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Irritation of the eyes, nose, and throat by airborne chemicals—also referred to as ‘“‘sensory
irritation”—is an important endpoint in both occupational and environmental toxicology. Mod-
eling of human sensory irritation relies on knowledge of the physical chemistry of the com-
pound(s) involved, as well as the exposure parameters (concentration and duration). A re-
ciprocal relationship between these two exposure variables is postulated under Haber’s law,
implying that protracted, low-level exposures may be toxicologically equivalent to brief, high-
level exposures. Although time is recognized as having an influence on sensory irritation, the
quantitative predictions of Haber’s Law have been addressed for only a handful of compounds
in human experimental studies. We have conducted a systematic literature review that includes
a semiquantitative comparison of psychophysical data extracted from controlled human expo-
sure studies versus. the predictions of Haber’s law. Studies containing relevant data involved
exposures to ammonia (2), chlorine (2), formaldehyde (1), inorganic dusts such as calcium oxide
(1), and the volatile organic compound 1-octene (1). With the exception of dust exposure, vary-
ing exposure concentration has a proportionally greater effect on sensory irritation than does
changing exposure duration. For selected time windows, a more generalized power law model
(c" X t = k) rather than Haber’s law per se (¢ X ¢t = k) yields reasonably robust predictions.
Complicating this picture, however, is the frequent observation of intensity—time ‘“plateauing,”
with time effects disappearing, or even reversing, after a relatively short period, depending on
the test compound. The implications of these complex temporal dynamics for risk assessment

and standard setting have been incompletely explored to date.

Irritation of the eye, nose, and throat (“sensory irritation’) can
occur with exposures to irritant gases, vapors, dusts, and smokes
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(Alarie, 1973). This constellation of symptoms is frequently re-
ported by individuals exposed to industrial chemicals or en-
vironmental tobacco smoke (ETS), by occupants of “problem
buildings” and residents living near industrial emission sources,
and after emergency chemical releases (CDC, 1991; Dalton,
2001; Fisk et al., 1993; Kharrazi et al., 1994; Kreutzer et al.,
1996; Mendell, 1993; Schaper, 1993; Shusterman et al., 1991).
Although generally less incapacitating than lower respiratory
tract responses such as bronchospasm, sensory irritation and
related upper respiratory tract symptoms together account for
significant decrements in economic productivity in indoor en-
vironments and act as a warning against more protracted and
deleterious exposure (Fisk & Rosenfeld, 1997).

The neurological modality involved in sensory irritation has
been referred to as “chemesthesis,” and is conveyed by the fifth
cranial (trigeminal) nerve in the case of ocular and nasal irri-
tation, and by a combination of the fifth and ninth (glossopha-
ryngeal) in the case of pharyngeal irritation (Bryant & Silver,
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2000). The larynx and lower respiratory tract are also sensitive
to chemical irritants and are innervated by the tenth cranial, or
vagus, nerve. Molecular and neurologic mechanisms of chemes-
thesis in the upper airway/mucous membranes are at least par-
tially understood. Nociceptive nerves of the C and Ad class
express molecular receptors for heat/acid/capsaicin (TRPV1),
acid (ASIC/DRASIC), nicotine (nAChR), purines released by
tissue damage (P2X), and possible nonspecific membrane al-
terations in response to high-level volatile organic compound
(VOC) exposures (Cometto-Muniz et al., 2005a, 2005b; Julius
& Basbaum, 2001; Keiger et al., 2003; Waldmann et al., 1999;
Spehr et al., 2004). Irritant-induced upper airway reflexes in-
clude sneezing, cough, nasal congestion, rhinorrhea, sinus and
middle ear dysfunction, and laryngospasm (Widdicombe, 1988;
Raphael et al., 1991). Upper airway irritants can also exacer-
bate asthma, possibly through a “naso-bronchial reflex” (Berger
& Nolte, 1979). In the context of acute, high-level exposures,
sensory irritation may precede and warn of potential lower res-
piratory tract health effects such as tracheitis, bronchitis, bron-
chospasm, and chemical pneumonitis (Shusterman, 1999). Pre-
dicting sensory irritation from airborne chemicals is therefore
an important goal for toxicologists and risk assessors.

