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Skin notations (SNs) represent a hazard characterization tool for alerting workers of health hazards asso-
ciated with dermal contact with chemicals. This study evaluated the efficacy of a predictive model uti-
lized by the National Institute for Occupational Safety and Health to identify dermal hazards based on
potential of systemic absorption compared to hazard assignments based on dermal lethal dose 50% or
logarithm of octanol–water partition coefficient. A total of 480 chemicals assigned an SN from at least
one of seven institutes were selected and partitioned into seven hazard categories by frequency of SN
assignment to provide a basis of evaluation for the predictivity of the examined criteria. We find that
all three properties serve as a qualitative indicator in support of a dichotomous decision on dermal haz-
ard; the predictive modeling was identified from a multiple regression analysis as the most significant
indicator. The model generated estimates that corresponded to anticipated hazard potentials, suggesting
a role of the model to further serve as a hazard-ranking tool. The hazard-ranking capability of the model
was consistent with the scheme of acute toxicity classification in the Globally Harmonized System of
Classification and Labeling of Chemicals.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The occupational exposure of the skin to toxic chemicals has be-
come an important issue in industrial health and regulatory toxi-
cology. An estimated 13 million workers in the United States
alone were potentially exposed to chemicals that could be ab-
sorbed through the skin (BLS, 1999). In current practice, the skin
notation (SN) is typically assigned to industrial chemicals as part
of the hazard characterization and dose–response assessment
and documented in the rationale for the occupational exposure
limit (OEL). These notations represent a key tool used for alerting
workers to the presence of skin absorption hazards in the work-
place (Chen and Sartorelli, 2005; Sartorelli et al., 2007). In the ab-
sence of quantitative dermal exposure limits for workplace
settings, the SN serves as a qualitative indicator that a chemical
substance is capable of causing systemic health effects via dermal
uptake.
ll rights reserved.
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Most agencies and organizations of occupational health man-
agement worldwide have SN as a part of their OELs, but the num-
ber of SNs assigned differs among organizations and the level of
documentation of the underlying assignment criteria varies. De-
spite the common use of the SN approach in occupational risk
assessments, the SN has not been used effectively in identifying
chemicals having significant hazard potential following dermal
contact (Boeniger and Ahlers, 2003). The ineffective use of SN as
a hazard characterization tool could be attributed to, primarily,
the inconsistent application of rationales in the assignment process
and, to a greater extent, the lack of clinical and laboratory data of a
robust quality in support of hazard characterization (Chen et al.,
2002, 2003, 2004). Since the late 1990s, the development and
application of scientific criteria in the SN assignment process has
been a focal area of efforts directed at improving the reliability of
the SN approach (Chen et al., 2003; de Cock et al., 1996; ECETOC,
1998; Fasano and McDougal, 2008; Federal Register, 2004; Fiser-
ova-Bergerova et al., 1990; Johanson et al., 2009; Kennedy et al.,
1993; Kupczewska-Dobecka and Czerczak, 2006; Lavoué et al.,
2008; Nielsen and Grandjean, 2004; Sartorelli, 2002; Walker
et al., 1996). Nielsen and Grandjean (2004) compared the SNs
ng as a scientific criterion in dermal hazard identification for assignment of
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assigned by Denmark, Germany, The Netherlands, Poland, Slovakia,
and the American Conference of Governmental Industrial Hygien-
ists (ACGIH) for agreement among notations and observed sub-
stantial differences existing between countries, both in the
number of notations and in how the notations overlapped. The
authors pointed out that the lack of agreement was likely a result
of inconsistency in the criteria used for assigning SN. Sartorelli
et al. (2007) in a position paper representing the ICOH Scientific
Committee on Occupational and Environmental Dermatoses also
indicated that a general agreement on criteria adequate for use
in SN assignment did not exist.

