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Hearing loss is the most common occupational disease in the
United States, with noise serving as the presumed causative agent
in most instances. This investigation characterizes the exposure
conditions that facilitate the potentiation of noise-induced hearing
loss (NIHL) by carbon monoxide (CO). Auditory function was
compared in rats exposed 4 weeks earlier to noise alone, CO alone,
combined exposure, and air in the exposure chamber. This interval
between exposure and auditory threshold assessment was selected
to permit recovery of temporary threshold shifts. The compound
action potential (CAP) threshold evoked by pure tone stimuli was
used as a measure of auditory sensitivity. The no adverse effect
level (NOAEL) with respect to potentiation of NIHL was found to
be 300 ppm CO. Potentiation of NIHL by CO increases linearly as
CO concentration increases between 500 –1500 ppm. Benchmark
dose software (version 1.1B) published by the U.S. EPA National
Center for Environmental Assessment was employed to determine
a benchmark concentration of CO that produced either a 5-dB
potentiation of NIHL or an increase in auditory threshold equiv-
alent to 10% of the effect of noise alone. The lower bound for these
benchmark concentrations were 320 and 194 ppm CO, respec-
tively. Unlike CO dose, the relationship between noise severity and
potentiation of NIHL by CO shows a nonlinear relationship. The
greatest potentiation was observed at moderate noise exposures
(100 dB, 2-h, octave band–limited noise, or OBN) that produce
limited permanent threshold shifts. Repeated exposures to 95-dB
noise for 2-h periods in combination with 1200 ppm CO also
yielded potentiation of NIHL, though such effects were not ob-
served following a single combined exposure. These results under-
score the potential risk of hearing loss from combined exposure to
noise and CO, and the risks associated with repeated exposure.

Key Words: carbon monoxide; ototoxicity; chemical asphyxi-
ants; noise; risk assessment; complex exposures; rat.

Noise-induced hearing loss (NIHL) is the most common
occupational disease in the United States (NIOSH, 1996);
approximately 30 million workers are exposed to potentially
hazardous noise levels in the workplace (Frankset al., 1996).

OSHA has established a permissible exposure level (PEL) in
the Hearing Conservation Amendment (OSHA, 1981) to the
standard for occupational exposure to noise designed to protect
workers against NIHL. The Amendment specifies an action
level of 85dB (A) with impact noise levels factored into the
dose. In addition, sound levels of 90 dB (A) are permitted
based upon an 8-h average exposure. As noise duration de-
creases from continuous 8-h exposure, a 5-dB trade-off is
applied when duration of noise is halved. Thus, exposures of
90 dB (A) would be permitted for a duration of 8 h, and a level
of 95 dB (A) would be permitted for a duration of 4 h. The
maximum permitted level is 115 dB (A) for continuous noise.
The A-weighting used for measuring sound intensity is de-
signed to reflect the shape of the human audiogram at moderate
noise levels, with its sensitivity between approximately 20 Hz
and 16 kHz.

One potential risk factor for the occurrence of significant
hearing loss even under conditions of relatively low noise
exposure is the influence of other environmental agents present
along with noise. Many chemical contaminants are ototoxic.
These include organic solvents (Campoet al.,1997; Croftonet
al., 1994; Crofton and Zhao, 1993, 1997; Fechteret al. 1998;
Johnsonet al., 1988; Morataet al., 1993, 1994, 1997 a, b);
metals (Fechteret al.,1992; Rice and Gilbert, 1992; Schwartz
and Otto, 1991; Wuet al.,1985); chemical asphyxiants (Chen
and Fechter, 1999; Chenet al., 1999; Fechteret al., 1988;
Fechter, 1989; Younget al.,1987); and prescription drugs (c.f.
Rybak, 1986). Simultaneous and even successive exposure to
certain of these agents along with noise can increase greatly
susceptibility to NIHL (Chen and Fechter, 1999; Chenet al.,
1999; Fechteret al.,1988; Johnsonet al.,1988, 1990; Johnson,
1993, Lataye and Campo, 1997; Morataet al, 1993).

The risk of NIHL under noise exposure conditions that
might appear to be safe is underscored by laboratory studies
demonstrating the potentiation of NIHL by CO exposure in rats
(Fechteret al., 1988; Fechter, 1989; Younget al., 1987). In
those studies, broadband noise exposure that, by itself, did not
produce an auditory threshold shift produced significant audi-
tory impairment when CO was presented simultaneously with
noise. CO by itself has no permanent effects on auditory
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sensitivity (Fechteret al., 1988; Fechter, 1989; Younget al.,
1987).