Several approaches have been developed for modeling human
sensory irritation. Animal data documenting changes in breath-
ing patterns in rodents (the RDsg) generally correlate with human
observations for irritants, implying that cross-species extrapola-
tion may be valid under some circumstances (Alarie, 1984). The
RDs, however, does not take into consideration exposure time.
Human psychophysics provides a more direct method for eval-
uating sensory irritation. Psychophysicists employ a variety of
techniques for separating the closely associated modalities of ol-
faction and sensory irritation, both at and above the threshold of
perception. Relevant psychophysical techniques include use of
anosmic subjects (who will not be biased by odor), use of an
odorless model irritant (carbon dioxide), use of the “lateraliza-
tion threshold” among normosmics, and use of subjective rating
scales (Cometto-Muniz & Cain, 1998; Doty et al., 2004). Sub-
jective stimulus rating (denoted ), in turn, may employ ordered
category scales, visual analog scales (with or without linguistic
anchors), or dimensionless comparison of test stimuli versus.
reference stimuli (method of magnitude estimation) (Lawless
& Malone, 1986; Gescheider, 1985; Stevens, 1975). The fact
that the existing experimental literature on concentration—time
relationships employs varying exposure protocols, psychophys-
ical scaling methods, and statistical approaches renders the task
of summary analysis challenging, as becomes apparent in the
following.

The human psychophysics and animal experimental literature
also contains a number of works addressing structure—activity
and dose-response relationships of sensory irritants. (Abraham
et al., 1998; Alarie et al., 1998; Schaper, 1993) Notwithstand-
ing the value of these models, which are based on empirical
observations, available data for a given airborne chemical sel-
dom cover the entire range of exposure conditions of interest to
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regulators. A more comprehensive model would allow risk as-
sessors to extrapolate across different exposure conditions (i.e.,
concentrations and durations), in order to predict human sensory
irritation by airborne chemicals. One element of such a model
would address the degree to which protracted exposures at lower
levels act (biologically) like briefer, higher level exposures.

The formulation ¢ x t = constant for a given toxicologic end-
point (where ¢ is exposure concentration and ¢ is time) was pro-
posed by Fritz Haber (1868—1934) and Ferdinand Flury (1877-
1947) to describe the behavior of war gases (Witschi, 1999).
According to Haber’s law, equivalent biological effects can re-
sult from both brief, high-level and more protracted, low-level
chemical exposures. Initial experimental validation involved the
endpoint of pulmonary edema and mortality in experimental ani-
mals exposed to phosgene gas, although this endpoint has subse-
quently been modeled for chlorine and other pulmonary irritants
(Gelzleichter et al., 1992; Rinehart & Hatch, 1964; ten Berge,
1986; Zwart & Woutersen, 1988). Experimental data from this
system suggest that ¢ and ¢ are interchangeable within specified
time limits, but that for protracted exposures, concentration be-
comes more important than time in predicting toxicity (i.e., a
“dose-rate effect” is apparent).

Miller et al. (2000) point out that Haber’s law (“rule”) is a
special case of the power function:

cth =k
(or: alogc+ Blogt = k')

for which « = 8 = 1 and the analysis is restricted to a single ef-
fect level. (For constant effect levels, either & or 8, but not both,
should be allowed to differ from 1, lest the model run the risk of
being overparameterized.) Of importance, this more general for-
mulation allows for modeling, not only of dose-rate effects but
also of data pertaining to varying effect levels, yielding three-
dimensional graphical presentations. The authors therefore ar-
gue that in order to achieve progress in toxicologic modeling,
Haber’s law as applied to descriptive and regulatory toxicology
should be replaced with more generalized power function mod-
els. Consistent with this proposal, the California Environmental
Protection Agency (Cal/EPA, 1999) followed ten Berge (1986)
inrecommending a power function including the exponent « (de-
scribed as “modified Haber’s law”) for time extrapolation when
using toxicity data to develop acute reference exposure levels.
Of note, the field of psychophysics (from which is derived
most of the source material for this review) also relies on power
functions to summarize psycho(yr)—physical (¢) data:

v = ko®
(or: logy =aloge +k)

Since psychophysics initially dealt with vision, hearing, or
tactile sense, rather than the chemical senses (smell, taste,
and trigeminal chemoreception), it is understandable that ¢,
or steady-state intensity, would be the sole exposure param-
eter incorporated into what is referred to as Stevens’s power
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law (Stevens, 1957, 1975; Gescheider, 1985). For the chemical
senses, however, mass effects are possible, and incorporation of
both concentration and time into the exposure parameter ¢ is
appropriate, thatis, ¢ = f(c, t):

¥ = k(c,0)*

where ¢ and ¢ are combined in a manner to be determined.
One specific formulation of Stevens’s power law (assuming
chemesthesis involves perfect mass integration) would be:

v =k(c xt)*
(or: logy =alogce+ alogt + k)
which, in turn, could be generalized to:
logy = alogc + Blogt + k'

if one assumed that varying ¢ and ¢ had unequal effects on .
For a fixed v this would translate to:

aloge+ Blogt = k”

an identical formulation to that of Miller et al. shown earlier.

Thus, although toxicologists and psychophysicists have been
studying related phenomena using different methods and vo-
cabularies, convergent analysis of data is imminently practical.
However, in order to test the predictions of Haber’s law (or more
generalized power law models), some standardization of exper-
imental design and procedures is required (discussed later).