The scientific data typically used in identifying potential sys-
temic toxicity as a result of skin absorption may include the phys-
icochemical and toxicological properties of a chemical. The ACGIH,
in Documentation of the TLVs and BEIs with Other Worldwide Occupa-
tional Exposure Values (ACGIH, 2008), recommended that integra-
tion of data from acute dermal studies and repeated-dose dermal
studies in animals and humans, along with the ability of the chem-
ical to be absorbed, be used in deciding on the appropriateness of
SN. A weight-of-evidence approach relying on similar data streams
is also used in the SN methodology published by the National Insti-
tute for Occupational Safety and Health (NIOSH) (NIOSH, 2009).
The examples of data that may be used in SN assignment, as pro-
vided in the TLV documentation, include (1) acute animal toxicity
data (e.g., the dermal lethal dose 50%—dermal LD50), (2) physico-
chemical properties of a chemical compound that may be indica-
tive of a chemical’s ability to penetrate the skin (e.g., the
octanol–water partition coefficient—log KOW), and (3) extrapola-
tions of systemic effects from other routes of exposure, suggesting
a significant role of dermal absorption in the expressed toxicity.

The dermal LD50 and log KOW are frequently applied as criteria
in the SN assignment due to their relative availability compared
to other data describing the toxicological and physicochemical
properties of chemicals. In recent years the LD50 has also been ap-
plied as a tool for assigning chemicals to various hazard categories
(based on ranges of LD50 values) in the evaluation of acute toxicity
arising from skin exposure. Such an approach is used in the Glob-
ally Harmonized System (GHS) of Classification and Labeling of Chem-
icals (UNECE, 2009) and in the improved strategy of SN assignment
developed by NIOSH (NIOSH, 2009). The ACGIH describes that a
chemical of a relatively low dermal LD50 (i.e., 1000 mg/kg or less)
Table 1
Assignment of acute toxicity hazard level in GHS and of skin notation indicating systemic

Health hazard GHS assignment (mg/kg animal body weight)

Acute toxicity (lethality) Dermal Category 1:
� Symbol: skull and crossbones
� Signal word: danger
� Statement: fatal in contact with skin (Criterion: derma

Dermal Category 2:
� Symbol: skull and crossbones
� Signal word: danger
� Statement: fatal in contact with skin (Criterion: 50 < de

Dermal Category 3:
� Symbol: skull and crossbones
� Signal word: danger
� Statement: toxic in contact with skin (Criterion: 200 <

Dermal Category 4:
� Symbol: exclamation mark
� Signal word: warning
� Statement: harmful in contact with skin (Criterion: 10

Dermal Category 5:
� Symbol: no symbol
� Signal word: warning
� Statement: may be harmful in contact with skin (Criter

a GHS, Globally Harmonized System of Classification and Labeling of Chemicals; NIOSH
dose 50%.

b Table modified from Table G.2, ‘‘Coordination of the GHS classification system and t
strategy for improvement of skin notations (NIOSH, 2009).
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would be given a TLV skin designation. In the GHS classification
system, a chemical agent may be assigned to one of five hazard cat-
egories, depending on the magnitude of dermal LD50, with the first
three categories indicating a ‘‘danger’’ upon skin contact and the
last two serving as a warning (Table 1). In the NIOSH strategy, a
chemical could be assigned an SK: SYS notation or SK: SYS (FATAL)
subnotation, depending on its dermal LD50, with the former corre-
sponding to GHS Categories 3 and 4 and the latter Categories 1 and
2. As a quantity describing the lipophilicity of a chemical, log KOW

is frequently applied as a criterion to indicate a ‘‘potential signifi-
cant contribution to the overall exposure by the cutaneous route’’
(ACGIH, 2008). The application of log KOW as a stand-alone crite-
rion in the SN assignment is less universal than that of dermal
LD50. The potential significance of dermal absorption as suggested
by the KOW may not be sufficient for establishing an SN, if the SN is
defined to alert the systemic toxicity arising from skin exposure to
toxic chemicals (Chen et al., 2003). In some regulatory context, a
causal indication of skin absorption and consequent systemic tox-
icity is required to meet the SN definition (Federal Register, 1989).

