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Noise-induced hearing loss is the most prevalent occupational
injury in the United States despite the adoption of clear permis-
sible exposure limits and protocols for hearing conservation. This
study identifies low-level chemical asphyxiant exposure as a risk
factor capable of potentiating noise-induced hearing loss. Rats
were exposed to 10, 30, and 50 ppm hydrogen cyanide (HCN)
alone for 3.5 h (n = 28) or in combination with 2 h octave band
noise exposure (100 dB;,; n = 28). Additional groups received
noise exposure alone (n = 16) and no treatment other than place-
ment in an inhalation chamber with clean air and quiet (n = 16).
Pure tone compound action potential (CAP) thresholds were de-
termined 4 weeks following the exposure in order to assess pure
tone auditory sensitivity and permanent threshold impairment.
Cochleae from an additional 13 subjects were processed for light
microscopy to permit assessment of hair cell loss. The results
demonstrate that the noise exposure alone impaired CAP thresh-
old by about 10 dB, averaged between 12-40 kHz, and produced
a 5% loss of outer hair cells at the base of the cochlea, but no inner
hair cell loss. The combined exposure to noise and HCN caused a
cyanide dose-dependent CAP threshold impairment that exceeds
the noise exposure alone. This effect reached statistical signifi-
cance at a HCN level of 30 ppm. Combined exposure also pro-
duced more outer hair cell loss than noise alone. HCN alone did
not cause significant hearing loss or hair cell loss. A risk assess-
ment analysis was conducted for the auditory threshold data using
benchmark dose software published by the U. S. EPA (BMDS
version 1.3). A continuous model showed that the data could be
described by a linear function. For a benchmark response corre-
sponding to a 5 dB increase in auditory threshold above the effect
of noise alone, the lower bound on the 95% confidence interval for
the benchmark dose was 9 ppm. The benchmark dose that im-
paired auditory threshold 10% above the effect of noise alone had
a lower bound of 2 ppm. The lower bound to the HCN dose that
produced a 1 SD elevation in noise-induced hearing loss was 16
ppm. These exposure levels provide a range of concentrations
below to slightly above the short-term exposure limit for HCN.
However, if these levels are adjusted for an 8 h time-weighted
average (TWA), the resulting levels are below the permissible
exposure level (PEL) for HCN.

Key Words: hydrogen cyanide; ototoxicity; noise; complex expo-
sures; noise-induced hearing loss; potentiation; rats.

Noise-induced hearing loss is the most common occupa-
tional injury in the United States (NIOSH, 1996). Approxi-
mately 30 million workers in the United States are exposed to
potentially hazardous noise levels in the workplace (Fraatks
al., 1996) and noise is considered to be the most significant
environmental contributor to acquired hearing loss. While
OSHA has adopted a permissible exposure level (PEL) in the
Hearing Conservation Amendment (46 Fed. Reg. 4078, 1981)
to the U.S. Occupational Safety and Health Act of 1970 (PL
91-596), designed to prevent noise-induced hearing loss, the
problem of noise-induced hearing loss has not abated. The
OSHA PEL for nonimpact noise is based upon sound intensity
averaged according to the human audiometric curve with its
sensitivity between approximately 20 Hz—16 kHz. This aver-
aging convention is referred to as an “A weighting,” and sound
intensity using this convention is referred to as dB (A). The
OSHA PEL for nonimpact noise is a level equivalent (LEQ) to
90 dB (A) Leq. That is, sound levels equivalent to 90 dB (A)
are permitted based upon an 8-h average exposure. As noise
duration decreases from continuous 8-h exposure, a 5 dB trade
off is applied when duration of noise is halved. Thus, expo-
sures of 90 db (A) would be permitted for a duratidr8d and
a level of 95 db (A) would be permitted for a duration of 4 h.
The upper (peak) permissible noise limit is 115 dB (A) for
continuous noise.