To date, neither Haber’s law nor other more generalized
power law models have been systematically evaluated with
respect to their predictions regarding human sensory irrita-
tion, a frequent critical endpoint for exposure standards, un-
der varying conditions of concentration and duration. Discus-
sion has taken place regarding the (explicit or implicit) use of
Haber’s law in occupational standard setting in relation to “time-
weighted average” exposures (Atherly, 1985; Brodeur et al.,
2001). Concentration—time trade-offs are also subsumed in some
environmental exposure standards (Doull & Rozman, 2000;
Gaylor, 2000). In light of these common concerns, evaluation of
Haber’s law and other power law models could assist risk asses-
sors in addressing such exposure guidelines as permissible ex-
posure limits (PELs) for occupational settings and reference ex-
posure levels (RELs) for environmental public health protection
purposes. In this context, this report was initially commissioned
by the Office of Environmental Health Hazard Assessment of the
California Environmental Protection Agency, with the objective
being to review available published human experimental liter-
ature relevant to the validity of Haber’s Law (and other power
law formulations) as applied to human sensory irritation.

METHOD

A literature review was conducted, beginning with a search of
the National Library of Medicine’s PubMed database, as well as
areview of secondary references, in order to identify controlled
human exposure studies in which airborne exposure to the eyes,
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nose, and/or throat was conducted and the following conditions
satisfied: (1) subjective mucous membrane irritation was rated
using psychophysical methods (category scales, visual analog
scales, or method of magnitude estimation); and (2) exposure
concentration (c) and time (t) were varied such that equivalent
(or overlapping) ¢ x t products were achieved with different
exposure conditions. Time, in turn, could be varied by having
multiple experimental trials with varying exposure times, or by
obtaining multiple sensory ratings during a single continuous
exposure. The literature search was conducted with the follow-
ing logic: “(eye OR nose OR throat OR sensory) AND irritation
AND human AND concentration AND time.” In addition, sec-
ondary references were reviewed in order to identify primary
studies fulfilling the criteria described.

As a result of this exercise, we systematically reviewed the
health literature for three compounds: ammonia, chlorine, and
formaldehyde. The rationale for this selection included: (1) the
availability of at least three controlled human exposure studies
for each (published in the English language), which, in turn, (2)
documented at least one upper respiratory tract/mucous mem-
brane irritative endpoint, and (3) occupational or environmental
relevance of the agent in question.

Subjective upper respiratory tract endpoints examined in
these studies included eye, nose, and throat irritation. In addi-
tion to studies of ammonia, chlorine, and formaldehyde, a single
study of eye irritation was identified utilizing the test compounds
n-butanol and 1-octene (Hempel-Jorgensen et al., 1999), as well
as a single study involving exposure to alkaline mineral dusts
(Cain et al., 2004). These studies were deemed of value because
they included both multiple exposure times and concentrations,
and hence were included in the review.

For each agent we tabulated potentially relevant studies and
abstracted data from those with designs adequate to compare
with the predictions of Haber’s law (i.e., in which comparison
were made of valid sensory endpoints for multiple ¢ x ¢ com-
binations). In order to present data in a consistent manner from
studies utilizing differing methodologies, we tabulated ¥ (de-
fined here as either mean sensory rating or percent of subjects
achieving a given criterion sensory rating) as a function of (¢ x t)
integral with the expectation that the ratio of i to (¢ x t) would
be constant for a given health endpoint if Haber’s law (and not
a more generalized power function model) were applied. De-
pending on the source study design and data presentation, we
preferentially abstracted data (1) for fixed ¢ x ¢ products; if this
was not possible, we abstracted data for (2) a fixed . If neither
of these was practical we (3) abstracted data cross-sectionally
such that comparisons of ¥ /(c x t) reflect neither a fixed expo-
sure nor outcome parameter.

RESULTS

Ammonia

We reviewed four controlled human exposure studies
(Table 1): one examined multiple exposure levels only, another
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multiple exposure times, and two employed both multiple expo-
sure concentrations and times. The study that examined multiple
exposure times with a single (100 ppm) exposure level (McLean,
et al., 1979) showed progressive increases in nasal airway resis-
tance (from baseline) that were more or less linearly related to
exposure time over the range of 5 to 20 s. The study in question
did not include symptom ratings per se, although nasal airway
resistance is significant as a reflex response to nasal irritation.
Ferguson et al. (1977) described a semiexperimental study that
involved multiple exposure levels (25, 50, and 100 ppm) in an
occupational setting over a protracted (6-wk) exposure period.
However, the study was of insufficient quality to derive use-
ful data—either subjective or objective. Only two controlled
exposure studies (Cometto-Muniz & Cain, 1984; Wise et al.,
2005) described ammonia-induced sensory irritation with both
multiple exposure concentrations and times and used rigorous
psychophysical methods.