For most chemicals, data of adequate reliability that report toxic
effects of skin exposure other than dermal acute toxicity are rela-
tively scarce. Thus, the evaluation of potential systemic effects
from repeated doses by the dermal route often must be inferred
from extrapolations of systemic effects from other routes of expo-
sure. Predictive modeling taking into account the relative impor-
tance of dermal absorption compared to inhalation exposure at
the OEL is commonly applied as a means of route-to-route extrap-
olation for determining the dermal exposure hazard of a chemical
(Fiserova-Bergerova et al., 1990; McDougal and Boeniger, 2002;
Schneider et al., 1999; Vecchia and Bunge, 2003; Walker et al.,
1996). In fact, using a modeling approach as an alternative to
in vivo and in vitro testing was recommended for regulatory accep-
tance by the Organisation for Economic Co-operation and Develop-
ment (OECD) to supplement the existing process of dermal toxicity
evaluation (OECD, 2004). The Toxic Substances Control Act (TSCA)
Interagency Testing Committee (ITC) in their recommendation for
the improvement of Occupational Safety and Health Administra-
tion SN suggested a mathematical algorithm for use in the SN
assignment when data of clinical reports or laboratory studies on
dermal toxicity were insufficient to support an assignment (Walk-
er et al., 1996). Conceptually, the algorithm estimated the
toxicity by NIOSH based on dermal LD50 of chemicala,b.

NIOSH assignment (mg/kg animal body weight)

l LD50 6 50)

SK: SYS (FATAL) (Criterion: dermal LD50 < 200)

rmal LD50 6 200)

dermal LD50 6 1000)

SK: SYS (Criterion: 200 < dermal LD50 < 2000)

00 < dermal LD50 6 2000)

ia: 2000 < dermal LD50 6 5000)

No equivalent assignment

, National Institute for Occupational Safety and Health; Dermal LD50, dermal lethal

he new NIOSH skin notations’’, presented in NIOSH Current Intelligence Bulletin 61: a
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significance of transcutaneous penetration as a route of uptake for
a chemical by comparing the dose of the chemical absorbed via the
skin (skin dose—SD) to the dose absorbed via the lungs (inhalation
dose—ID) during the same period of exposure. The ID represented a
critical presence of the chemical in the body following inhalation
exposure at the OEL, and the SD and ID provided quantifiable mea-
sures for the levels of absorption by different routes of uptake. This
conceptual model was modified (Chen et al., 2002) and incorpo-
rated into the improved NIOSH strategy for SN assignment to over-
come the limitations inherent in the availability of empirical data
and was recommended for use with other criteria following a
weight-of-evidence logic (NIOSH, 2009). Walker et al. (1996) and
Fasano and McDougal (2008) suggested that the TSCA ITC-origi-
nated model could be applied in dermal risk assessment, estimat-
ing the period that the exposure of a fixed area of skin to a target
chemical would need to build up a critical internal dose.

The study described here evaluated the utility of predictive
modeling employing the route-to-route extrapolation technique
in dermal hazard characterization compared to and in combination
with applying SN assignment criteria based on the dermal LD50 and
log KOW. The mathematical algorithm described in the strategy for
assignment of NIOSH SN (the NIOSH model) was adopted as the
predictive tool in this study. The performance of predictive model-
ing in differentiating the potential of skin exposure hazard of SN
chemicals was compared to that of the dermal LD50 and log KOW.
The dermal hazard potentials of SN compounds projected by the
NIOSH model were compared to their acute toxicity-based GHS
ranks to examine the consistency of the NIOSH model with the
GHS classification scheme as well as the possible role of predictive
modeling serving as a hazard-ranking tool.
2. Material and methods

