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This article presents an overview of a strategy for assignment of hazard-specific skin notations (SK),
developed by the National Institute for Occupational Safety and Health (NIOSH). This health hazard char-
acterization strategy relies on multiple SKs capable of delineating systemic (SYS), direct (DIR), and
immune-mediated (SEN) adverse effects caused by dermal exposures to chemicals. One advantage of
the NIOSH strategy is the ability to combine SKs when it is determined that a chemical may cause multi-
ple adverse effects following dermal contact (e.g., SK: SYS-DIR-SEN). Assignment of the SKs is based on a
weight-of-evidence (WOE) approach, which refers to the critical examination of all available data from
diverse lines of evidence and the derivation of a scientific interpretation based on the collective body
of data including its relevance, quality, and reported results. Numeric cutoff values, based on indices of
toxic potency, serve as guidelines to aid in consistently determining a chemical’s relative toxicity and
hazard potential. The NIOSH strategy documents the scientific rationale for determination of the hazard
potential of a chemical and the subsequent assignment of SKs. A case study of acrylamide is presented as
an application of the NIOSH strategy.

Published by Elsevier Inc.
1. Introduction

Within some occupational settings, dermal contact with chemi-
cals may represent a greater health risk for workers than inhalation
exposure (Sartorelli, 2002). Exposures from skin contact cause a
wide range of health effects, including dermatoses, systemic toxic-
ity, and immune-mediated responses (Sithamparanadarajah,
2008). Despite the importance of the skin as a contributing route
of exposure for many chemicals, current occupational exposure lim-
its (OELs) characterize the acceptability of inhalation exposures and
are not intended to denote a ‘‘safe’’ or ‘‘acceptable’’ level of exposure
to chemicals via dermal contact. These OELs are supplemented with
qualitative hazard indicators that serve as the primary means for
communicating that a potential health hazard exists following skin
exposure. One such notation category alerts to the potential for
absorption (i.e., a skin notation). A second common notation refers
to sensitization potential; different organizations may denote route
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specificity of the sensitization response. For direct skin effects, such
as irritation, most OELs do not include a specific notation, but such
issues are usually described in the toxicology sections of the full
OEL documentation.

The purpose of a skin notation, traditionally represented by the
symbol (skin) or (S), as applied by most existing OEL setting orga-
nizations, is to provide a warning that a chemical has the potential
to be absorbed dermally in sufficient quantities to affect the inter-
pretation of the risks from inhalation, if concomitant dermal con-
tact may occur. Numerous governmental and non-governmental
organizations (see Table 1) include skin notations as part of their
occupational exposure guidelines for chemicals. The criteria and
protocol for the assignment of skin notations vary among the dif-
ferent organizations, but the systems share the general interpreta-
tion that a skin notation represents the potential for dermal
absorption.

Several publications have outlined the limitations of the skin
notation assigned by the various organizations and expressed the
need for an enhanced method for assignment of skin notations to
enhance their use in identifying the health hazards that may occur
when a chemical comes into contact with skin (Fiserova-Bergerova
et al., 1990; ECETOC, 1998; Czerczak and Kupczewska, 2002;
Sartorelli, 2002; Chen et al., 2003; Nielsen and Grandjean, 2004;
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Table 1
Overview of the criteria used to assign skin notation within various countries and organizations.

Country (organization) Criteria (definition) used to assign a skin notation

Denmark When known that the substance can be absorbed via skin
Norway Substances that can be taken up via skin
Finland Absorbed amounts and health risks cannot be evaluated only from air concentrations
Sweden Substances easily taken up by the body via skin
Germany (MAK) When dermal exposure increases the body burden
EU (SCOEL) Substantial contribution to total body burden via dermal exposure
USA (ACGIH) Potential significant contribution to overall exposure by the cutaneous route, including mucous membranes and the eyes, either by contact

with vapors or, of probable greater significance, by direct skin contact with the substance
USA (NIOSH) Potential for dermal absorption; prevent skin contact
USA (OSHA) Potential for dermal absorption
The Netherlands

(DECOS)
More than 10% contribution to total exposure. . .

European industry
(ECETOC)

More than 10% contribution to total exposure. . .

Abbreviations: American Conference of Governmental Industrial Hygienists (ACGIH); European Centre for Ecotoxicology and Toxicology of Chemicals (ECETOC); European
Union Scientific Committee on Occupational Exposure Limits (SCOEL); German Commission for the Investigation of Health Hazards of Chemical Compounds in the Work Area
(MAK); National Institute for Occupational Safety and Health (NIOSH); Occupational Safety and Health Administration (OSHA); Occupational Standards of the Dutch Health
Council (DECOS).
Source: adapted from WHO (2006).
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Kupczewska-Dobewcka and Czercak, 2006; WHO, 2006; Sartorelli
et al., 2007, 2010; Johanson and Rauma, 2008; Lavoue et al.,
2008). Important limitations in the current notation approach
include:

(1) A skin notation represents the potential for dermal absorp-
tion and does not take into account inherent toxicity (or tox-
icodynamics). For systemic toxicants, this may result in a
chemical that is highly toxic following dermal absorption
receiving the same notation as a chemical that exhibits lim-
ited toxicity following dermal uptake.

(2) The failure to provide a warning when a chemical may cause
direct damage to the skin (e.g., irritation and corrosion) or
potentially act as a sensitizing agent. These adverse health
effects are not traditionally considered in assignment of a
skin notation.

(3) Chemicals not assigned a skin notation are often perceived
by workers and occupational health professionals as absent
a serious health risk via the dermal route, and

(4) the rationale behind the designation of a chemical with a
skin notation is often poorly documented, with limited
description of a systemic decision approach. In many cases
limited information is provided beyond ‘‘potential for der-
mal absorption’’.