Cometto-Muniz and Cain (1984) documented psychophys-
ical measures of nasal “pungency” (irritation) and total nasal
sensation (odor + irritation) for combinations of exposure times
spanning 1.25 to 3.75 s., and exposure levels from 47 to 434
ppm ammonia. Data for nasal pungency alone were abstracted
from the article, and an index was derived consisting of mean
sensory rating intensity (method of magnitude estimation) di-
vided by the product of ¢ x ¢ (in ppm-s), with the expecta-
tion under Haber’s law that this index would be constant (Ta-
ble 2). The observed range was 0.049 to 0.074, with a trend
toward slightly higher values with higher exposure levels. Be-
cause the ¢ x ¢ product varied across experimental conditions,
direct testing of Haber’s law predictions was not possible with
this data set. Notwithstanding this limitation, given the rela-
tively narrow distribution of values this study can be considered
as providing limited support for Haber’s law for the endpoint of
subjective nasal irritation involving very short-duration (<4 s.)
exposures.

Wise et al. (2005) examined both irritant detection (by
nasal lateralization) and suprathreshold rating of nasal irrita-
tion (method of magnitude estimation) utilizing ammonia vapor
with various combinations of concentration (37 to 721 ppm)
and time (0.1 to 10 s). For the endpoint of irritant detection, a

TABLE 2
Nasal irritation data: Ammonia exposure (Cometto-Muniz &
Cain, 1984)

Sensory Sensory

Concentration  Duration cxt rating® rating/
(ppm) (s) (ppm-s)  (O—infinity) c Xt
99 1.25 124 8 0.065
99 3.75 371 18 0.049
434 1.25 543 40 0.074
434 3.75 1628 104 0.064

“Method of magnitude estimation.
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TABLE 3
Nasal irritation data: Ammonia exposure (Wise et al., 2005)
Sensory
Concentration Duration ¢ xt  Sensory rating” rating
(ppm) (s) (ppm-s) (O—infinity) cxt
165 1.26 208 63 0.30
304 0.501 152 63 0.41
478 0.251 120 63 0.53
165 2.75 454 100 0.22
304 0.993 302 100 0.33
478 0.447 214 100 0.47
165 6.31° 1041 158 0.15
304 1.70 517 158 0.31
478 0.794 380 158 0.42

“Method of magnitude estimation.
bExtrapolated from beyond the range of experimental data.

2.5-fold increase in duration was necessary to offset a 50% re-
duction in concentration. For suprathreshold rating, a 3.1-fold
increase in exposure time offset a 50% reduction in concen-
tration. Concentration—time trade-off for suprathreshold ratings
was not studied beyond 4 s because stimulus detectability did not
increase significantly in that range, likely predicting a plateau in
the y—time relationship. Estimated stimulus durations to achieve
equivalent intensity ratings appear in Table 3; as in the previ-
ous analysis, an index was derived consisting of ¥ divided by
mean (¢ X t) integral. For each criterion ¢ (63%, 100%, or
158% intensity relative to the reference stimulus), ¢ x t became
smaller (¢/c x t became larger) as the stimulus concentration
became greater. The authors concluded that an “imperfect mass
integrator model” describes short-term temporal integration of
irritation in the nose. Borrowing the slopes from the authors’
regression formulas for log(c) versus. log(¢) at fixed outcome,
we obtained power-law exponents (“n” in ¢" x t = k) of 1.30
for irritant detection (lateralization) and 1.64 for suprathresh-
old rating (). These regression formulae explained >95% of
the observed variance in the data within this very limited time
window (<4 s.).

Chlorine

We reviewed four controlled human exposure studies for
chlorine (Table 4). Of these, one utilized a single exposure con-
centration (0.5 ppm) with serial ratings (by VAS) of subjective
nasal irritation at 5-min intervals; its utility was confined to eval-
uating nonlinearities in the time effect. In this latter regard, the
“downward” concavity in the {—time curve after 5 min could
be corrected for by log-transforming time, thereby explaining
99% of the observed variance in the rating data (Shusterman
et al., 2003). Another study exposed subjects to 3 different ex-
posure levels (0.1, 0.3, and 0.5 ppm) for 6 h/day for 3 days.
However, symptom data from this study were filtered by the
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TABLE 5
Sensory irritation data: Chlorine exposure (Anglen, 1981)
Percent Percent
Type of Concentration Duration ¢ x ¢ responding responding/
irritation (ppm) (h) (ppm-h) > 1¢ (c x1)
Eyes 0.5 4 2 42% 21
Eyes 1 2 2 58% 29
Nose 0.5 4 2 58% 29
Nose 1 2 2 78% 39
Throat 0.5 4 2 62% 31
Throat 1 2 2 83% 42

“Leikert scale: 0 = “no sensation”; 1 = “just perceptible”’; 2 = “dis-
tinctly perceptible”; 3 = “nuisance”; 4 = “offensive”; 5 = “unbearable.”

examining physicians for “plausibility,” rendering them uninter-
pretable (Schins et al., 2000). Finally, two studies (Anglen, 1981;
Joostings & Verberk, 1975) described findings for both multiple
concentrations and times, and hence presented data suitable for
comparison with the predictions of Haber’s law.