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. Organic solvents (Camgtoal., 1997, 1999;
Cappaertet al., 1999; Crofton, 1994; Fechtest al., 1998;
Johnsoret al., 1988; Latayeet al., 2001; Loquetet al., 2000;
Morataet al., 1993, 1994, 1997), metals (Fechsdral., 1992;
Schwartz and Otto, 1987), and chemical asphyxiants (Chen and
Fechter, 1999; Cheet al.,1999; Fechteet al.,1988, 2000a,b;
Young et al., 1987) are all known to have ototoxic potential.
Simultaneous and even successive exposure to certain of these
agents along with noise can increase greatly susceptibility to
noise-induced hearing loss both for humans (Moretteal.,
1993, 1994, 1997) and laboratory animals (Chen and Fechter,
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et al., 1988, 1990; Johnson, 1993; Lataye and Campo, 1997).
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The potentiation of noise-induced hearing loss by carbon TABLE 1
monoxide (CO) exposure is particularly well established (Chen Summary of Experimental Treatments
and Fechter, 1999; Cheet al, 1999; Fechteet al., 1988,
2000a,b; Fechter, 1989; Yourgal.,1987). This fact relates to Treatment group Number of subjects
findings that the rr_1amma|ian cochlea represents a highly active Physiological study
structure metabolically vulnerable to the effects of hypoxia and Control 16
chemical asphyxiants. Indeed, disruption of blood supply (isch- 10 ppm HCN 10
emia) and reduction in available oxygen levels (hypoxia) have 30 ppm HCN 12
been suggested to be fundamental mechanisms that are respon- zo ppm HCN 16
;i_l:)le for many forms of sudden hearing loss and drug ototox- Ng:z; 10 ppm HCN 1?)
icity (Hawkins, 1976; Lawrence, 1970; Thorne and Nulttall, Noise + 30 ppm HCN 12
1987). Noise + 50 ppm HCN 6

Unlike the case for hypoxic hypoxia (reduction of oxygen Histological study
concentration in inspired air typically by diluting air with mg:z; 10 bom HCN
nitrogen), carbon monoxide, and ischemia, the effect of cya- Noise + 30 ggm HCN
nide on auditory function has not been well defined. Van Heijst Control
et al. (1994) studied 20 patients in Tanzania with sudden onset
polyneuropathies correlated with elevated blood cyanide and
plasma thiocyanate. Hearing loss was identified in nearly half ) ) ) )
of these cases. The source of cyanide exposure was believegy@nides are also used intentionally in the extraction of low-
be increased dietary intake of cassava due to food shortagé@de ores, in electroplating, and as chemical intermediates
Direct experimental evidence that cyanide can produce d&TSDR, 1995). Cyanides are used in the manufacture of
chlear impairment is limited to two studies in which cyanid8ynthetic fibers, various plastics, dyes, pigments, and nylon.
salts were perfused through the cochlea (Evans and Klink&/drogen cyanide (HCN) is a frequent component of fire
1982; Konishi and Kelsey, 1968) and one study of acufighting environments as it is a common combustion product of
impairment due to systemic KCN injection (Tawacketial., Polyurethane foam, acrylics, wool, and urethane, among others
2001). These studies focus on acute effects of cyanide on {fold et al., 1978; Iveset al., 1972; Treitmanet al., 1980).
stria vascularis, a cochlear structure with extremely high ragg@wever, the concentration of HCN varies widely depending
of oxidative metabolism. They provide little guidance on thePon the nature of the burning material. The OSHA PEL for
chronic functional effects of this contaminant on hearing. HCN is 10 ppm as an 8-h time weighted average, and the