NIOSH has developed a strategy intended to address many of
the limitations in current skin notation approaches (NIOSH,
2009). This article describes the important elements of the strategy
for the assignment of hazard-specific skin notations (SK), including
the decision criteria embedded in the approach. An in-depth case
study for assigning the hazard-specific SK to acrylamide has been
included to illustrate application of the NIOSH strategy.
2. NIOSH Strategy for skin notation assignments

The NIOSH skin notation strategy has been developed to ensure
that the logic and decision-making criteria behind the SK assign-
ments are clearly defined and consistently applied (NIOSH, 2009).
This strategy is a form of health hazard characterization in which
the key step is to determine a chemical’s hazard potential – i.e., po-
tential for causing adverse health effects as a result of skin expo-
sure. A weight-of-evidence (WOE) approach is used to integrate
data from multiple sources into the hazard characterization. The
WOE approach refers to the critical examination of all available data
from diverse lines of evidence and the derivation of a scientific
interpretation based on the collective body of data including its rel-
evance, quality, and reported results. Ideally, this approach allows
for the strengths and weaknesses of the different datasets to be crit-
ically evaluated and ensure that the most relevant data are used to
determine a chemical’s hazard potential. Assignment of a SK occurs
when the WOE approach supports the conclusion that immediate,
prolonged, or repeated contact of the skin with the chemical pro-
duces systemic, direct (localized), or immune-mediated effects.

The first step in determining the hazard potential involves crit-
ical evaluation of scientific data relating to the chemical. A compre-
hensive literature search and review of data relating to the
following topics is required to accurately determine a chemical’s
hazard potential:

(1) Physicochemical properties.
(2) Toxicokinetics (in particular, dermal absorption kinetics).
(3) Epidemiology (including data from case reports and indus-

trial hygiene studies and data on exposure and health
effects).

(4) Toxicology and data from mechanistic studies (in vivo and
in vitro), and

(5) The use of computer-based techniques, including predictive
algorithms [e.g., quantitative structure–activity relation-
ships (QSAR)] and mathematical models that describe a
selected process (e.g., skin permeation) using analytical or
numerical methods.

Within the WOE approach, reliable human data collected via
epidemiological investigations, clinical reports, and industrial hy-
giene studies are preferred for assessing the health hazards of skin
contact with chemicals. However, human health data are often
limited for many chemicals, resulting in the need to assign the haz-
ard-specific SK primarily on the basis of results of animal toxicol-
ogy or mechanistic in vivo and in vitro studies. Standardized and
widely accepted research protocols for in vivo and in vitro investi-
gations have been developed by the Organization for Economic
Cooperation and Development (OECD), European Centre for the
Validation of Alternative Methods, the US Environmental Protec-
tion Agency, and the National Toxicology Program (NIOSH, 2009).
The increased use of standardized protocols yields quantitative
data that can be adopted for the assignment of skin notations.
The results of experimental in vivo toxicity studies are commonly
reported in terms of indices of toxic potency, such as the median
lethal dose (LD50) value, no observed adverse effect level (NOAEL),
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lowest observed adverse effect level (LOAEL), and benchmark dose
(BMD) to aid in the interpretation of the findings. The NIOSH strat-
egy includes numeric cutoff values based on these indices to serve
as guidelines for consistently determining each chemical’s relative
toxicity and hazard potential.

Computer-based techniques represent alternative information
sources that may be applied during assignment of the SK. NIOSH
has included, as one aspect of the computer-based approach, a pre-
dictive algorithm called the skin/inhalation (SI) ratio, intended for
estimating and evaluating the health hazards of skin exposure to
chemicals (ECETOC, 1998; NIOSH, 2009). The algorithm provides
an estimate of a chemical’s potential to be a skin hazard by com-
paring the uptake of a chemical through skin absorption to the up-
take from inhalation associated with a reference OEL based on
systemic toxicity. The SI ratio is intended to serve as a health haz-
ard characterization tool by estimating whether skin exposure to a
chemical under a reasonable occupational scenario results in a sys-
temic dose that is at least 10% of the systemic dose expected from
inhalation at the level of the OEL, and it is supportive of assigning
the systemic (SYS) notation. Additional information on the SI ratio
can be found within the appendix of this paper, in addition to
NIOSH (2009) and Chen et al. (2011).
3. Hazard-specific skin notations (SK)

The NIOSH strategy presents the use of multiple hazard-specific
SK designations that clearly distinguish between systemic (SYS),
direct (DIR), and immune-mediated (SEN) effects caused by expo-
sure of the skin to chemicals. In addition, specific health hazards
are addressed through the inclusion of subnotations. Thus, with
the strategy, chemicals labeled as SK: SYS are recognized as able
to contribute to systemic toxicity through skin absorption. Chemi-
cals assigned the SK: SYS (FATAL) notation have been identified as
highly or extremely toxic and have the potential to be lethal or life-
threatening at relatively low doses following acute contact with
the skin. Chemicals identified as causing direct effects (i.e., revers-
ible/irreversible tissue damage or disruption of skin barrier prop-
erty) to the skin limited to or near the point of contact are
labeled SK: DIR, and those resulting in skin irritation and corrosion
at the point of contact are labeled as SK: DIR (IRR) and SK: DIR
(COR), respectively. The SK: SEN notation is used for chemicals
identified as causing or contributing to allergic contact dermatitis
(ACD) or other immune-mediated responses, such as asthma, due
to skin exposure. Candidate chemicals may be assigned more than
one SK when they are identified to cause multiple effects resulting
from skin exposure. For example, if a chemical is identified as cor-
rosive and also contributes to systemic toxicity, it is labeled as SK:
SYS-DIR (COR). The (SK) notation is assigned when scientific data
indicate that skin exposure to a chemical does not produce sys-
temic, direct, or sensitizing effects. The ID(SK) notation is assigned
when, at the time of review, there are insufficient data to deter-
mine whether the chemical has the potential to act as a systemic,
direct, or sensitizing agent. The ND notation indicates that a chem-
ical has not been evaluated with the NIOSH strategy. Table 2
provides a summary of SK assignments. The following sections pro-
vide supplemental information on the criteria for the assignment
of the SYS, DIR, and SEN notations, in addition to their subnota-
tions. In Sections 3.1–3.3, because quantitative human data are of-
ten not available, the following discussion focuses upon the use of
animal data.
3.1. SK: SYS and SK: SYS (FATAL)