Anglen (1981) exposed 31 subjects (16 male; 25 nonsmok-
ers) to chlorine concentrations ranging from 0.5 to 2.0 ppm for
4 hrs. Subjects reported subjective eye, nose, and throat irri-
tation, as well as a variety of chest symptoms, using ordered
category (Leikert) scales. Sensory data were tabulated as per-
cent of subjects rating a given symptom at or above a criterion
number on a scale of 1-5. Data for ratings >1 (“barely percepti-
ble”) are abstracted in Table 5, comparing experiments in which
identical ¢ x ¢ products were achieved under differing experi-
mental conditions. When rating percentages were divided by the
¢ x t product (with the expectation of consistency), the results
spanned the range of 21-42%/ppm-h, with the data showing a
consistent trend toward higher ratings with higher exposure con-
centrations for a given ¢ x ¢ product. These findings suggest that
a power function in the form ¢ x t = k would provide a better
data fit than would Haber’s law per se.

Joostings and Verberk (1974) exposed 8 subjects for 2 h to
0.5, 1, 2, and 4 ppm chlorine. Symptom reporting for eye, nose,
and throat irritation was obtained at 15-min intervals during the
exposure. Symptom data (mean score on a Leikert scale of 0-5)
was abstracted for two different ¢ and ¢ combinations with the
same cross-product (1 ppm x 2 h [or] 2 ppm x 1 h =2 ppm-hr;
Table 6). Dividing sensory ratings by ¢ x ¢ yielded an index
which should be constant (for a given type of irritation) were
Haber’s law, rather than a more generalized power-law model,
to apply. In fact, higher irritation ratings were obtained (partic-
ularly for nasal irritation) when the same ¢ x ¢ was achieved
with a higher exposure concentration, implying that a power
law formulation in the form of ¢ x t = k (with n > 1), rather
than Haber’s law per se, may apply. However, given the paucity
of data points, no attempt was made to empirically derive the

[T3E 1]

exponent 7.
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TABLE 6
Sensory irritation data: Chlorine exposure
(Joosting & Verberk, 1974)

Sensory Sensory

Type of Concentration Duration ¢ x ¢ rating® rating/
irritation (ppm) (h)  (ppm-h) (0-5) (c x1t)
Eyes 1 2h 2 1.1 0.55
Eyes 2 1h 2 1.4 0.70
Nose 1 2h 2 0.4 0.20
Nose 2 l1h 2 1.7 0.85
Throat 1 2h 2 0.8 0.40
Throat 2 lh 2 1.1 0.55

“Leikert scale: 0 = “no sensation”; 1 = “just perceptible”; 2 =
“distinctly perceptible”; 3 = “a nuisance”; 4 = “offensive”; 5 =
“unbearable.”

Formaldehyde

We reviewed 12 controlled human exposure studies for
formaldehyde (Table 7). Two of these studies examined only
multiple exposure concentrations and two others employed only
multiple rating times. There were an additional two studies in
which both concentration and rating time varied. Both studies
with multiple exposure levels only (Bender et al., 1983; Kulle
et al., 1987) showed a dose-response with respect to symptom
ratings. Of the two studies that included multiple times, only one
(Sauder et al.,1987) presented quantitative symptom ratings for
multiple time points; these data showed a trend toward increased
symptom ratings as a function of time (up to 120 min for eye
irritation and 60 min for nose/throat irritation), with a plateau or
fall thereafter. One of the two studies that varied both concentra-
tion and rating time (Andersen, 1979) grouped all symptoms—
including both upper and lower respiratory tract—into an index
of “discomfort,” and hence was not further considered in this
analysis.