The research presented here evaluates the relationships be-
tween noise severity and CO concentration on potentiation of
NIHL in pigmented rats. The results of three different exper-
iments are reported. In experiment one, we investigated the
effect of CO concentration on NIHL induced by 100-dB OBN
over an 8-h exposure period. The objective was to determine a
function relating CO concentration to potentiation of NIHL so
that prediction of the CO concentration at which hearing im-
pairment began could be made. This process of risk assessment
is critical in estimating a reference concentration that can be
considered safe for human exposure.

In the second experiment, the role of noise severity in
identifying potentiation of NIHL was evaluated. Subjects were
exposed to a single concentration of CO in order to determine
how the potentiation of NIHL changes as noise exposure
becomes more severe. This is important because the 5-dB
trade-off between noise intensity and doubling of noise dura-
tion used by OSHA might not hold during a mixed exposure to
two agents. The objective here was parallel to that addressed in
the first experiment, but focused on the role of noise severity
(intensity and duration) in determining the potentiating effects
of CO.

Finally, in experiment three, subjects were repeatedly sub-
jected to combined noise and CO exposure over successive
days at levels of CO and noise that did not affect auditory
function when presented on a single occasion. This was done in
order to determine whether repeated exposure might yield
adverse effects. The study of repeated exposure is important in
developing a model for certain occupational exposures to noise
and CO and for understanding mechanisms that might be
involved in the potentiation phenomenon.

MATERIALS AND METHODS

Subjects. A total of 144 Long-Evans male pigmented rats, 2–3 months of
age, obtained from Harlan Sprague Dawley were employed for all experi-
ments. The subjects were housed with free access to food and water in their
home cages. Background sound levels in the colony room were below 50 dB
(A) with sound levels in octave bands centered at 2 kHz and above registering
39 dB and lower. Thus the background sound in the colony was primarily low
in frequency. Temperature was maintained at 216 1°C. Lights were on from
0630 to 1830. All exposures and testing were performed during the daytime.

Exposure procedure. The basic experimental design employed a mini-
mum of four treatment groups consisting of noise exposure alone, CO exposure
alone, combined exposure to noise1 CO, and a control condition that entailed
placement of subjects in the exposure chamber and no CO. Octave band
analysis showed that noise levels in the exposure chambers when no noise was
intentionally added were below 35 dB for all octave bands with center
frequency of 2 kHz and higher. Auditory function was assessed 4 weeks
following the exposure in order to determine whether permanent impairment of
cochlear function resulted.

Subjects were assigned randomly to treatment groups. Exposures were
conducted in a reverberant 40-liter glass cylinder equipped with stereo speak-
ers for delivering sound, a Quest 1-in. microphone and sound level meter for

monitoring sound, and a CO monitor (Industrial Scientific) for measuring the
chamber gas concentration. The subjects were placed within small wirecloth
enclosures (153 13 3 11 cm) within the chamber. They were conscious and
free to move within the enclosures.

Noise exposure. Broadband noise was generated by a function generator
(Stanford Research System, Model DS335) and bandpass filtered (Frequency
Devices, 9002) to provide an OBN with center frequency of 13.6 kHz. The
roll-off for the filter system was 48 dB/octave. This octave band was selected
because it results in a clear preferential disruption of high-frequency auditory
function while preserving lower-frequency auditory function intact (Chen and
Fechter, 1999; Chenet al.,1999). The preservation of normal auditory function
at low frequencies provides a useful control for determining that the electrode
for recording auditory threshold is positioned correctly on the cochlea and that
the sensitivity of the equipment is within normal specifications.

The noise was amplified by a power amplifier (SAE 2200) and delivered to
two tweeters (Vifa D25AG-05-06, 709) in the exposure chamber. The animal
cages were located under the speakers with a vertical distance (to cage floor)
of about 18 cm. Noise intensity was measured with a Quest sound level meter
(model 215) using a linear frequency response. The noise level varied less than
2 dB within the space accessible to the subjects.