2.1. Selection and classification of candidate chemicals

Chemicals selected as candidate compounds were those for
which published OELs were available from major OEL-setting orga-
nizations. To be included in this study, a chemical had to have an
assigned SN from at least one of following published OELs: NIOSH
Recommended Exposure Limit (REL), ACGIH TLV, United Kingdom
Work-place Exposure Limit (WEL), Germany Maximum Arbeit-
splatz-Konzentration (MAK), Netherlands Maximale Aanvaarde
Concentratie (MAC), Finland Maximal Allowed Concentration
(MAC), or Sweden Occupational Exposure Limit (OEL). These OELs
represent worldwide efforts in developing policies and strategies
for controlling occupational skin exposures. A chemical selected
for study might carry one to seven SNs, depending on how consis-
tent these organizations were in considering the chemical as a skin
exposure hazard. By the definition of SN commonly shared among
the studied organizations, the dermal hazard potential described
here refers to the potential of a chemical to provoke systemic tox-
icity as a result of skin absorption or being substantially absorbed
following skin contact (ACGIH, 2008). Based on the number of SNs
assigned, chemicals were categorized into seven SN number
groups. The SN and its source information were extracted from AC-
GIH TLV Documentation.
2.2. Dermal LD50, log KOW, and physicochemical properties required in
modeling

Dermal LD50 values for candidate compounds were collected
from the NIOSH Registry of Toxic Effects of Chemical Substances
(RTECS) Database (NIOSH, 2007). The array of potential LD50 values
for a given chemical was refined to increase comparability by
ensuring that current protocols were used for testing acute toxicity
Please cite this article in press as: Chen, C.-P., et al. Efficacy of predictive modeli
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and to reduce the uncertainty in dermal LD50 values that might be
attributed to discrepancy in exposure duration or flawed experi-
mental design. For example, LD50 values were limited to those
experimentally generated using traditional toxicity test rodent
species (i.e., rat, mouse, guinea pig, and rabbit) to reduce the inter-
species uncertainty in the reported toxicity. When multiple entries
of dermal LD50 values were found for a chemical, the lowest value
(i.e., the greatest toxicity) was used in the analysis. Dermal LD50

values were excluded if they were generated using protocols that
deviated substantially from the OECD guidelines for testing of
acute dermal toxicity (OECD, 1987). In addition, only dermal LD50

values reported as a fixed number were included; those expressed
as ‘‘greater than’’ or ‘‘smaller than’’ a threshold were excluded to
decrease the impact from potential deficiency in the dose–re-
sponse relationships by which these LD50 values were derived.

The log KOW values of candidate compounds were collected
from the Syracuse Research Corporation PhysProp Database (SRC,
2008). Only experimental values of log KOW were collected, as the
focus in the study was to compare the utility of the predictive algo-
rithm with those of empirical data generated from laboratory test-
ing. To operate the NIOSH model, the following physicochemical
properties of each chemical were required: log KOW, molecular
weight (MW), water solubility (SW), and OEL time-weighted aver-
age (OEL-TWA). The former three values were collected from the
PhysProp Database and the latter from the TLV Documentation.

2.3. Modeling of dermal exposure hazard

The NIOSH model evaluates the potential of skin exposure haz-
ard by comparing the internal dose of a chemical absorbed via the
skin (SD) to that of inhalation uptake (ID) during the same period
of exposure at an air concentration equivalent to the OEL. The final
output of modeling presents a ratio of SD to ID (SI ratio) to indicate
the significance of skin exposure compared to inhalation exposure,
with the ID in the formulation representing the critical presence of
the target chemical in the body without raising concern of adverse
health impact (i.e., consistent with the assumption that an expo-
sure at the OEL is not expected to generate adverse effects). The
NIOSH model may be conceptually expressed as:

SI ratio ¼ SD=ID ð1Þ

where:

SD ðmgÞ¼ transdermal permeation coefficient ðKpÞof a chemical

ðcm=hrÞ�SW ðmg=cm3Þ�exposed skin surface area ðcm2Þ
�exposure time ðhrÞ ð2Þ
ID ðmgÞ ¼ OEL ðmg=m3Þ � inhalation volume ðm3Þ
� retention factor ðRFÞ ð3Þ

In Eq. (2), Kp represents the overall diffusion of the agent
through the stratum corneum into blood capillaries of the dermis
and is determined using a validated quantitative structure–perme-
ability relationship (QSPR) that predicts the transport behaviors of
a chemical in the stratum corneum based on their MW and log -
KOW. The MW is used to represent the molecular size of a chemical
and the log KOW to describe the lipophilicity. This QSPR, also known
as the revised Robinson model (Wilschut et al., 1995), is mathe-
matically expressed as:

Kp ¼ 1
1

KpscþKpolþ 1
Kaq

ð4Þ

where Kpsc is the permeation coefficient in the lipid fraction of the
stratum corneum, Kpol the coefficient in the protein fraction, and
ng as a scientific criterion in dermal hazard identification for assignment of
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Table 2
The distribution of chemicals by the number of skin notations assigned (SNs) and the
availability of dermal LD50, log KOW, and SI ratio for chemicals in each SN groupa.