The SK: SYS and SK: SYS (FATAL) are assigned to chemicals that
are absorbed through the skin and contribute to systemic toxicity.
Specific effects that would warrant the assignment of these nota-
tions include general indicators of systemic toxicity (e.g., lethality,
clinical signs of toxicity, decreased body weight), specific target or-
gan effects (e.g., nervous system, liver, or kidney toxicity), and end-
points of special concern or biologic system/function-specific
effects (e.g., reproductive effects, developmental toxicity, or carcin-
ogenicity) (NIOSH, 2009). Assignment of SK: SYS and SK: SYS
(FATAL) are based on the evaluation of data relating to the toxic-
okinetics, acute toxicity, dermal repeat-dose toxicity, subchronic
toxicity, chronic toxicity, carcinogenicity, or biologic system/func-
tion-specific effects associated with skin exposures to a specific
chemical. Due to the unique mechanism of actions associated with
systemic immune-mediated responses, such as asthma, and the
fact that all immune-mediated responses have a systemic compo-
nent to their onset, these effects are designated with the SEN nota-
tion to highlight the specific health risks associated with them.

Table 3 provides an overview of the decision process used for
assignment of the SK: SYS notation. The basic approach recognizes
the importance in evaluating the potential for a chemical to (1) in-
duce systemic effects following skin contact, (2) penetrate the skin,
and (3) induce toxicity once it reaches the target organ, following
systemic distribution. The intent of this notation is to indicate
whether the chemical is likely to be absorbed in toxicologically sig-
nificant amounts and contribute to the overall body burden. For
this reason, data on toxicity following skin exposure are given
the greatest weight in the assessment. Absorption data (in the ab-
sence of toxicity data) are not sufficient to assign a SK: SYS nota-
tion, unless supplemented by data on other routes of exposure
suggesting that the level of skin absorption for the chemical in
question is toxicologically potent.

As part of the criteria for the assignment of SK: SYS and SK: SYS
(FATAL), numeric cut point values have been included to aid in
evaluation of the following characteristics of a chemical: acute tox-
icity; repeat-dose toxicity; subchronic toxicity; and chronic toxic-
ity. Among all data that report the potential of systemic toxicity
resulting from skin absorption, the most abundant type was gener-
ated by animal studies of acute toxicity, and the findings were
commonly reported as LD50 values. With its superior availability
compared to other dermal toxicity data, dermal LD50 values have
been recommended for application in the assignment of skin des-
ignation (ACGIH, 2009) and adopted as a major criterion in the rec-
ognition of skin exposure hazards (UNECE, 2007). Numeric cutoff
points based on LD50 values are provided to determine the relative
acute toxic potential of a chemical following skin exposure. Chem-
icals identified as having LD50 values lower than the critical cutoff
value of 2000 mg/kg animal body weight are considered systemi-
cally toxic following skin contact and are assigned SK: SYS. The
critical cutoff point of 2000 mg/kg for LD50 values reflects the dose
selected in standardized limit tests to identify chemicals with the
potential for acute toxicity. This value corresponds with the nu-
meric cutoff value used by the member countries of the Council
of the European Communities for establishing a chemical as
‘‘harmful’’ (OECD, 1992) and by the Globally Harmonized System
(GHS) of Classification and Labeling of Chemicals for signifying the
chemical as ‘‘dangerous’’ (UNECE, 2007). When multiple dermal
LD50 values are available for the same chemical, only those pro-
duced following standardized protocols are considered and, as a
conservative approach, the lowest dermal LD50 value among the
considered values is applied in the hazard characterization process.
When the WOE suggests that the dermal LD50 values are lower
than the critical cutoff value of 200 mg/kg, then the chemical is
considered potentially lethal or life-threatening following acute
exposure to relatively low doses and is assigned SK: SYS (FATAL).
This value is consistent with the numeric cutoff value used by
GHS to identify chemicals capable of causing death following skin
contact (UNECE, 2007).



Table 2
Overview of the hazard-specific skin notations (SK) used in the NIOSH strategy and what they indicate with regard to exposure of the skin to the chemical.

SK Definition

SYS Potential to contribute substantially to systemic toxicity through absorption
FATAL Subnotation of SK: SYS; highly or extremely toxic and potentially lethal or life-threatening
DIR Potential for localized, non-immune-mediated adverse effects at or near the point of contact, including corrosion, primary irritation, changes in pigmentation,

and reduction/disruption of skin barrier integrity
IRR Subnotation of SK: DIR; potential to be an irritant
COR Subnotation of SK: DIR; potential to be corrosive
SEN May cause or contribute to the onset of allergic contact dermatitis or other immune-mediated responses, such as airway hyperreactivity (asthma)
SK No associated health hazard; data does not support assignment of the SYS, DIR, or SEN notation
ID(SK) Insufficient data to determine the health hazards
ND Not evaluated

Source: adapted from NIOSH (2009).

Table 3
Summary of the rationale for assigning the SK: SYS notation.

Skin absorption Systemic toxicity

Yes No No data

Yes SYSa SYS SYS
No SYS SYS SYS
No data SYS SYS No assignmentb

Source: adapted from NIOSH (2009).
a Indicates categories where the SK: SYS notation would or would not be

assigned.
b Indicates that insufficient data were identified to accurately assess the systemic

hazards or potential for skin absorption associated with skin contact with a spec-
ified chemical.