CO exposure. Air exchange rate in the exposure chamber was 8.5 l/min
(approximately one air change every 5 min ), which was monitored by a Top
Trak 821-1-PS mass flow meter. The CO concentration in the exposure
chamber reached the desired level within 30 min of exposure onset. Previous
studies showed that carboxyhemoglobin levels approach steady state within 30
min of exposure onset (Chen and Fechter, 1999) and have stabilized by 90 min
of exposure. Therefore, CO exposure began for the appropriate subjects 90 min
prior to the onset of noise to assure equilibration of carboxyhemoglobin. Noise
exposure durations were 8 h long in the initial CO dose-response study and
varied between 2 and 8 h in the second experiment that investigated the
interaction of noise severity with CO. A noise regimen (95 dB for 2 h) was then
selected from that second study that did not produce NIHL alone or in
combination with CO. This exposure was used on 5 successive days in
experiment three to assess the effects of repeated exposure. The total daily
exposure time to CO and air exposure time varied, therefore, between 3.5 and
9.5 h based on experimental design.

Assessment of cochlear function.Four weeks following exposure, a time
interval designed to permit recovery of temporary threshold shift (Chen and
Fechter, 1999), auditory thresholds were assessed in all subjects. The subjects
were anaesthetized with xylazine (13 mg/kg, i.m.) and ketamine (87 mg/kg,
i.m.), and normal body temperature was maintained using a DC heating unit
built into the surgical table. The temperature of the cochlea was also main-
tained using a low-voltage high-intensity lamp. The auditory bulla was opened
via a ventrolateral approach to allow the placement of a silver wire electrode
onto the round window. A silver chloride reference electrode was inserted into
the neck muscle. The CAP signals evoked by pure tones were amplified 10003
between 0.1 and 1.0 kHz with a Grass A.C. preamplifier (Model P15). The
sound level necessary to generate a visually detectable CAP response on a
digital oscilloscope (approximate response amplitude of 1mV) was identified.
The CAP response was not averaged.

Pure tones for eliciting CAP were generated by a SR530 lock-in amplifier
(Stanford Research Systems, Inc.). A programmable attenuator controlled the
tone intensity, and the output of the attenuator was amplified by a high-voltage
amplifier and then delivered to the sound transducer in the rat’s external
auditory meatus. Auditory thresholds were determined for tones of 2, 4, 6, 8,
12, 16, 20, 24, 30, 35, and 40 kHz using tone bursts of 10-msec duration with
a rise/fall time of 1.0 msec. The repetition rate of the tone bursts was 9.7
times/sec. Sound levels at all the testing frequencies were calibrated with a1

20
probe microphone (ACO Pacific model #4015) located near the eardrum. This
microphone, in turn, was referenced to a B&K1

40 microphone (model 4136 )
that has a flat frequency response up to 70 kHz. This cross referencing of the
1
20 probe microphone to the140 microphone was achieved by making successive
measurements of tone intensity with each microphone coupled to the sound
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source and creating a computer-based look-up table for subsequent calibrations
within the subject’s ear. Calibrations were conducted for each subject.

Characterization of the CO dose response for potentiation of NIHL.Five
groups of eight subjects each were exposed for 8 h toboth noise (100 dB OBN)
and to CO (300, 500, 700, 1200, and 1500 ppm). Three additional groups (n 5
8) were exposed to the noise alone, to 1200 ppm CO alone, or a control
exposure in the chamber without noise and CO present. The potentiation of
NIHL in the frequency range between 12 and 40 kHz was evaluated by
determining the difference between the mean auditory threshold among sub-
jects exposed to noise alone and each subject that received noise1 CO
exposure. This frequency range was selected because the lower bound corre-
sponded closely to the lower bound of the OBN exposure used, and because
previous research (Chen and Fechter, 1999) has shown that high-frequency
auditory function is impaired by combined exposure to noise1 CO. The
potentiation of NIHL by different CO concentrations was evaluated using
benchmark dose software (version 1.1B) published by the U.S. EPA National
Center for Environmental Assessment. A continuous linear model was em-
ployed to determine a benchmark concentration of CO that produced either a
5-dB potentiation of NIHL or an increase in auditory threshold equivalent to
10% of the effect of noise alone. The criterion of a 5-dB elevation in threshold
was selected because it approaches the smallest reliable difference that could
be readily determined using our threshold recording procedure. The alternative
criterion, disruption of auditory threshold equivalent to 10% of the effect of
noise alone, was chosen because it corresponds to a more familiar criterion for
estimating a benchmark dose (MacPhail and Glowa, 1999).