Number of SNs Number of chemicals Availability (%)

Dermal LD50 log KOW SI ratio

7 16 81 94 75
6 30 53 100 73
5 48 75 100 83
4 51 67 98 73
3 40 58 93 75
2 70 46 91 63
1 225 26 80 46

Total 480
Mean ± std. dev. 58 ± 19 94 ± 7 70 ± 12

a Dermal LD50, dermal lethal dose 50% in unit of mg/kg; log KOW, logarithmic
value of octanol–water partition coefficient; SI ratio, ratio of skin dose to inhalation
dose estimated by the predictive model as described in Eqs. (1)–(3) and used by the
National Institute for Occupational Safety and Health (NIOSH) to facilitate assign-
ment of NIOSH skin notation.
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Kaq the coefficient in the watery epidermal layer. These compo-
nents are individually estimated by:

logKpsc ¼ �1:326þ 0:6097� logKOW � 0:1786�MW0:5 ð5Þ
Kpol ¼ 0:0001519�MW�0:5 ð6Þ
Kaq ¼ 2:5�MW�0:5 ð7Þ

In Eq. (3), the ID is derived based on the OEL of the substance, if
and when the OEL is developed to prevent the occurrence of sys-
temic effects rather than of sensory/irritant effects on the respira-
tory tract. In this study, a continuous exposure of 8 h and an
exposed skin surface of 360 cm2 (palmer skin) were assumed. For
the calculation of ID, an inhalation volume of 10 cubic meters in
8 h and an RF of 0.75 for the absorption of an airborne chemical
via the lungs were used. The RF represented the percentage of
xenobiotics present in the alveoli that might be successfully ex-
changed into systemic circulation. Typically, a retention rate of
75–100% was assumed for the pulmonary absorption of a gaseous
chemical (ECB, 2003), and a default value of 0.75 was selected to
avoid underestimating the significance of skin absorption, because
a complete pulmonary absorption was unlikely to occur for most
chemicals. The OEL used in Eq. (3) was the 8-h TWA of ACGIH’s
TLV. When TLV-TWA was not available, the TWA of an alternative
OEL would be used instead, in the order of NIOSH’s REL, UK’s WEL,
German MAK, Dutch MAC, Finnish MAC, and Swedish OEL. The SN
chemicals regulated as chemical groupings, fumes, and particulates
were excluded from modeling. In the NIOSH improved strategy of
SN assignment, a chemical of an SI ratio equal to or greater than 0.1
would be considered a potential skin exposure hazard and assigned
an SK: SYS notation.

2.4. Availability and applicability of scientific data

The availability of dermal LD50, log KOW, and inputs to calculate
the SI ratio for chemicals in each of the seven SN groups was eval-
uated. The availability was compared between these data as well
as among the SN groups to explore any change in the availability
in association with the change in dermal hazard potential as sug-
gested by the number of SNs. To explore the relationship between
the change in hazard indicator and the estimated dermal hazard
potential, the dermal LD50, log KOW, and SI ratio of candidate com-
pounds carrying four or more SNs were distributed by number of
SNs and evaluated using box-plots. The Spearman rank-trans-
formed correlation test was performed to evaluate the relationship
between the distributed hazard indicator and the hazard potential
suggested by the number of SNs. Of the 480 chemicals included in
the overall evaluation, 145 chemicals had four or more SNs. The
difference in distribution of each type of data by the number of
SNs was analyzed for statistical significance using the Kruskal–
Wallis analysis (Rosner, 2006). To realize the interrelationships be-
tween the investigated criteria, the values of dermal LD50, KOW, and
SI ratio of all SN compounds were logarithmically transformed and
distributed against each other, and for each distribution the Spear-
man rank-correlation coefficient was determined.