56 G.S. Dotson et al. / Regulatory Toxicology and Pharmacology 61 (2011) 53–62
Results from repeat-dose toxicity, subchronic toxicity, and
chronic toxicity studies often include the NOAEL for the most sen-
sitive relevant endpoint(s) selected from all evaluated health ef-
fects, as a reasonable estimate of the threshold dose for adverse
systemic effects (i.e., the critical effect threshold). In some cases
the LOAEL or statistical estimate of the effect threshold (such as
BMD) might be selected as the critical effect threshold estimate.
Judgment is used in weighing the NOAEL, LOAEL, and BMD values
from the overall database to compare against the cutoff point va-
lue. If the critical effect threshold for a selected endpoint is lower
than the critical cutoff value of 1000 mg/kg as a repeated daily
dose (mg/kg/day), then the chemical is considered systemically
toxic following skin exposure and is assigned SK: SYS. The critical
value of 1000 mg/kg/day reflects the dose selected in the standard-
ized limit tests to identify chemicals with the potential for repeat-
dose toxicity following skin contact.
3.2. SK: DIR, SK: DIR (IRR), and SK: DIR (COR)

The SK: DIR notation denotes the potential for non-immune-
mediated responses resulting in damage or destruction of the skin
at or near the point of contact, including irritant contact dermatitis,
corrosive effects, pigmentation changes, cancers of the skin result-
ing from direct dermal contact, and phototoxicity (NIOSH, 2009).
Immune-mediated responses, such as ACD and allergic urticaria,
associated with exposures of the skin to chemicals are not assigned
SK: DIR; instead, chemicals capable of causing such responses are
assigned SK: SEN.

Most available reports on the direct effects of chemicals on skin
are qualitative descriptions summarized from the clinical observa-
tions of patients or the results of experimental investigations. For
this reason, quantitative toxic endpoints, such as a NOAEL, are
not commonly reported within such studies and for this reason nu-
meric cutoff values are not included within the rationale for the
assignment of the DIR notation or its subnotations. Assignment
of the SK: DIR notation or its subnotations used to denote irritant
(IRR) and corrosion (COR) are based on interpretation of the details
provided within the individually reviewed studies. A thorough re-
view of the study protocol, potential confounding factors, descrip-
tion of the observed reactions to the chemical, and supplemental
information are crucial in the interpretation of the data provided
within the individually reviewed studies. Because of the subjective
nature of the data, generalized guidelines are applied to govern the
assignment of the subnotations of the DIR notations. For example,
descriptions of edema and erythema are strong indicators of irrita-
tions, while severe blistering and scarring of the skin following skin
contact would point to corrosion. These guidelines are more sub-
jective than the criteria used to assign the SK: SYS notation.

3.3. Sk: SEN

The SK: SEN notation is intended to be applied to chemicals
determined to cause immune-mediated responses of the skin or
systemically following dermal exposures. The most commonly rec-
ognized immune-mediated response in the workplace associated
with skin contact is ACD, which has been linked to a wide range
of chemicals including certain metals (e.g., nickel) and organic sub-
stances (e.g., amines, aldehydes, isocyantes, and epoxy resins).
Other immune-mediated responses that may be considered in-
clude systemic responses, such as asthma, that occur following
dermal exposures. Results of animal and human studies support
a link between exposures of the skin to certain chemical allergens
(e.g., isocyanates), systemic sensitization, and the development of
lung allergic responses (Kimber, 1996; Beck and Leung, 2000;
Day et al., 2006; Bello et al., 2007; Redlich and Herrick, 2008;
Pauluhn, 2008). The unique mechanisms of action associated with
immune-mediated responses necessitate the classification of these
health effects into a distinct notation. For this reason, all immune-
mediated responses regardless of their toxicological endpoint are
assigned the SEN notation.

Data relevant for determining whether a chemical may cause
immune-mediated responses include analytical or descriptive epi-
demiological studies, observational case reports, and clinical stud-
ies. Much like the assignment of the DIR notation, assignment of
the SEN notation is based primarily on data that are qualitative
in nature. For this reason, it is important that all relevant data be
thoroughly vetted using the WOE approach. If it is determined fol-
lowing the review of human data that immune-mediated re-
sponses following skin exposures to a chemical are potentially
isolated or rare events, supporting data from experimental animal
studies, such as the murine local lymph node assay (LLNA) and the
guinea pig maximization test (GPMT), should be obtained before
the chemical is identified as a chemical allergen via the dermal
route and assigned the SEN notation.

The refinement of standardized skin sensitization tests, such as
the murine LLNA and the GPMT, has resulted in the reporting of
quantitative toxicological endpoints, such as the stimulation index
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(SI) or EC3 value (the estimated concentration needed to produce a
response three times greater than a reference chemical without
producing systemic toxicity and/or excessive local irritation) (ICC-
VAM, 2009). When available, quantitative toxicological endpoints,
including the SI and EC3 value, are applied to ensure that a consis-
tent and objective approach is included within the decision to as-
sign the SEN notation.

4. Case study: SK assignment for acrylamide

The following section provides a summary of the assignment of
the NIOSH SK to acrylamide (CAS #79-06-1). It is included as a case
study to demonstrate the application of the scientific rationale and
methodology presented in the NIOSH strategy. The full report is
available via the NIOSH Web site (NIOSH, 2011). The case study
highlights the characterization of the hazard potential for acrylam-
ide and key studies that serve as the basis of the final NIOSH SK
assignment [SK: SYS-DIR(IRR)-SEN].

4.1. Assignment of the SYS notation

Toxicokinetic studies involving humans and animals following
skin exposure to acrylamide were identified. Fennell et al. (2006)
reported the dermal absorption of 25–29% of the applied dose in
a study using human volunteers. In rats, Sumner et al. (2003) re-
ported 14–30% of the applied dose of acrylamide was dermally ab-
sorbed. Absorbed doses above 10% indicate a high percent of
dermal uptake (NIOSH, 2009). The potential of acrylamide to pose
a skin absorption hazard was also evaluated using the previously
described SI ratio model. The SI ratio for acrylamide was estimated
at 2955; an SI ratio of P0.1 indicates that a chemical is capable of
producing systemic toxicity from skin exposure (NIOSH, 2009).
Additional information on the SI ratio and the variables used in
its calculation are included in the appendix.