The primary purpose of this study was to evaluate trehort-term exposure limit (STEL) is also set at 10 ppm.
potential for cyanide gas inhalation, at concentrations close to
the human PEL, to potentiate noise-induced hearing loss. MATERIALS AND METHODS
While such potentiation might be anticipated based on the
commonality of cyanide and CO in disrupting oxidative pro- Subjects. A total of 101 Long-Evans male pigmented rats, 2—3 months of

e, obtained from Harlan Sprague Dawley (Chicago, IL), were employed for

th ked diff in the probable cochl Y
cesses, (ne marke ifrerences In the probable cochiear meg xperiments. The subjects were housed with free access to food and water

anisms by which these two toxicants produce their acute agitheir home cages. Background sound levels in the colony room were below

ditory effects underscore the possibility of agent-specifi® dB (A). A spectral analysis of this background noise level showed that
y p y g p

actions. While the acute administration of both KCN and Ce&pund levels in the frequency range used for threshold assessments in the rats

can disrupt auditory function transiently (Tawackeli al., were below 40 dB. Temperature was maintain_ed at-21°C. Lights were on
P y y ( from 0630 to 1830 h. All exposures and testing were performed during the

2001), the severity of the impairment, the pattern of effect qp,

ime.
critical tissue beds within the cochlea, and the time scale 0étxposure procedure. Subjects were randomly assigned to 8 different

effect vary greatly for the two agents.' K(-?N causes a profouidatment groups. Group size varied between 6 and 16 rats depending upon
reduction in the endocochlear potential indicative of dysfunaether or not a treatment protocol was replicated as described below. The
tion in the stria vascularis. Along with this loss of the endasroups were exposed to noise alone, HCN alone at concentrations of 10, 30,
cochlear potential and, perhaps, as a result, a parallel drog*# 50 PPm. combined exposure to noisel0, 30, and 50 ppm HCN, and a

. . . control condition that entailed placement of subjects in the exposure chamber
CAP amplitude is also detected. Thus the stria vasculagl_lrsr:d no HCN. The exposures to 10 and 30 ppm HCN alone and to noke

appears to be very sensitive to cyanide as it is for ischemigy 30 ppm HCN were subsequently replicated. Each replication also included

(Thalmannet al., 1975). CO, on the other hand, produces @eatment groups that received HCN alone, noise alone, and no experimental

much slower impairment of CAP amplitude and no change @gatment. Table 1 provides information on exposure groups and subject

nearly no change in the endocochlear potential (Tawacdm"numbers_for each group. Limited histological data were ok_)tamed from rats that
. L . had received noise alona & 4), 10 and 30 ppm HCN- noise o = 3), and

aI.,. 2001). It appears to exert its effects principally on the innef, - controlsn(= 3). Physiological testing could not be conducted on

hair cells (Fechteet al., 1988; 1992). these subjects due to equipment failure.