Alteration of noise severity. Eight groups of six subjects each were em-
ployed in this study. Three groups were exposed to 1200 ppm CO in combi-
nation with the OBN for 2 h (95 and 100 dB) or for 4 h (100 dB). The
additional groups received CO alone (1200 ppm for 4 h) and each of the three
noise conditions alone. Results were compared to an unexposed control group.
For comparison, the PEL to noise in humans is 90 dB (A) for 8 h, and the
equivalent values for shorter duration exposure are 95 dB (A) and 100 dB (A)
for 4 and 2 h, respectively.

Assessment of repeated CO-noise exposures.Four groups of eight sub-
jects each were exposed to CO alone, noise alone, combined exposure, or air
exposure for 5 successive days. The CO level was 1200 ppm and the noise
exposure was OBN for 2 h (95 dB).

Statistical analysis. The data from each experiment were analyzed using
split-plot ANOVA in which treatment served as a between-subjects variable
and frequency was evaluated as a within-subjects variable. Pairwise compar-
isons were made between treatment groups using Scheffe’s tests. Because the
focus of this research is on potentiation of noise-induced hearing loss by CO
exposure, these effects were evaluated using orthogonal comparisons within
stepdown analyses of variance. Statistical comparisons were also undertaken to
determine whether CO exposure by itself impaired auditory sensitivity com-
pared to the air-exposed control group.

RESULTS

Figure 1 presents the CAP thresholds obtained for groups of
subjects receiving OBN alone, 1200 ppm CO alone, noise1
CO at each of six levels of CO, and air-exposed controls. In
general, the audiograms from all groups are parallel within the
lower frequency range, whereas those for noise alone and
noise1 CO are elevated at higher frequencies. Among control
subjects, the greatest auditory sensitivity is found at 12 kHz,
with a loss in sensitivity at higher and lower test frequencies.
It is apparent from inspection of this figure that CO by itself
does not alter auditory function 4 weeks after exposure relative
to the untreated control group. Also, the effects of noise treat-

ment alone are comparable to control subjects for sound fre-
quencies below 10 kHz and show a distinct elevation at higher
frequencies. The average shift in auditory threshold due to
noise varied between approximately 20 and 40 dB (A) at
frequencies between 12 and 40 kHz. Finally, as CO dose
increases, potentiation of NIHL is observed to occur in a
dose-dependent fashion. Potentiation is very limited at 300
ppm (Fig. 1A), becomes more apparent at 500 ppm with an
increase in threshold above the noise-exposed group of approx-
imately 5–10 dB (Fig. 1B), and is quite distinct with CO
exposure of 700 ppm and higher. The potentiation observed at
1500 ppm is as great as 30 dB above the effect of noise alone.
In addition, as CO concentration increases, especially at 1200
ppm and above, the auditory impairment appears to broaden to
lower test frequencies.

The global analysis of variance demonstrates a significant
treatment effect (F8/80 5 60.55,p , 0.0001) and a significant
interaction between treatment and test frequency (F80/630 5
14.09,p , 0.0001). Therefore, stepdown analyses of variance
were run to compare the effects of each CO concentration upon
NIHL. Differences between subjects exposed to noise alone
and noise1CO at each concentration were assessed using
planned orthogonal comparisons. Although auditory thresholds
among subjects receiving noise1 300 ppm CO did not differ
significantly from subjects receiving noise alone (T5 1.1424,
p . 0.05), all groups receiving higher CO concentrations
simultaneously with noise exposure did differ significantly
from the noise-only group (500 ppm T5 2.22,p , 0.05; 700
ppm T 5 2.29,p , 0.03; 1000 ppm T5 3.614,p , 0.0015;
1200 ppm T5 5.2568,p , 0.0001; 1500 ppm T5 9.309,p ,
0.00001).

Figure 2 provides a graphical representation of the additional
loss in auditory threshold sensitivity shown by subjects ex-
posed to noise1 CO compared to the mean group threshold of
those subjects receiving noise exposure alone. The threshold
loss is averaged across high frequencies (12–40 kHz) as a
function of CO concentration. The relationship between extent
of potentiation of NIHL and the CO concentration combined
with the noise exposure is estimated using linear regression
generated by the benchmark dose software. Two different
analyses are presented. First, a linear continuous model was
run using an absolute shift in auditory function of 5 dB as the
criterion for estimating the benchmark CO concentration. The
second analysis estimated the benchmark CO concentration
yielding a 10% increment in the effect of noise alone. The
benchmark concentrations using these two methods are 388
and 236 ppm, respectively. The lower bound of the benchmark
concentration with 0.95 confidence levels are 320 and 195
ppm, respectively.