A single study involved both multiple rating times and ex-
posure concentrations and also generated usable (modality-
specific) sensory rating data (Cain et al., 1986). The latter in-
cluded separate visual analog scale ratings of eye, nose, and
throat irritation. The subexperiment of greatest interest here in-
volved exposures at 0, 0.25, 0.5, 1, and 2 ppm for 30 min, al-
though a separate 90-min experiment at 1 ppm is instructive in
terms of the time course of subjective irritation. With the ex-
ception of an anomaly in which mucosal irritation at 0.5 ppm
was rated as less intense than at 0.25 ppm at several points in
time, both concentration and time exhibited monotonic effects
up to approximately 30 min exposure duration. Beyond that time,
subjective mucosal irritation tended to plateau or even decrease.
Sensory rating data are presented for exposures at 0.5 and 2 ppm
in Table 8; no direct comparisons were possible of ¥ at iden-
tical ¢ x t products, nor ¢ and ¢ at identical ¥ ratings. What
is apparent from the tables, however, is a consistently lower
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TABLE 8 TABLE 9
Sensory irritation data: Formaldehyde exposure (Cain et al., Eye irritation data: 1-octene exposure (Hempel-Jorgensen
1986) et al., 1999)
Sensory Sensory Sensory  Sensory
Type of Concentration Duration ¢ x ¢ rating®  rating/ Duration cxt rating® rating/
irritation (ppm) (min) (ppm-min) (0-5) (¢ x 1) Concentration (min) (mg/m> min) (0-100) (c x 1) (x10%)
Eyes 0.5 10 5 1.6 0.32 6000 mg/m? 60 360,000 10 0.028
20 10 1.9 0.19 10,400 mg/m* 20 208,000 64 0.308
2.0 10 20 33 0.17 40 416,000 82 0.197
20 40 3.8 0.09 60 624,000 85 0.136
Nose 0.5 10 5 1.8 0.36 18,000 mg/m* 10 180,000 37 0.206
20 10 2.0 0.20 20 360,000 54 0.150
2.0 10 20 44 0.22 40 720,000 56 0.078
20 40 43 0.11 60 1,080,000 56 0.052
“Visual analog scale: 0 = “none”; 1 = “slight”; 2 = “moderate”; “Visual analog scale: 0 = “no irritation”; 100 = “unbearable irri-

3 = “strong”; 4 = “very strong”’; 5 = “overpowering”.

quotient of ¥ /c x t with lengthening exposure duration, indica-
tive of a strong dose-rate effect. Because of potential imprecision
on our part in abstracting data from the graphs, no attempt was
made at estimating “n” values for a power law model. However,
the authors concluded that simultaneous processes of “potenti-
ation” and “adaptation” appeared to be at work, and suggested
the general form of a mathematical model to describe this phe-

nomenon.

Miscellaneous Agent(s)

A single study contained sufficient data to compare with the
predictions of Haber’s law for the endpoint of eye irritation from
a volatile organic compound (VOC). Hempel-Jorgensen et al.
(1999) described findings for both multiple exposure levels and
times for the VOCs n-butanol and 1-octene, although only the
latter compound produced significant subjective irritation. Six-
teen subjects (7 males, 9 females) rated eye irritation on a visual
analog scale at 2.5-min intervals during 1-h exposures to 0, 6000,
10,400 and 18,000 ppm of 1-octene. In general, mean sensory
ratings tended to plateau with time, reaching near-maxima after
20 to 40 min. The concentration dose-response for peak irrita-
tion values showed a monotonic trend from 0 to 10,400 ppm,
then a paradoxical drop at 18,000 ppm. Representative sensory
rating data abstracted from the authors’ graphs appear in Ta-
ble 9, and within each concentration stratum show a monotonic
decrease in (¥/c x t) with increasing exposure time, consistent
with a dose-rate effect. Visual examination of the {y—time curves
likewise shows progressive flattening. In light of the [concen-
tration] dose-response anomaly, data from this study would pro-
vide only limited ability to derive an exponent for a power law
model.

Another study dealt with ocular and upper airway irritation
from exposure to basic inorganic dusts, specifically calcium
oxide, calcium sulfate, and sodium borate (Cain et al., 2004).

tation.”

Subjects exercised on a stationary bicycle while being exposed
(head only) to varying concentrations of the compounds within
a dome apparatus. During this protocol (which lasted 20 min),
eye, nose, and throat irritation were rated periodically using the
method of “intensity matching” (in which a second chemical
irritant, carbon dioxide, was used as a reference standard). Rep-
resentative data (for calcium oxide) are abstracted in Table 10,
representing various combinations of ¢ and ¢ at preselected in-
tensity ratings for nasal irritation (equivalent to 10% and 15%
COy). These data are unique among those reviewed here, in that
the ¢ x t product is actually lower with lower exposure con-
centrations, rather than higher (corresponding to a power-law ¢
exponent of <1 or a ¢t exponent of >1). In this particular data
set, then, time has a proportionally greater effect on sensory ir-
ritation than does concentration. The authors theorized that the
mass transfer of solute into mucous membrane water, a pro-
cess that is driven by both concentration gradient and kinetic
constraints, is important in understanding the concentration and
time dynamics in this system.