In addition to inadvertent exposure as a combustion productan analysis of the noise spectrum in the exposure chambers when no noise
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was added intentionally were below 35 dB for all octave bands having a centeunscle. The CAP signals generated in response to sound presentation were
frequency (geometric mean frequency) of 2 kHz and higher. An octave candreplified 1000< between 0.1-1.0 kHz with a Grass (Quincy, MA) A.C.
defined as having a minimum value of F and a maximum value of 2F. Tipeeamplifier (Model P15). The sound level necessary to generate a visually
lowest frequency that was employed in audiometric testing was 2 kHz.  detectable CAP response on a digital oscilloscope (approximate response
Subjects were assigned randomly to treatment groups. Exposures warglitude of 1uV) was identified. The CAP response was not averaged.
conducted in a reverberant 40 | glass cylinder equipped with stereo speakeiBure tones for eliciting CAP were generated by a SR530 lock-in amplifier
for delivering sound, a Quest (Oconomowoc, WT)riicrophone and sound (Stanford Research Systems, Inc.). A programmable attenuator controlled the
level meter for monitoring sound, and a HCN monitor (Industrial Scientifidpne intensity and the output of the attenuators was amplified by a high voltage
Oakdale, CA) for continuous measurement of chamber gas concentration. @hlifier and then delivered to the sound transducer in the rat's external
subjects were placed within small wire cloth enclosures X1%3 X 11 cm) auditory meatus. Auditory thresholds were determined for tones of 2, 4, 6, 8,
within the chamber. They were conscious and free to move within the encl®2, 16, 20, 24, 30, 35 and 40 kHz using tone bursts of 10 msec duration with
sures. a rise/fall time of 1.0 msec. The repetition rate of the tone bursts was 9.7
Noise exposure. Broadband noise was generated by a function-generaténes/s. Sound levels at all test frequencies were calibrated with a probe
(Stanford Research System, Model DS335) and bandpass filtered (FrequéRigfophone located near the eardrum.
Devices, 9002) to provide an octave band noise with center frequency of 13.¢istology. The subjects used for histological study were euthanized 4
kHz. This octave band was selected because it results in a clear preferentiééks after exposure by anesthetizing them prior to decapitation. Cochleae
disruption of high frequency auditory function while preserving lower frewere removed immediately. Round and oval windows and the apex of the
quency auditory function intact (Chen and Fechter, 1999; Gheal., 1999). cochlea were opened to facilitate perfusion. The cochleae were perfused with
The preservation of normal auditory function at low frequencies providesSDH incubative solution (0.05 M sodium succinate, 0.05 M phosphate buffer,
useful control for determining that the electrode is positioned correctly on th@d 0.05% tetranitro blue tetrazolium) and immersed in the solution for 1 h
cochlea and that the sensitivity of the equipment is within normal specificgg7°C). Then the cochleae were fixed with 10% formalin for at least 2 days.
tions. The roll-off for the filter system was approximately 48 dB/octaveafter fixation, the cochleae were decalcified in 7% EDTA solution (Ethyl-
Acoustic measurement in the exposure chamber demonstrated similar speeiigDiamine Tetraacetic Acid) for 3 days or longer as needed. Cochlear
intensities between 10-16 kHz and about 10 dB lower at 20 kHz. The acoustiitrodissection was accomplished under a light microscope to yield surface
intensity between 5-10 kHz was decreased about 40 dB. preparations of each cochlear turn. These were oriented to permit correlation
The noise was amplified by a power amplifier (SAE 2200) and delivered between location of hair cell loss and impairment of specific frequencies
2 tweeters (Vifa D25AG-05-06, 709) in the exposure chamber. The aninpilysiologically. Successive image pictures (covering 200 to @@0basilar
cages were located under the speakers with a vertical distance (to cage flamnbrane) were obtained with Optimetic Image system (Edmonds, WA).
of about 18 cm. Noise intensity was measured with a Quest sound level medeunting of hair cell loss was achieved as a function of cochlear location using
using a linear weighting. The sound level meter was checked weekly usingeion Image software (Bethesda, MD).

calibrat_ed_ noise source of 94 QB at 1000 Hz‘. The noise level varied less tharyistical analysis. The data from each replication were analyzed sepa-
2 dB within the space accessible to the subjects. rately using repeated measures ANOVA in which treatment was a between

HCN exposure. All exposures were conducted in an airtight exposureubjects variable and frequency (or cochlear locations) was evaluated as a
chamber located within a dedicated chemical exhaust hood. The air excha@@fin subjects variable. Pair-wise comparisons were made between treatment
rate in the exposure chamber was 8.5 I/min (approximately 1 air change evgrgups using Scheffe’s tests. Because equivalent results were obtained between
5 min), which was monitored by a Top Trak 821-1-PS mass flow meter. Thgplications for groups receiving 10 and 30 ppm HCN, the data were collapsed
source for HCN gas was a calibrated gas mixture that was stored within gtoss replication and included in an overall ANOVA along with the 50 ppm
aluminum cylinder (500 ppm HCN in nitrogen gas) fitted with all stainlesgiCN exposure. Statistical differences beyonp & 0.05 were considered to
steel regulators and tubing. The HCN gas was metered into a mixing champersignificant.
using a microvalve. A solenoid switch was employed to stop the flow of HCN The potentiation of noise-induced hearing loss by HCN was subsequently
if activated by power failure, failure of the ventilation system, and excursiors/aluated using benchmark dose software (version 1.3) published by the U.S.
of HCN levels above those desired in the chamber or detection of HCN outsipA National Center for Environmental Assessment. A continuous linear
of the hood. The HCN concentration in the exposure chamber reached fhédel was employed to determine a benchmark concentration of HCN that
desired level within 30 min of exposure onset. The electrochemical HGoduced a specific impairment in auditory function that exceeded the effect of
sensor within the chamber was calibrated on a monthly basis using calibratiffise treatment alone. The model also provided an estimate of the lower bound
standards of 20 and 50 ppm HCN in nitrogen. Exhaust gas from the chamfgrthe 95% confidence interval for the benchmark dose.
was passed through NaOH to trap HCN prior to its release. HCN exposure
began for the appropriate subjects 90 min prior to the onset of noise. Noise
exposure duration v&a2 h long. RESULTS