In contrast to the direct linear relationship observed between
potentiation of NIHL and CO concentration, increasing the
total noise energy level (sound intensity and exposure duration)
does not have comparable effects on the potentiation of im-
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pairment resulting from simultaneous exposure to noise1 CO
(Fig. 3). For subjects that receive noise only, auditory thresh-
olds increase linearly in direct relationship to total noise energy
at frequencies of 12 kHz and above (Fig. 3). For the mildest
noise exposure, impairments in auditory function do not ex-
ceed 10 dB and are typically at or below 5 dB relative to the
untreated controls (Fig. 3A). For moderate noise exposure,
auditory thresholds are elevated 10–20 dB above those seen in

air control subjects (Fig. 3B). Finally, under the most severe
noise exposure condition, auditory impairments of 30–40 dB
are observed for all frequencies above 12 kHz (Fig. 3C). A
linear regression analysis shows that noise severity accounted
for 99% of the variability in threshold scores among subjects
receiving noise treatment alone. The slope obtained for this
line of best fit is significantly different from zero (p , 0.05).

The influence of noise severity on the combined effect of

FIG. 1. Pure tone auditory thresholds for subjects exposed to a fixed noise level (100 dB, OBN, 8 h) alone or in combination with CO at concentrations of
300–1500 ppm. Auditory thresholds in subjects receiving 1200 ppm CO alone and untreated control subjects are also represented. All thresholds were recorded
4 weeks following experimental exposures. The NOAEL is 300 ppm; the LOAEL is 500 ppm. Data represent the mean6 SEM.
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noise 1 CO is also represented in Figure 3. The auditory
thresholds recorded in subjects receiving the mildest combined
noise1 CO exposure show a minimal increase (generally 5 dB
or less) in impairment beyond that observed in subjects ex-
posed to this noise exposure alone (Fig. 3A).

At the intermediate level of noise severity (100 dB for 2 h),
a clear potentiation of NIHL by CO is observed, ranging up to
30 dB at high frequencies (Fig. 3B) beyond the damaging
effect of noise alone. However, even further increases in noise
severity, by increasing duration of the 100-dB noise exposure
from 2 to 4 h during combined exposures, do not yield any
further increase in potentiation (Fig. 3C). The loss in threshold
sensitivity obtained by 100 dB, 4-h OBN treatment alone
obscures any elevation in NIHL resulting from the CO treat-

FIG. 2. Potentiation of noise-induced hearing loss measured as the aver-
age loss in CAP threshold sensitivity in excess of the loss produced by noise
alone over the frequency range 12–40 kHz is shown for subjects receiving
simultaneous exposure to varying concentrations of CO. Data were fit using
Benchmark Dose Software version 1.1 beta published by the U.S. EPA. The
upper panel shows the predicted benchmark dose that would yield an elevation
in auditory threshold equivalent to 10% of the effect produced by noise alone
and its lower bound. The predicted benchmark concentration is 236 ppm CO,
and the lower bound for the benchmark concentration is 195 ppm. The lower
panel shows the predicted benchmark dose that would yield a 5-dB elevation
in auditory threshold beyond that produced by noise alone and its lower bound.
The predicted benchmark concentration is 388 ppm CO, and the lower bound
for the benchmark concentration is 320 ppm.

FIG. 3. Pure tone auditory thresholds for subjects exposed to a fixed CO
level (1200 ppm) alone or in combination with increasing levels of noise
severity ranging from 2 to 4 h in duration and 95–100 dB intensity. Auditory
thresholds in subjects receiving noise alone and untreated control subjects are
also represented. All thresholds were recorded 4 weeks following experimental
exposures. Data represent the mean6 SEM.
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ment. As CAP threshold loss of at least 60 dB relative to
controls can be detected by this method (Chen and Fechter,
1999), it appears that the failure to find additional impairment
in auditory threshold among subjects subjected to 100 dB OBN
for 4 h 1 CO does not reflect merely insensitivity of the
method for assessing cochlear function.

Analysis of variance shows a significant interaction between
treatment and frequency (F60,350 5 4.191,p , 0.0001) as well
as significant main effects of treatment (F6,35 5 9.892, p ,
0.0001) and frequency (F10,3505 37.044,p , 0.0001). Post hoc
analysis of the interaction effect shows a significant difference
between air control subjects and those exposed to noise levels
of 100 dB for both 2 and 4 h (p , 0.02 and 0.0001, respec-
tively) and between air controls and subjects receiving 100 dB
noise 1 CO for both 2 and 4 h (p , 0.0001). Significant
differences were also found between subjects receiving noise
alone for 2 h and those receiving noise1 CO for this time
interval (p , 0.01).