TABLE 10
Nasal irritation data: Calcium oxide exposure
(Cain et al., 2004)

Sensory
rating®

Sensory

Concentration Duration ¢ x ¢t rating /

(ppm) (min) (ppm-min) (% CO, equiv.) (¢ X 1)
1 6.25 6.25 10 1.5
5 4 20 10 0.5
1 20 20 15 0.75
5 10 50 15 0.3

“Method of intensity matching.
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DISCUSSION AND CONCLUSIONS

After reviewing the controlled human exposure literature, we
found a total of seven studies documenting sensory irritation in
which both exposure concentration and time varied (Table 11).
The agents employed in these studies included ammonia (2 stud-
ies), chlorine (2 studies), formaldehyde (1 study), 1-octene (1
study), and alkali dusts (1 study). Identified target sites included
the nose (5 studies), eyes (4 studies), and throat (3 studies).

In addition to these reports, we found a number of studies
that documented sensory irritation with either varying exposure
levels or exposure/rating times. These studies could, at best,
only provide ancillary data, since dose-response relationships
for both time and concentration are necessary, but not sufficient,
conditions for Haber’s law to apply. The studies reviewed, with
few exceptions, showed monotonic dose-response relationships
for concentration, but time-response relationships showed either
asymptotic (plateauing) or frank biphasic (drop-off) behavior.

Among the six studies in which both exposure parameters
varied, only two were designed in such a manner that identical
¢ x t products were achieved with different ¢ and ¢ parameters.
In order to avoid limiting the analysis to these two studies, we
therefore constructed an index consisting of sensory rating inten-
sity () divided by the (c x t) product, with the expectation that
this index should stay relatively constant within a given experi-
ment if Haber’s law applied in its “pure” form (i.e., ¢ X t = k).
Depending upon the structure and presentation of the data, we
compared 1/(c x t) preferentially in the following order: (1) for
identical (¢ x t) products; (2) for identical ¥ values; and (3) for
observations in which both (¢ x ) and ¥ differed.

Referring to this scheme, “type 1” comparisons (identical
¢ x t products) were possible for only the two chlorine studies. In
both studies, there was a systematic trend toward higher sensory
ratings when a given (¢ x t) product was achieved with a higher
exposure concentration (i.e., showing evidence of a dose-rate
effect: Anglen, 1981; Joosting & Verberk, 1975).

“Type 2” comparisons (identical ¥ ratings) were possible
for one of the ammonia studies, (Wise et al., 2005) and the
inorganic dust study (Cain et al., 2004). Similar to the chlorine
studies, the ammonia study showed a stronger concentration than
time effect (in this case a lower (¢ x ) product when a given ¥
was achieved with a higher exposure concentration). However,
within relatively short time parameters (<4 s.) this effect could
be well modeled by raising the exposure concentration to the
1.64 power (for suprathreshold rating) or the 1.30 power (for
detection). The inorganic dust study, on the other hand, showed
the obverse finding of a higher (¢ x t) product when a given i was
achieved with a higher exposure concentration (i.e., a reverse
dose-rate effect; Cain et al., 2004). This apparently anomalous
finding may have had to do with the kinetics of solute deposition
and dissolution in mucous membrane water, which in turn is
highly time dependent.

“Type 3” comparisons (i.e., studies in which it was impossi-
ble to hold either [c¢ x ¢] or ¥ constant) included one ammonia
study (Cometto-Muniz & Cain, 1984), a formaldehyde study

D. SHUSTERMAN ET AL.

(Cainetal., 1986), and an eye irritation study involving 1-octene
(Hempel-Jorgensen et al., 1999). For all three studies, the in-
dex /(¢ x t) decreased with increasing exposure duration at
a given exposure concentration, suggesting that concentration
was a more potent determinant of response than was time.

In two studies, anomalies appeared in the concentration-
response curve, further complicating the analysis (Cain et al.,
1986; Hempel-Jorgensen et al., 1999). Nevertheless, in most
cases c—t relationships could be modeled over relatively nar-
row time parameters using a more generalized power law model
(c¢™ x t = k) rather than Haber’s law per se (¢ x t = k).

Limitations of this review derive from the wide variety of
study designs and psychophysical methods utilized, as well as
our variable ability to abstract a sufficient number of data points
to conduct goodness-of-fit analyses. At the extreme positive for
usability, we were provided not only with data for equipotent
psychophysical outcomes, but also with regression formulas for
psychophysical power curves that translated directly into power
law exponents (Wise et al., 2005).

Methodologically, several issues present themselves in evalu-
ating the predictions of Haber’s law (or more general power law
models) for sensory irritation. For suprathreshold psychophysi-
cal measures, for example, the psychophysical index used should
be unbounded; if not, the scale will saturate and time will in-
evitably lose its effect. Alternatively, one can assess “fixed end-
points,” such as threshold measures. Empirically, three basic
issues arise with respect to the role of time in sensory irritation:
(1) the relative strength of effect of varying concentration and
time on ¥ (within the range of durations within which time alone
has a measurable effect on /), (2) the extent to which there is
time versus concentration trade-off within this range to achieve
a given toxicologic effect (i.e., per the predictions of Haber’s
law), and (3) nonlinearities (and other anomalies) in the time
effect.