Dermal LD50 values of 252–1102 mg/kg were reported (Ameri-
can Cyanamid Company, 1973; Dow Chemical USA, 1975). Because
the reported acute dermal LD50 values for the rabbit are lower than
the critical dermal LD50 value of 2000 mg/kg body weight that
identifies chemicals with the potential for acute dermal toxicity
(NIOSH, 2009), acrylamide is considered acutely toxic following
dermal exposure.

Occupational exposure studies and epidemiological investiga-
tions have revealed neurotoxic effects in workers partially contrib-
uted to dermal exposures to acrylamide (He et al., 1989; NIOSH,
1991; Bachmann et al., 1992). He et al. (1989) investigated the on-
set of neurotoxicity in 71 workers employed at a plant in China.
The authors noted symptoms such as weakness and numbness in
extremities, preceded by skin peeling, and reported that the total
prevalence of acrylamide poisoning among the workers was
73.2%. Three of the cases involving acrylamide were classified as
severe poisonings, six as moderate poisonings, and 43 as mild poi-
sonings. The authors concluded that dermal contact contributed
significantly to these cases and that dermal exposure to acrylamide
should be prevented. NIOSH (1991) reported neurotoxic effects
(peripheral neuropathies) following a latency period of days to
weeks in workers who handled 27–30% aqueous solutions of acryl-
amide for 1–18 months. Dermatitis, characterized as peeling of
skin at the site of contact (in this case, palms), was observed prior
to the development of peripheral neuropathies, indicating that skin
exposure had occurred. These workers were likely exposed repeat-
edly through both inhalation and dermal contact, but it is not clear
whether the neuropathies were caused by skin absorption of acryl-
amide. Bachmann et al. (1992) investigated acrylamide exposures
among 82 chemical industry workers. A significantly increased
prevalence rate for several neurological symptoms, including
numbness, limb pain, and sweating, in addition to skin peeling,
was reported for acrylamide-exposed workers in comparison with
unexposed controls. The results of this study indicate that dermal
contact with acrylamide may have contributed to onset of the re-
ported neurological effects.

Numerous animal dermal toxicity studies were identified that
provide evidence of neurotoxic and reproductive effects following
repeated exposures. A long-term study identified a NOAEL of
0.5 mg/kg/day when acrylamide was applied to rats’ tails (equiva-
lent to 5% body surface area) (Novikova, 1979). A LOAEL of 5 mg/
kg/day was reported based on pronounced functional neurotoxic
effects, characterized by a decrease in motor activity and impaired
conditioned reflex response, in addition to a reduction in body
weight. Drees et al. (1976) reported peripheral neuropathies at
an LOAEL of 50 mg/kg/day when acrylamide was applied topically
to the skin of newborn rabbits for 5–12 weeks. The NOAEL in this
study was 5 mg/kg/day. Acrylamide induced a significant increase
in the percentage of dead implants per female when male mice re-
ceived five dermal applications of 25 mg/kg/day for 7–10 days
prior to mating with female mice (Gutierrez-Espeleta et al.,
1992). Adler et al. (2004) also reported heritable translocations
when male mice were dermally exposed to acrylamide 1 day prior
to mating with female mice. These findings suggest that acrylam-
ide has the potential to cause reproductive effects via effects on
sperm DNA. Because the reported NOAEL and LOAEL identified in
these studies are lower than the critical numeric cutoff value of
1000 mg/kg/day for repeat-dose toxicity that identifies chemicals
with the potential for subchronic dermal toxicity (NIOSH, 2009),
acrylamide is considered to be capable of inducing neuro- and
reproductive toxicity following repeated dermal exposure.

4.2. Assignment of the DIR (IRR) notation

Both occupational studies and experimental investigations using
human volunteers reported adverse effects of the skin contributed to
acrylamide were identified. Peeling and irritation of the skin were
observed in workers repeatedly exposed to acrylamide via the der-
mal route, but the contribution from the inhalation of acrylamide
could not be ruled out (He et al., 1989; NIOSH, 1991; Bachmann
et al., 1992). A skin irritation test (American Cyanamid Company,
1952) treated human volunteers with 1–25% acrylamide solution
demonstrated a dose-related increase in the number and degree of
irritant responses, which led the author to conclude that acrylamide
is a skin irritant. In animals, a 10% solution of acrylamide applied
repeatedly to the ear and shaved intact abdomen of rabbits caused
a slight reddening and edema of the skin (McCollister et al., 1964).
Mukhtar et al. (1981) reported acrylamide-induced depletion of skin
glutathione levels in mice topically exposed to the chemical. The
authors concluded that such depletion may cause dermal mem-
brane damage with increased loss of cellular enzymes and increased
interactions of reactive metabolites with essential macromolecules,
resulting in the dermatitis and irritation of skin observed in acrylam-
ide-exposed workers.

Bull et al. (1984) conducted a skin initiation/promotion assay to
investigate the potential for acrylamide to be carcinogenic in
mouse skin. In that study, an acrylamide solution in ethanol was
administered topically in six doses of 12.5, 25, and 50 mg/kg/day,
which resulted in total doses of 75, 150, and 300 mg/kg, respec-
tively, over a 2-week period. Following the topical applications of
acrylamide, a known tumor promoter [12-O-tetradecanoylphor-
bol-13-acetate] in acetone was applied three times a week for
20 weeks to the shaved backs of test animals. Bull et al. (1984) re-
ported that the incidences of skin tumors were significantly ele-
vated in a dose–response manner. It should be noted that mice
that did not receive the TPA applications did not develop tumors.
On the basis of these results, the authors theorized that acrylamide
may be capable of acting as a skin tumor initiator.
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4.3. Assignment of the SEN notation

No reliable human data relating to the onset of allergic re-
sponses associated with dermal contract to acrylamide were iden-
tified. The European Chemicals Bureau (ECB, 2002) reviewed
available occupational case reports and deemed the reported
observations as inconsistent. In animals, acrylamide was observed
to cause skin sensitization. In a GPMT, acrylamide elicited a posi-
tive skin response in excess of that seen in control animals in
40% of the test animals (Allan, 1995). Eastman Kodak Company
(1978) also reported sensitization in three guinea pigs adminis-
tered a 10% acrylamide solution.