Figure 4 demonstrates the relationship between noise sever-
ity and potentiation of the NIHL by 1200 ppm CO exposure
averaged for frequencies between 12 and 40 kHz. Noise se-
verity is referenced to the mildest noise exposure condition (95
dB OBN for 2 h). The data were abstracted from experiment 2
(Fig. 3) and from the 1200 ppm CO1 8-h noise condition in
experiment 1 (Fig. 1E). Threshold elevation increases linearly

as a function of sound energy for both the subjects receiving
noise alone and combined noise1 CO. Linear regression
relating threshold elevation to noise alone accounted for 98%
of the variance, and the slope differed significantly from zero
(p , 0.01). A similar linear regression conducted for subjects
exposed to noise1CO accounted for 93% of the variance and
the slope also differed significantly from zero (p , 0.05).
However, the potentiation of threshold elevation by combined
exposure, represented by the difference between these func-
tions, does not increase beyond that observed at 95 dB for 4 h.
Thus the relationship between noise intensity and potentiation
of NIHL by CO follows a non-monotonic function.

Figure 5 portrays the effect of repeated daily exposure to
1200 ppm CO and 100 dB OBN for 2 h per day on auditory
thresholds. The data demonstrate elevation of auditory thresh-
olds in subjects exposed both to noise by itself and also
noise1 CO. Repeated exposure to CO alone has no effect on
auditory threshold. Among those subjects receiving noise ex-
posure alone, auditory thresholds were typically 5–10 dB
higher than among control subjects at all frequencies except 40
kHz. At this extreme high frequency, noise-exposed subjects
showed nearly a 20-dB elevation in threshold. The auditory
threshold observed in the noise1CO–treated rats, by contrast,
was approximately 5 dB above the threshold seen in noise-
treated rats at frequencies at or below 8 kHz. Above 8 kHz,
potentiation ranged from 10 to 15 dB above noise-exposed
subjects. Statistical analysis showed a significant effect of
treatment (F3/28 5 14.08,p , 0.0001) and a significant treat-
ment3 frequency interaction (F30/280 5 2.36,p , 0.0002) on
threshold sensitivity. Subsequent comparisons confirmed that
noise and noise1 CO groups differed significantly from each

FIG. 5. Pure tone auditory thresholds for subjects exposed to a fixed noise
level (95 dB, OBN, 2 h) alone or in combination with 1200 ppm CO for 5
consecutive days. Auditory thresholds in subjects receiving five daily expo-
sures to 1200 ppm CO alone and untreated control subjects are also repre-
sented. All thresholds were recorded 4 weeks following experimental expo-
sures. Data represent the mean6 SEM.

FIG. 4. The mean6 SEM loss in auditory threshold sensitivity averaged
for frequencies between 12 and 40 kHz is represented for subjects exposed to
noise alone or to noise1 1200 ppm CO. Sound energy is referenced to 95 dB
OBN for 2 h. Data are abstracted from results presented in Figures 1E and 3.
Also represented is potentiation of NIHL measured as the excess average loss
in CAP threshold sensitivity due to combined exposure relative to the loss
produced by each noise severity alone. Although direct linear relationships
were found between noise severity by itself and threshold shift for both noise
alone and noise1 CO conditions, potentiation was not linearly related to noise
severity.
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other (p , 0.05), and that both the air and CO groups varied
from the noise-exposed group (p , 0.05).

DISCUSSION

Noise is clearly the predominant environmental hazard to
hearing. Although exposure standards for noise are of primary
importance in protecting against NIHL, complex exposures
that include noise must be evaluated for their potential to injure
the ear (NIOSH, 1996). The data presented here provide an
initial understanding of the conditions under which an impor-
tant chemical asphyxiant, CO, can potentiate NIHL. The data
show a linear relationship between CO concentration and ex-
tent of potentiation of NIHL. Statistically significant elevations
in NIHL are observed with CO exposures of 500 ppm and
higher, yet benchmark concentration analyses suggest that
much lower CO concentrations are able to potentiate NIHL in
rats. The question of how much lower the concentration of CO
need be to yield potentiation of NIHL is dependent in part upon
selection of criteria for determining what the benchmark effect
should be.