Characterization of the HCN dose response for potentiation of noise-
induced hearing loss. Rats were exposed to both noise (100 dB octave band Figure 1 presents CAP thresholds for rats exposed 4 weeks

noise, 2 h) and to HCN (10, 30, and 50 ppm, 3.5 h). Parallel groups wes@rlier to 0, 10, 30, and 50 ppm HCN alone for 3.5 h. CAP
exposed to the noise alone, to 10 ppm, 30 ppm, and 50 ppm HCN alone; or theyasholds were equivalent among subjects receiving 0, 10, and
underwent a control exposure in the chamber without HCN present and ga ppm The animals exposed to 50 ppm HCN had slightly
added noise. : . .

Assessment of cochlear function.Four weeks following exposure, a time e!evated thresholds (apprOX|mater_1O dB) restricted to the
interval designed to permit recovery of temporary threshold shift (Chen aRd@hest and the lowest test frequencies. However, the repeated
Fechter, 1999), auditory thresholds were assessed in all subjects. The subpweasures ANOVA does not show a significant difference in

were anaesthetized with xylazine (13 mg/kg, im) and ketamine (87 mg/kg, iWAP thresholds among the 4 treatment groups presented in
and normal body temperature was maintained using a dc heating unit built irp_{ ure 1 (FBuo = 2.26,p = 0.0960)

the surgical table. The temperature of the cochlea was maintained using a lo . .
voltage high-intensity lamp. The auditory bulla was opened via a ventro-lateral he effect of noise alone and noiseHCN on CAP thresh-