4.4. Summary of evaluated data and SK assignment

Taken together, data from toxicokinetic studies involving hu-
mans (Fennell et al., 2006) and animals (Sumner et al., 2003), pre-
dictions of mathematical algorithms, acute toxicity studies in
rabbits (American Cyanamid Company, 1973; Dow Chemical USA,
1975), and repeat-dose dermal toxicity studies in animals (Drees
et al., 1976; Novikova, 1979; Gutierrez-Espeleta et al., 1992; Adler
et al., 2004) were sufficient to demonstrate that acrylamide is ab-
sorbed through the skin and can cause systemic effects, including
neuro- and reproductive toxicity, following dermal exposure.
Occupational exposure studies and epidemiological investigations
provided supplemental evidence of the onset of systemic toxic in
workers partially contributed to dermal exposures to acrylamide
(He et al., 1989; NIOSH, 1991; Bachmann et al., 1992). On the basis
of a study using human volunteers (American Cyanamid Company,
1952) and two animal studies (McCollister et al., 1964; Mukhtar
et al., 1981), acrylamide is identified as a skin irritant. Acrylamide
is identified as a potential skin tumor initiator and may increase
the risk of skin cancer (Bull et al., 1984). Although acrylamide
yielded inconsistent results in exposed humans, positive sensitiza-
tion results from two guinea pig maximization tests (Allan, 1995;
Eastman Kodak Co., 1978) are sufficient to demonstrate that acryl-
amide is a skin sensitizer. Therefore, on the basis of these assess-
ments, acrylamide is assigned a composite skin notation of SK:
SYS-DIR (IRR)-SEN. For comparison purposes to the NIOSH SK,
Table 4 provides dermal exposure recommendations previously as-
signed to acrylamide by governmental and nongovernmental
organizations.

5. Discussion and conclusion

In this paper, we have demonstrated the application of a strat-
egy (NIOSH, 2009) that offers multiple enhancements to prior
Table 4
Summary of the previously issued skin hazard designations for acrylamide.

Organization Designation

ACGIH (2009) (Skin): based on the limited data dem
animals

ECB (2011) R21: harmful if in contact with skin;
sensitization by skin contact.

GHS (European Parliament, Council of the
European Union, 2008)

Acute toxicity category 4 (hazard sta
statement:
causes skin irritation); skin sensitizat
1B mutagen (hazard statement: May
category 1B carcinogen (hazard state
suspected of damaging fertility or the

NIOSH (2005) [Skin]: potential for dermal absorptio
OSHA (2007) [Skin]: based on potential contributio

membranes and the eyes, either by a

Abbreviations: American Conference of Governmental Industrial Hygienists (ACGIH); Eu
Commission Joint Research Centre (ECB); Global Harmonization System (GHS) of Classifi
and Health (NIOSH); Occupational Safety and Health Administration (OSHA).

a Denote hazard designations that are not exclusive to dermal exposures.
systems for alerting workers of the potential hazards of skin con-
tact with a chemical. Several elements of the system help to
achieve the goal of clarity in worker hazard communication and
risk management. The most significant improvement is the use of
multiple-component SK that provides an integrated communica-
tion approach for various types of health effects that previously
were addressed in the context of separate hazard classification or
notation systems. The NIOSH strategy allows users to determine
the status of concerns for all three common categories of skin-re-
lated hazard information in one notation, rather than referring to
multiple notations or hazard statements, which are often found
in different locations within a material safety data sheet. Moreover,
the inclusion of a notation that provide indications that a chemical
has been evaluated with no hazard found versus those for which
data were inadequate to assign a notation provides a major clarify-
ing point for users – who may assume under older systems that the
absence of a notation suggests limited hazard potential.

As part of a comprehensive risk management plan, the use of
multiple hazard-specific SK allows for more effective risk manage-
ment, enabling occupational health professionals and workers infor-
mation to support decisions on control strategies. The current
system provides some information to gauge potency of systemic
and direct effects, in that chemicals identified with SK: SYS (FATAL)
or SK: DIR (COR) are a higher degree of concern than those chemicals
with no such notation. In addition, the inclusion of a SK: SEN nota-
tion may also trigger additional considerations since information
of doses that initiate sensitization are often hard to determine. Thus,
the additional information provided by the tiered notations used in
the new notations allows the user to judge if more stringent control
methods are required to reduce dermal exposures, or whether there
is a need for replacement with less hazardous chemical.

The underlying logic and decision-making criteria for assigning
skin notations have not been well documented by most groups that
assign such notations as part of their OEL documentation. The SK
assignments rely heavily on the application of a WOE approach
in interpretation of data from different experimental approaches.
For this reason, the strategy describes the approach used to inform
the WOE determinations. Providing methodology documentation
is consistent with current international classification systems
(UNECE, 2007), but is an improvement over the level of documen-
tation associated with traditional OEL applications. NIOSH has at-
tempted to provide well-defined criteria as a means to ensure
consistency during the assignment of hazard-specific SK and
through systematic documentation of the rationale and supporting
data for the SK assignment for particular chemicals (NIOSH, 2009).
Each chemical evaluated by the NIOSH strategy is accompanied by
a support document, entitled Skin Notation Profile. The support
onstrating toxicity following rapid absorption through intact skin of humans and

R24: toxic in contact with skin; R38: irritating to skin; R43: may cause

tement: harmful in contact with the skin); skin irritation category 2 (hazard

ion category 1 (hazard statement: may cause an allergic skin reaction); category
cause genetic defects)a;

ment: may cause cancer) a; category 2 reproductive toxicant (hazard statement:
unborn child)a

n; prevent skin contact
n to the overall exposure by the cutaneous route, including the mucous
irborne route or (more particularly) by direct contact

ropean Chemicals Bureau, Institute for Health and Consumer Protection, European
cation and Labeling of Chemicals (GHS); National Institute for Occupational Safety
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document clearly summarizes the data and reasoning behind the
SK assignment.