Agencies and scientists differ with regard to the precise
manner in which risk determinations are made (e.g., Ohanianet
al., 1997); however, risk assessments frequently entail labora-
tory investigations designed to characterize a threshold dose
for some toxic agent that produces the smallest recognizable
adverse effect. Through the process known as “benchmarking,”
a function is fit to data in order to predict the concentration of
a chemical having a known adverse effect (Slikkeret al.,1996)
e.g., the elevation of auditory threshold. Determination of a
benchmark dose or benchmark concentration can be achieved
by a number of different methods (cf. Glowa and MacPhail,
1995; MacPhail and Glowa, 1999; Slikker and Gaylor, 1995)
that take into account the background variability in the data
obtained from the control group and attempt to relate this
normal variability to the outcome scores obtained from toxi-
cant-treated subjects. The criteria selected in the current study,
a 5-dB elevation in threshold above the effect of noise alone
and a value corresponding to 10% above the mean effect of
noise alone, can be justified in terms of the biological relevance
of a 5-dB elevation in auditory threshold above an already
elevated threshold resulting from noise alone and the variabil-
ity in auditory threshold resulting from noise alone. Obviously,
other definitions might also be used. For example, Crofton and
Zhao (1997) used a 15-dB threshold shift as the basis for
benchmark concentration estimates for the ototoxic effects of
the solvent trichloroethylene. The rationale they cite for this
definition is the judgment that a threshold loss of this magni-
tude corresponds to a clinically significant hearing loss. This
definition was rejected in part in the current work, as the focus
here was on potentiation of a threshold shift that already
represented a significant departure from auditory acuity of
untreated control subjects. In addition, the methods adopted in

the current work yielded very small standard errors, permitting
the identification of a threshold shift as small as 5 dB.

The benchmark concentration must then be modified by
safety factors that represent uncertainty concerning the rela-
tionship between the study sample and the human population
with which we are actually concerned. There is an ongoing
debate about the size of the safety factor that should be ac-
corded on the basis of species differences, extrapolation from
acute to chronic exposures, and increased sensitivity of partic-
ular groups within the population such as the elderly or very
young, for example. In the current study, development of a
safety factor is important in trying to extrapolate the results
obtained from a small sample of rats (eight subjects per expo-
sure condition) to a large human population and from a single
acute exposure to repeated daily exposures or chronic expo-
sures. It is fairly common to adopt a safety factor of 3 and 10
to account for each factor relevant to the toxicant and study
population, although this is not a universal practice. Thus, in
setting permissible human exposures based upon laboratory
animal data (cf. Slikkeret al., 1996), the benchmark dose
would be adjusted downward to provide an adequate safety
factor. This reference concentration then becomes the best
estimate of a safe exposure for humans. Based on our data, we
predict a lower bound to the benchmark dose of CO for
potentiation of NIHL of 195–320 ppm. Adjustment of this
benchmark by a factor of 10 would place the reference con-
centration within the permissible range of human workplace
exposure. Moreover, the experimental results obtained when a
limited number of daily repeated exposures were employed
suggest increased risk of potentiation with repeated exposures
to CO and noise. This suggests the need to consider additional
adjustments in developing a reference concentration for CO in
the presence of noise. One potential weakness in our determi-
nation of a benchmark concentration for CO reflects the fact
that the noise exposure conditions selected in the CO dose-
response study are not optimal for producing potentiation by
CO. If less intense noise were used (e.g., 100 dB OBN for 2 h
rather than 8 h), the extent of potentiation produced by all CO
concentrations might have been more apparent. Thus, the cur-
rent estimated benchmark dose might be high.