With regard to (1) relative potency and (2) concentration—time
trade-off, in all of the studies reviewed here, changing exposure
concentration and duration had unequal effects on perceived
stimulus magnitude. In all but one of the studies, changing con-
centration had a stronger effect than did changing exposure time.
Although the widely varying methodologies employed in these
studies precluded our performing a true meta-analysis, it appears
that a more generalized power law model (¢c” x ¢t = k), rather
than Haber’s law per se (¢ x ¢ = k), may fit a subset of the data
from each study, but only for relatively narrow time windows.

With regard to nonlinearities in the time effect, the studies re-
viewed here all showed either a plateauing or a frank reversal of
the time effect when observations were carried out sufficiently
long. For ammonia, diminution of the time effect was apparent
within the first 10 s of exposure. For chlorine, flattening of the
time—intensity curve occurred within 10 min. of initial exposure
(and might have been apparent sooner had finer time resolution
been employed in the sensory rating procedure). For formalde-
hyde, sensory irritation ratings peaked by 90 min and began to
drop off thereafter in both of the studies reviewed. Thus, even
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concentration-weighted power-law models can only predict sen-
sory irritation over limited periods, and prediction of the sensory
impact of exposures lasting in the order of hours (or more) would
require additional modeling tools that could predict sensory
accommodation and/or other countervening processes (Rozman,
2000).

The implications for risk assessment vary by compound stud-
ied. The studies reviewed here for ammonia, chlorine, formalde-
hyde, and 1-octene all suggest that extrapolation of effects utiliz-
ing the formulation ¢ x t = k (“Haber’s law’’) may overestimate
risk of sensory irritation (if extrapolating from short to long
durations) or underestimate risk (if extrapolating from long to
short durations). For calcium oxide-induced sensory irritation,
the errors would likely be in the obverse direction. Utilization
of more generalized power-law formulations, on the other hand,
may circumvent some of these modeling pitfalls, although the
data to test these models are currently sparse.

The past few decades have seen an increasing move to-
ward physiologically based pharmacokinetic (PBPK) models
in risk assessment, including for emergency planning purposes
(Bruckner et al., 2004). In the context of the current discus-
sion, factors to be accounted for in more pharmacokinetically
based models would include toxicant deposition, activation,
buffering/deactivation/clearance, and mechanisms of sensory
transduction, central sensory integration/adaptation, and (poten-
tial) tissue disruption and repair. There is no reason to expect,
for example, that the time kinetics of sensory irritation will be
the same for an alkaline dust (requiring considerable time to
dissolve in mucous membrane water and being subject to clear-
ance by the mucociliary apparatus) as for a water-soluble gas or
vapor (with rapid transfer and equilibration into airway lining
fluid). Heuristically, the most detailed understanding of stimu-
lus dynamics for a sensory irritant exists for a model agent: car-
bon dioxide. CO, produces mucous membrane irritation via its
[enzyme-facilitated] dissolution in mucous membrane water and
formation of carbonic acid/hydrogen ion. For this agent, investi-
gators have studied not only empirical concentration-time trade-
offs, but also mucosal acidification and enzymology, as well as
central electrophysiologic (EEG) responses to varying exposure
concentrations and times (Frasnelli et al., 2003; Shusterman &
Avila, 2003; Tarun et al., 2003; Wise et al., 2004). Based on this
example, physiologic compartmentalization of sensory irritation
appears practical, and may, in fact, be necessary to provide the
basis for more sophisticated predictive models.

In future studies, the choice of psychophysical measures
should be carefully considered. Although a fixed endpoint can be
achieved using threshold measures, suprathreshold scaling may
also be valid as long as either open-ended scales (e.g., method of
magnitude estimation) or scales with true ratio properties (e.g.,
labeled magnitude scale) are utilized to minimize bias against
finding “late” time effects. Use of study designs incorporating
reciprocally varying (concentration—time) combinations would
facilitate hypothesis-testing that equal products ¢ x ¢ (or ¢ X t)
are toxicologically equivalent. Actual concentrations and times
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employed should, to the extent possible, span ranges of regu-
latory interest. The agents tested should have value not only as
model irritants but also by virtue of their occupational and/or
environmental relevance. If possible, investigators should con-
sider combining both subjective (psychophysical) and objective
(physiologic) measures of sensory irritation in order to obtain
further insight into tissue reactions. In sum, broadening of mod-
els to take into account the full range of information available re-
garding the physical chemistry, dosimetry, and biological impact
of specific airborne toxicants will likely produce more robust
successors to Haber’s law for the explanation of concentration—
time relationships in sensory irritation.
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