The primary goal of the NIOSH SK is to enhance communication
of the hazards of dermal contact with chemicals. Thus, the SK ap-
proach was designed to align with the dermal hazard designations
included within the GHS to encourage harmonization between the
two systems (UNECE, 2007; NIOSH, 2009). GHS is an international
classification and labeling system for chemicals adopted by the
United Nations in 2003 to ensure their safe use, transport, and dis-
posal (UNECE, 2007). The GHS classification system and the NIOSH
strategy have been aligned for acute systemic toxicity (lethality),
direct effects of the skin, and sensitization. It should be noted that
differences associated with (1) interpretation of reviewed data, (2)
deviations between the criteria outlined in the two strategies, (3)
and availability of data at the time of review may result in differ-
ences between the NIOSH SK assignment and GHS hazard state-
ments for a specific chemical. Nevertheless the underlying
assignment criteria are very similar.

Limited tools are available to quickly estimate the impact of
skin exposures to chemicals on workers. The SI ratio has the poten-
tial to serve as a hazard characterization tool beyond its intended
application during the assignment of the SYS notation. As applied
by NIOSH, it is based on a ‘‘reasonable occupational scenario,’’
which includes default assumptions regarding the duration of
exposure (8 h), the retention factor (RF) or the percentage of the
airborne concentration of a chemical in the lungs retained during
respiration (75%), and the surface area of unprotected skin exposed
to a chemical (surface area of 360 cm2, equivalent to the palms of
both hands). Each assumption can be modified to more closely mi-
mic the conditions found within a specific workplace. For example,
in settings where dermal exposures include the arms and entire
hands, the surface area estimates could be increased resulting in
a SI ratio aligned more closely to the exposure conditions. This
ability to be modified makes it an invaluable hazard characteriza-
tion tool.

Despite the significant efforts to develop a system that employs
robust criteria and decision-making approaches, there are poten-
tial limitations in the application of the NIOSH strategy. Knowledge
of these limitations is useful to identify research needs that can im-
prove methods for assessing dermal hazards. Three areas that re-
quire further research are (1) tools for reliance on limited
available data for the route of interest, (2) assignment of SK to
complex mixtures, isomers, and variable concentrations, and (3)
the appropriate use of computer-based techniques and in silico
methods.

One major limitation of the strategy and the SK assignments is
their dependence upon the availability of reliable and relevant data
related to chemical exposures to the skin. Because historical
emphasis has been placed on characterizing the health hazards
of oral and inhalation exposures to chemicals, information on the
effects of skin contact is often limited. This shortcoming has been
addressed in part by providing approaches for route-to-route
extrapolation when dermal toxicity data are lacking (and there is
an indication of absorption). In addition, specific notations that
communicate the availability of data or the status of an updated re-
view have been developed in the NIOSH SK system. The availability
of the new notations is a significant enhancement that can be used
to spur new chemical-specific research.

An additional issue involves performance of the computer-
based techniques, such as the SI ratio or QSAR outputs. The reliabil-
ity and accuracy of such techniques remain questionable. For
example, Bouwman et al. (2008) investigated the applicability of
four QSAR models suitable for use in regulatory risk assessment
to predict the dermal absorption of 62 chemicals. When the
predictions of the evaluated QSAR models were compared to
experimentally derived skin absorption data for test chemicals,
three of the models were considered poor predictors, while the
remaining QSAR model demonstrated a relatively consistent corre-
lation. Bouwman et al. (2008) concluded that none of the publicly
available QSAR models are suitable for risk assessment purposes in
their current state. For this reason, NIOSH has decided that predic-
tions from in silico models should not be used as the primary bases
for the assignment of SK. Their inclusion in the SK strategy serves
only as supportive data. As the in silico techniques become better
validated, their direct use for assignment of skin notations may be
considered.

Another limitation of the strategy and SK assignments is their
restricted utility for assessment of complex exposures. The SK
assignments under the NIOSH strategy (like the former notations)
are based on data for neat chemicals (or defined mixtures with test
data). They may not accurately reflect kinetic or toxic interactions
related to chemical mixtures, differing but related product formu-
lations (including dilutions), the health effects of contaminants
within neat chemicals, or isomeric variations of a chemical. For
example, the systemic toxicity potential of a chemical normally
considered insignificant may be enhanced by an increase in perme-
ation rate when the skin barrier integrity is weakened by another
component in the mixture. Because of the complexity of assessing
the health hazards of chemical interactions associated with com-
plex mixtures or because of the presence of multiple isomers of a
chemical and contaminants, the SK assignments apply strictly to
specified chemicals, isomers, or major components of a mixture
for which test data are available. However, to the degree the data
allow, pertinent information on related chemical formulations or
dilutions is noted in the documentation for each SK assignment.
For example, application of the approach includes documenting
the change in irritancy potential (SK: DIR) with changes in chemi-
cal concentration. As mixture exposure and risk assessment ap-
proaches continue to develop (USEPA, 2003), the possibility for
enhancement of the current system to address chemical interac-
tions may also become available.