The predicted benchmark concentration at which CO expo-
sure potentiates NIHL far exceeds permissible exposure levels
for CO. In the United States, the Environmental Protection
Agency permits ambient exposure levels of 9 ppm averaged
over 24 h and 35 ppm averaged over 1 h. For work environ-
ments, the standards proposed by ACGIH and by OSHA are 50
ppm averaged over an 8-h workday, with a peak level of 200
ppm. However, actual workplace CO levels do exceed these
permissible levels, at least for short time intervals. CO is the
most abundant pollutant in air and is present along with noise
in many work environments. CO exposure is of particular
concern among acetylene workers, steel and coke oven work-
ers, and pulp and paper workers, among others (U.S. EPA,
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1991). Exposure to noise and carbon monoxide (CO) is com-
mon among firefighters (Goldet al.,1978; Reischlet al.,1979;
Treitman et al., 1980), automobile workers (Morleyet al.,
1999), and traffic and toll booth personnel (Burgesset al.,
1977). Firefighters, for example, are exposed to a very wide
variety of chemical combustion products. However, CO can be
considered to be a ubiquitous agent in all fires, and one that is
especially likely to be an acute health hazard (Goldet al.,1978;
Treitmanet al.,1980). Goldet al. (1978) reported CO levels in
excess of 400 ppm in roughly 20% of air samples they obtained
using personal air samplers in a large number of structural fires
in Boston. The geometric mean CO level was 110 ppm. Lowry
et al.(1985) reported similar data in their studies of Dallas area
fires. The 400 ppm short-term exposure limit (STEL) was
exceeded in nearly 30% of fires studied (Lowryet al., 1985).
Treitmanet al. (1980) reported CO levels averaging above 200
ppm and a range from 0 to nearly 5000 ppm, based on personal
monitoring devices carried by firefighters in over 200 Boston
structural fires. Jankovicet al. (1991) found CO levels from 0
to 1900 ppm, with one-third of the samples exceeding the 400
ppm STEL and roughly 10% exceeding 1500 ppm, a level
immediately dangerous to life and health (IDLH). Although
these measurements reflect ambient air levels within fires, the
use of self-contained breathing apparatus (SCBA) greatly lim-
its actual CO exposures of firefighters. Nevertheless, in addi-
tion to CO emanating from the active fire, firefighters can be
subjected to significant CO during the knockdown phase of the
fire and from exhaust from fire trucks and pumping engines
where SCBA equipment may not be in routine use. Neverthe-
less, it can be predicted that exposure levels employed in this
study will generally far exceed those experienced by working
individuals.

Unlike the finding of increased potentiation of NIHL as a
function of increasing CO concentration, the current data show
that the potentiation of NIHL by CO does not grow with
increasing severity of noise exposure. Rather, the potentiating
effects of CO are most apparent with intermediate noise expo-
sures that by themselves result in threshold shifts of approxi-
mately 20 dB. As expected, permanent threshold shifts attrib-
utable to noise alone do increase as noise exposure becomes
more severe; however, there is no added effect or potentiating
effect of CO when noise exposure exceeds a specific level (in
this instance, OBN of 100 dBLin for 2 h). Whether this reflects
a common cochlear target for noise alone and noise1 CO such
as the outer hair cell (Chenet al., 2000), or whether it reflects
limitations in measuring increased auditory impairment be-
yond that observed in the high-noise condition will require
further investigation. However, other nonlinearities have been
identified with respect to potentiation of NIHL by CO as a
function of the nature of the noise exposure. Recently, Chenet
al. (1999) showed that simultaneous exposure to CO and noise
disrupts the relationship between noise duty cycle (the propor-
tion of time that an intermittent noise is turned on) and the

extent of NIHL. Although rats exposed to noise alone show
increasing NIHL with increasing duty cycles ranging from
40% to 67%, simultaneous exposure to 1200 ppm CO produces
equivalent levels of NIHL for all duty cycles studied. Thus, it
appears that the potentiating effects of CO on NIHL are most
likely to occur under noise exposure conditions that would be
predicted to result in very limited NIHL.

The current investigation does not fully address the possi-
bility that potentiation of NIHL by CO can occur under noise
conditions that produce no hearing loss whatsoever. In all cases
where CO potentiation of NIHL was observed, the appropriate
comparison group that received only noise exposure did show
at least some limited NIHL. However, earlier studies that
provided longer recovery periods of up to 8 weeks following
exposure (e.g., Fechteret al., 1988; Younget al., 1987) did
show that CO could potentiate NIHL at noise exposure condi-
tions that had no significant effects on auditory function. In any
case, when studying occupational noise exposure, there are a
considerable number of individuals who do ultimately develop
a threshold shift. The current data suggest that these cohorts are
at greatest risk for the potentiating effects of simultaneous CO
exposure.

The current work focused upon predicting conditions under
which NIHL would be increased by CO exposure and not upon
the mechanism(s) by which such an effect might occur. Other
research shows that combined exposure to CO and noise results
in greater loss of sensory cells (in particular the outer hair cells)
than does noise exposure alone (e.g., Fechteret al., 1988).
Studies conducted using free radical spin trap agents suggest
that the potentiation of NIHL by CO may reflect, in part, free
radical damage (Rao and Fechter, 2000).
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