approach to allow the placement of a silver wire electrode onto the roufd iS shown in Figure 2. SUbjeCtS receiving 2h-noise exposure
window. A silver chloride reference electrode was inserted into the ne¢t3.6 kHz octave band noise, 100 gBshow a moderate CAP
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100+ --*-- Ctrl(n=16) that a linear model did provide an adequate fit to the data and
4 —o—HeN1o(n=10) that equivalent BMDs and LBMDs resulted when alternative
go4 —+— HCN30(n=12) models were selected. Three specific benchmark responses
| —— HCN50(n=6) were evaluated: (1) a 10% elevation in auditory impairment
beyond the effect of noise alone, (2) a fixed 5 dB potentiation
of noise-induced hearing loss in the frequency range most
sensitive to the noise (i.e., 12—40 kHz and 20—40 kHz), and an
auditory impairment that exceeded the mean effect of noise
alone by 1 SD. The criterion of a 10% impairment beyond that
seen in the appropriate control group is a fairly common
default definition for continuous data that has been used by
0 T T T T 1 others undertaking risk assessment analysis (e.g., MacPhail
2 4 8 16 32 64 and Glowa, 1999; Malsckt al., 1994). In addition, the 10%
Frequency (kHz) increment in auditory impairment beyond the effect of noise
FIG. 1. CAP thresholds of control ratsi(= 16) and those receiving 10 @lone represents a step of approximately 1 dB. The criterion of
(n = 10), 30 o = 12), and 50 ppm HCN exposure alome< 6) shownoeffect a 5 dB elevation in threshold was selected because it ap-
on auditory threshold. The thresholds were measured 4 weeks after the efpaches the smallest reliable difference that could be readily
sure. Vertical bars are SE. determined using our threshold recording procedure and it was
employed in our previous analysis for noise-induced hearing
threshold elevation (12 1 dB averaged across frequencies dbss potentiation by CO (Fechtat al., 2000b). Finally, a
12-40 kHz) comparing to the controls. Auditory thresholds fasenchmark dose corresponding to an increase in noise-induced
noise-treated subjects are normal between 2—-8 kHz. Whesaring loss equivalent to 1 SD above the mean effect of noise
HCN is presented in combination with noise exposure, greaigas employed to provide a conservative estimate of a bench-
auditory impairment was observed. The group receiving comark dose reliably different from the mean for noise alone.
bined exposure to noise and 10 ppm HCN had-13 dB CAP  Figure 3 shows the result of this analysis using each of the
threshold elevation averaged across frequencies of 12—-40 kBlzbenchmark responses described above for the frequency
The group receiving combined exposure to noise and 30 ppahge 12—40 kHz. The benchmark concentration obtained for a
HCN had 24+ 2 dB threshold elevation. The animals exposetoy elevation of auditory impairment beyond the effect of
to noise+ 50 ppm HCN had an average threshold impairmeRbise was 3 ppm with a lower bound to the 95% confidence
of 36 = 2 between 12—40 kHz. In addition, rats receiving thﬁ]’[ervaj of 2 ppm (See F|g 3A)_ For a benchmark response
highest HCN concentration- noise also showed auditorycorrespondinga a 5 dBelevation in threshold, the benchmark
impairment of nearly 20 dB for 8 kHz tones. HCN concentration was estimated at 11 ppm with the lower

The repeated measures ANOVA shows a significant diffefiound of the 95% confidence interval at 9 ppm (see Fig. 3B).
ence in CAP thresholds among the 5 groups presented in

Figure 2 (between treatment,& = 18.34,p < 0.0001;
treatment-frequency interactionym = 6.26, p < 0.0001). 100
Post hoc analysis shows that the noise group is significantly=r

CAP Threshold (dB SPL)

%" Ctrl(n=16)

: L o —o— Noise(n=16)
different from the control groupp(= 0.001), significantly @ .. e N+HCN10(n=10)
different from the group receiving noise 30 ppm HCN p < a e NAHCN3O(R=12)
0.005) and the group receiving noise 50 ppm HCN p < et e NeHCN50(n=6)
0.0001). The noise group is not significantly different from the '@ =
group that received noise¢ 10 ppm HCN p > 0.05). @

For the risk assessment analysis, the average impairment ik 40
CAP threshold between 12—-40 kHz was calculated for theE
groups receiving noise alone and noiseHCN relative to the < 20
untreated control group. This frequency range was predicted
based upon previous studies (e.g., Fechtal., 2000a,b) and
upon the nature of the noise exposure used to contain the 2 4 8 16 32 64
maximal threshold shifts. In addition, parallel post hoc analy- Frequency (kHz)
ses were performed between 20—40 kHz representing the fre-
guency range in which we observed significant deviationsFIG- 2. CAP thresholds as functi_ons of test frequency showing more CAP
between the rats receiving noise alone and neiseCN. A threshold loss causgd by the combmgd exposure to noise and _cyan!de (filled

) . . . symbols) than to noise alone (open diamonds). Octave band noise with center
continuous linear model was applied to the data relating extgftuency at 13.6 kHz, 100 dBfor 2 h. HCN levels were 10, 30, and 50 ppm
of threshold elevation to dose of HCN. The analysis showed 3.5 h (1.5 h prior to noise onset). Vertical bars are SE.
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except when a definition of the benchmark response was ele-
40 vation in average threshold by 1 SD. In this case, the bench-
mark dose was calculated as 11 ppm HCN with a lower bound
to the 95% confidence interval of 16 ppm. The compara-
tive benchmark doses and their lower bounds are presented in

