
minute at the specified exposure concentration. However, 
these conditions encompass most situations in which indi
viduals are normally exposed to ozone. At lower breathing 
frequencies, this improved instrument would be able to 
measure lower ozone concentrations. Conversely, at higher 
breathing rates, a greater ozone concentration would be 
required for detection. 

A few suggestions may be made regarding future changes 
to further improve detector performance. These include (1) 

using other reactant gases to decrease the response time; (2) 

cooling the instrument to improve its thermal stability and 
decrease the signal-to-noise ratio; and (3) reducing the 
inherent electronic noise of the instrument, which would 
improve the signal-to-noise ratio and allow for both a lower 
detection limit and a faster response time. The theoretical 
model suggests that design changes aimed at shortening the 
response time of the instrument are likely to be compro
mised by decreasing the signal-to-noise ratio, which would 
in turn result in decreased ozone sensitivity. Therefore, 
further design improvements will need to balance the im
pact of each alteration on other performance charac
teristics. 

Table 1. Performance Characteristics of First-Generation and Second-Generation Ozone Analyzers 

Parameter Goal First-Generation Second-Generation 
Instrumenta Instrumentb 

Response time (msec) 50 110 70 
Signal-to-noise ratio at 0.1 ppm ozone 30:1 9:1 11:1 

Minimal detectable ozone concentration (ppm) < 0.12 in subjects 0.5 in subjects 0.11 in subjects 
during heavy exercise at rest during moderate 

exercise 
Maximal respiratory rate (breaths/min) > 30 < 30 -30 

COz interference None Some None 
Linear calibration at low ozone levels Yes No Yes 

: Se~ Ultman and Ben-Jebria 1991 and Ultman eta!. 1994 for full descriptions of tbe first-generation analyzer. 

This second-generation analyzer refers to tbe instrument described in tbe accompanying Investigators' Report. 
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The use of the instrument with subjects while exercising 
and being exposed to ambient ozone levels was validated 
in two human subjects. Therefore, this second-generation 
ozone analyzer should allow for more detailed human 
studies focused on the quantitative determination of respi
ratory ozone uptake in exercising subjects, and expand 
upon the existing theoretical ozone uptake model devel
oped for resting subjects (Ultman et al. 1994). 

CONCLUSIONS 

The investigators redesigned and optimized a chemilu
minescent ozone analyzer to measure ozone absorption in 
the respiratory tract. They minimized interference from 
expired carbon dioxide by changing the reactant gas from 
2-methyl-2-butene to ethylene, which allowed the linear 
measurement oflow ozone concentrations, and reduced the 
instrument's response time from 110 msec to 70 msec. 
Although the investigators were unable to alter the signal
to-noise ratio markedly, they extended the lower limit of the 
ozone observation range from 0.5 ppm to 0.1 ppm because of 
the analyzer's improved response characteristics. 

Preliminary pilot studies demonstrated the second-gen
eration ozone analyzer's ability to measure respiratory 
ozone uptake in human subjects with breathing rates corre
sponding to moderate-to-strenuous exercise while being 
exposed to a low ozone level (0.11 ppm). In its current 
configuration, the instrument is appropriate for exposure 
situations in which the subject's breathing frequency is less 
than 30 breaths per minute (corresponding to moderate-to
strenuous physical activity) at a minimum exposure concen
tration of0.1 ppm ozone. Although furtherimprovements are 
possible, this rapid-response ozone analyzer permits meas
urements of ozone uptake in exercising human subjects, 
without correcting for nonlinearity, carbon dioxide inter
ference, or slow response time. By collecting this type of 
clinical data, experiments examining true dose-response 
relationships for ozone in humans should be possible. 
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