Chemical exposures, especially in the workplace, frequently oc-
cur simultaneously via multiple pathways (e.g., skin, inhalation).
When such situations occur, the total systemic dose may exceed
the dose associated with an established OEL, which is intended
to denote a ‘‘safe’’ or ‘‘acceptable’’ level. Characterizing the cumu-
lative exposure and risk associated with chemicals is an important
component of risk management and protecting workers’ safety and
health. To address this issue, additional focus is needed to further
the advancement and application of risk assessment approaches
that accounts for the body burden arising from multiple routes of
exposure to a chemical (USEPA, 2003). The current work describes
a significant enhancement to the hazard notation systems for alert-
ing workers to the impacts of dermal contact with chemicals. A
natural extension of this work is to begin to develop methods that
move from hazard characterization for the dermal exposure to
integrated dose–response assessments that support an aggregate
(i.e., multiple exposure route) risk assessment (USEPA, 2003;
NIOSH, 2009). Further development of an aggregate risk assess-
ment approach will require research efforts such as the following:
(1) studies aimed at improving the characterization (or better pre-
dicting) of the dermal uptake of a chemical and its subsequent con-
tribution to total body burden (van de Sandt et al., 2007; Kissel,
2010), (2) development of sampling techniques, including biomon-
itoring, capable of accurately measuring workplace exposures to
chemicals via skin contact (Fenske, 2005; Boogrard, 2008; Van
Nimmen et al., 2010), and (3) establishment of dermal OELs, in-
tended to serve a role equivalent to that of traditional, inhala-
tion-based OELs (Bos et al., 1998; Brouwer et al., 1998; Drexler
et al., 2002).



Table A1
Calculation of the SI Ratio for Acrylamide.

Variables used in calculation Units Value

Skin permeation coefficient
Permeation coefficient of stratum corneum lipid path(Kpsc) cm/h 0.00058
Permeation coefficient of the protein fraction of the stratum corneum (Kpol) cm/h 1.80171 � 10�5

Permeation coefficient of the watery epidermal layer (Kaq) cm/h 0.29653
Molecular weight (MW)a amu 71.08
Base-10 logarithm of its octanol–water partition coefficient (Log Kow)a None �0.67
Calculated skin permeation coefficient (Kp) cm/h 0.00059

Skin dose
Water solubility (Sw)a mg/cm3 390
Calculated skin permeation coefficient (Kp) cm/h 0.00059
Estimated skin surface area (palms of hand) cm2 360
Exposure time h 8
Calculated skin dose mg 664.86

Inhalation dose
Occupational exposure limit (OEL)b mg/m3 0.03
Inhalation volume m3 10
Retention factor (RF) None 0.75
Inhalation dose mg 0.2
Skin dose-to-inhalation dose (SI) ratio None 2954.93

a Variables identified from SRC (2009).
b The OEL used in calculation of the SI ratio was the NIOSH recommended exposure limit (REL) (NIOSH, 2005).
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Appendix A. Calculation of the SI ratio for acrylamide

This appendix presents a brief overview of the calculation of the
SI ratio for acrylamide. An in-depth discussion on the rationale and
calculation of the SI ratio can be located within the NIOSH strategy
(NIOSH, 2009).

The first step in the evaluation is to determine the transdermal
penetration rate (Kp) of the chemical (NIOSH, 2009). The Kp, which
represents the overall diffusion of the chemical through the stra-
tum corneum and into the blood capillaries of the dermis, is esti-
mated from the chemical’s molecular weight (MW) and base-10
logarithm of its octanol–water partition coefficient (log KOW). Kp

is determined for a chemical by using Eq. (1). A self-consistent
set of units must be used, such as centimeters per hour (cm/h),
outlined in Table A1.

Calculation of skin permeation coefficient (Kp):

Kp ¼
1

ð 1
KpscþKpol

Þ þ ð 1
Kaq
Þ

h i ð1Þ
Kpsc is the permeation coefficient in the lipid fraction of the stra-
tum corneum, Kpol is the coefficient in the protein fraction of the
stratum corneum, and Kaq is the coefficient in the watery epider-
mal layer. These components are individually estimated by the fol-
lowing equations (Eqs. (2)–(4)):

Calculation of Kaq:

log Kpsc ¼ �1:326þ 0:6097� log Kow � 0:1786�MW0:5 ð2Þ

Calculation of Kpol:

Kpol ¼ 0:0001519�MW�0:5 ð3Þ

Calculation of Kaq:

Kaq ¼ 2:5�MW�0:5 ð4Þ

The second step is to calculate the biologic mass uptake of the
chemical from skin absorption (skin dose) and inhalation (inhala-
tion dose) during the same period of exposure. The skin dose (in
mg) is calculated using Eq. (5) and is a mathematical product of
the Kp, the water solubility (SW) of the chemical, the exposed skin
surface area, and the duration of exposure. Assume that the skin
exposure continues for 8 h to unprotected skin on the palms of
both hands (a surface area of 360 cm2).

Determination of skin dose:

Skindose ¼ Kp � Sw � Exposedskinsurfacearea

� Exposuretime

¼ Kpðcm=hÞ � Swðmg=cm3Þ � 360cm2 � 8h ð5Þ

The inhalation dose (in mg) is calculated using Eq. (6) and is de-
rived on the basis of the occupational exposure limit (OEL) of the
chemical, if the OEL is developed to prevent the occurrence of sys-
temic effects rather than sensory/irritant effects or direct effects on
the respiratory tract. Assume a continuous exposure of 8 h, an
inhalation volume of 10 m3 inhaled air in 8 h, and a factor of 75%
for retention of the airborne chemical in the lungs during respira-
tion (retention factor, or RF).
Determination of inhalation dose:
Inhalationdose ¼ OEL� Inhalationvolume� RF

¼ OELðmg=m3Þ � 10m3 � 0:75 ð6Þ
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The final step is to compare the calculated skin and inhalation
doses and to present the result as a ratio of skin dose to inhalation
dose (the SI ratio). This ratio quantitatively indicates (1) the signif-
icance of dermal absorption as a route of occupational exposure to
the chemical and (2) the contribution of dermal uptake to systemic
toxicity. If a chemical has an SI ratio greater than or equal to 0.1, it
is considered to be a skin absorption hazard.

Table A1 summaries the data applied in the previous equations
to determine the SI ratio for acrylamide. The calculated SI ratio is
2955. On the basis of these results, acrylamide is predicted to rep-
resent a skin absorption hazard.
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