The limited histopathological data provide an estimate of the
extent of hair cell impairment resulting from the noise alone
and from noise in combination with 10 and 30 ppm HCN
relative to untreated control subjects. Because the cochlea is

20 3 40 50 organized tonotopically with high frequency tones encoded

HCN (ppm) near the base and lower frequency tones encoded toward the
apex, it is possible to relate the location of hair cell damage

W W
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CAP Threshold Elevation {dB}
g 2 %

=
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th

20 30 40 §0
HCN (ppm}

along the basilar membrane to tone frequency utilizing tone
8 place maps that have been developed for different species.
Cytocochleagrams relating cell loss to location were organized

using a place map published by Muller (1991) for the rat. Inner

hair cell loss was limited to a small basal location correspond-

ing to frequencies above 40 kHz (Fig. 4). Outer hair cell loss
was observed among the experimental groups mainly at co-
chlear locations that correspond to frequencies higher than 20

kHz (Fig. 4A). This corresponds to the region of auditory

function that was most impaired in the physiological experi-

y — T ments. However, there was evidence of impaired auditory
function at even lower frequencies yet this is not reflected in an
actual loss of outer hair cells. The combined exposure to noise

and HCN (10 and 30 ppm) caused more outer hair cell loss

£
T

(C)

@« W
$§ &8

CAP Threshold Elevation {(dB)
(]
[+ ]
L

(6 = 3% and 9+ 4% averaged across locations in the most
basal 45-90% of the cochlea) than the noise alonz ($%).
HCN alone did not induce hair cell loss.

DISCUSSION

The present report demonstrates that HCN exposure for
3.5 hiincreases permanent noise-induced hearing loss in a dose

L TABLE 2
0 "0 2 30 40 50 Benchmark Doses and the 95% Lower Bound on the Confidence
HCN {ppm) Intervals for Potentiation of Noise-Induced Hearing Loss by

FIG.3. CAP threshold elevation averaged across 12-40 kHz as a functiR@sponses

Coexposure to Hydrogen Cyanide Using 3 Alternative Benchmark

of HCN concentration showing a linear HCN dose-dependency. Data werefit
using Benchmark Dose Software version 1.3 published by the U.S. EPA. The
benchmark dose (BMD) and the lower bound of the 95% confidence interval
(BMDL) are shown for 3 different benchmark responses. Vertical bars are SE.  Benchmark response

Benchmark Lower bound to the

(A) the BMD and BMDL for potentiation of noise-induced hearing loss by
10% are 3 and 2 ppm. (B) The BMD and BMDL for potentiation of noise1go, Elevation (1.2 dB) above
induced hearing loss by 5 dB are 11 and 8 ppm. (C) The BMD and BMDL for  gise alone

potentiation of noise-induced hearing loss by 1 SD are 21 and 16 ppm. 12-40 kHz

The comparable values for a response 1 SD above the effect @b_sg kHz
noise alone the benchmark was 21 ppm with a 16 ppm lowero-40 kHz
bound (see Fig. 3C). Restricting the range of frequencies ove$D Elevation above noise alone
which auditory thresholds were calculated to 20—40 kHz gen-

HCN dose 95% confidence
(ppm) level (ppm)
3 2
20-40 kHz 2 1
5 dB Elevation above noise alone

11 9

9 8

12-40 kHz 21 16
20-40 kHz 11 9

erally had little effect upon the resulting benchmark dose
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A (NOEL) have been identified by this study. However, we have
extended this risk assessment analysis using a benchmark dose
approach to identify concentrations of HCN that produce spe-
cific adverse response based upon data obtained over a slightly
broader dose range. Many different potential benchmark re-
sponses could be utilized in making this risk analysis. For
example, we have previously utilized both a 10% elevation in
the response above control levels (noise effect alone) and an
absolute 5 dB elevation in auditory threshold above that ob-
served in subjects exposed to noise alone. The rationales that
we have used for such benchmarks (Fechteal.,2000b) are,
first, that a 10% increased response above some control value
has precedence in other risk assessment analyses (e.g.,
60—+ T1T v LI e e | MacPhail and Glowa, 1999; Malseh al.,1994) and secondly,
0 20 40 60 80 100 that a 5 dBelevation in auditory impairment above the effect
Apex ---—--- Base (%) of noise alone represents a substantial increase in stimulus
intensity relative to the sensitivity of the auditory measure
B utilized. That is, we can be confident in our ability to measure
a 5 dB elevation in auditory threshold. In the current investi-
gation the average auditory impairment produced by noise
' alone was only 12 dB and so the 10% increase represents a
shift of only 1 dB. Such a loss represents a statistical alteration
- in auditory function observable in a sample of subjects, but
would not be considered to be an adverse effect in a single
subject. That is, error in measurement of the CAP is greater
than 1 dB. We also elected to utilize a benchmark response
equivalent to 1 SD above the mean threshold for noise exposed
rats. The rationale for such a benchmark has merit since noise
60+———"F+—rr 7T exposure both in rats and humans produces pronounced vari-
0 20 40 60 80 100 ability in outcome between individuals. Based upon the bench-
Apex ------ Base (%) marks selected, the lower bound to the 95% confidence interval

FIG. 4. Hair cellloss as function of cochlear distance from apex. (A) MoreabOUt the benchmark concentration that potentiates noise-in-

outer hair cell losses caused by the combined exposure to noise and H@r{Fed hearing IQSS falls between 2 a”?' 16 ppm HCN. If these
(filled symbols) than by the noise alone (open circles). (B) No inner hair caf@lues are subjected tona8 h TWA in line with OSHA

loss was observed within the region of test frequencies. Octave band noise ygfiotocols, then the lower bound to the 95% confidence interval
center frequency at 13..6 kHz, ;00 @Bfor 2 h. H.CN levels were 10 and 30 for penchmark dose would be 0.5 and 4 ppm. For comparative
ppm for 3.5 h (1.5 h prior to noise onset). Vertical bars are SE. purposes, the current PEL for cyanide provided by OSHA is 10
ppm, based onre8 h TWAwith a STEL value also set at 10 ppm.
dependent manner. Because HCN exposure has minimal efother benchmark responses might also be used for risk
fects even at exposure concentrations of 50 ppm, these dagaessment. Crofton and Zhao (1997), for example, identified a
demonstrate that low concentrations of HCN can potentiat® dB elevation in auditory function above the level shown by
noise-induced hearing loss. These data extend similar findinggreated controls as the basis for identifying a benchmark
reported for CO (Fechteet al., 2000a,b) in showing that dose of an ototoxic solvent. They reasoned that a 15 dB
chemical asphyxiants can potentiate noise-induced hearing loepairment in auditory function represented an adverse effect
despite the fact that the asphyxiants by themselves do hatsed upon studies of auditory function in humans. We have
produce a permanent shift in auditory function. In both imot selected that measure for analysis because in our study the
stances increased outer hair cell loss has been observed afmoger control group is one that has already suffered a mild
with physiological impairment (Fechtet al., 2000a,b). auditory impairment due to noise exposure alone. Thus, the
In the current study, potentiation of noise-induced hearirayerage total auditory impairment among rats receiving both
loss achieved statistical significance when noise was combintd@N and noise is on the order of 15-20 dB. Whether the
with 30 ppm HCN while 10 ppm HCN did not producebenchmark dose range identified in this study has meaning for
significant potentiation or pronounced outer hair cell loss. Fouman HCN exposure depends in part on the relative sensitiv-
the purposes of traditional risk assessment, then, both a lowigsto chemical asphyxiants between rats and human. The data
observed effect level (LOEL) and a no observed effect leveh HCN toxicity and particularly neurotoxicity are not suffi-
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cient for making a judgment of relative sensitivity of human&PS9550478). The authors thank W. Tawackoli, M. McWilliams, and J. Kong

and rodents (ATSDR 1997)_ for assistance in animal exposures and electrophysiological recording.
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