2.5. Relative significance of scientific criteria to skin notation

Multiple linear regression of the number of SNs against the
studied scientific criteria was performed to quantitatively evaluate
the overall and relative significance of these criteria contributing to
the formulation of an SN. In this analysis, a polynomial multiple
linear regression model was first developed with the number of
SNs being the dependent variable and the logarithmic values of
dermal LD50, KOW, and SI ratio being the independent variables.
The coefficient of multiple correlation, coefficient of multiple
determination, and adjusted coefficient of multiple determination
Please cite this article in press as: Chen, C.-P., et al. Efficacy of predictive modeli
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were determined to evaluate the power of the regression analysis
(Rosner, 2006). In the regression, the quantity of the partial-regres-
sion coefficient for each independent variable as generated from
model-fitting was influenced by the numerical scale adopted in
the unit of the independent variable. To remove the bias in the
regression due to this scale difference, the variables in the regres-
sion model were standardized against their means and standard
deviations so that the partial-regression coefficients for all inde-
pendent variables became comparable. In the final approach, a
stepwise regression was performed on the standardized equation
to remove the criteria that did not correlate well with the current
SN so as to identify the criteria of critical importance to the assign-
ment of SN. The regression analysis was conducted using the sta-
tistical software SPSS (SPSS Inc., Chicago, IL, USA).

2.6. Consistency of modeling results with GHS classification scheme

To evaluate the possibility of the NIOSH model serving as a
semiquantitative hazard-ranking tool, the modeling results were
evaluated for consistency with the results of the GHS scheme sup-
porting the dermal LD50-based classification of acute toxicity. In
the analysis, the SN compounds were classified by their dermal
LD50 values into the five distinct GHS hazard categories as de-
scribed in Table 1. The SI ratios corresponding to the compounds
in different hazard groups were then distributed by the hazard cat-
egory. The overall distribution of the SI ratio was evaluated for its
correlation to the GHS rank by the Spearman rank-correlation, and
the distributions between hazard categories were examined for
statistically significant difference using the Kruskal–Wallis analy-
sis. The quartile distribution of the SI ratio in each category was
also determined. The analysis was repeated for the log KOW for
comparison.

3. Results

3.1. Availability of scientific data for assignment of skin notation

As Table 2 shows, a total of 480 chemicals were found to carry
at least one SN and were included in the study. Approximately 3%
(n = 16) of the included chemicals were considered by all of the
evaluated organizations as a skin exposure hazard, whereas 47%
(n = 225) were assigned with only one SN. In general, the number
of chemicals in an SN group decreased as the number of SNs in-
creased, indicating that the studied organizations varied signifi-
cantly in the assignment of SNs. The availability of log KOW was
over 90% in different SN groups except for the group of only one
ng as a scientific criterion in dermal hazard identification for assignment of
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Fig. 1. Distribution of dermal lethal dose 50% (dermal LD50), logarithmic value of
octanol–water partition coefficient (log KOW), and ratio of skin dose to inhalation
dose (SI ratio) against number of skin notation (SN) assigned to chemicals of four or
more SNs.

C.-P. Chen et al. / Regulatory Toxicology and Pharmacology xxx (2011) xxx–xxx 5
SN. Despite being a frequently tested endpoint for dermal toxicity,
a dermal LD50 estimate was available for less than 60% of the
examined compounds. The availability of dermal LD50 values de-
creased as the number of SNs decreased; for compounds of one
SN, the dermal LD50 was only available for about one-fourth
(26%) of the chemicals. The modeling-based estimation of the SI ra-
tio was performed for approximately 70% of the examined com-
pounds; as for the other 30%, their OELs were developed to
prevent respiratory or skin irritation/sensitization rather than to
prevent system toxicity. While the overall amount of dermal
LD50 values and SI ratios was less than that of log KOWs, the in-
crease in the availability of dermal LD50 and SI ratios with increas-
ing number of SNs suggested that the studied organizations shared
a more consistent view on the potential dermal exposure hazard
for a given chemical when the dermal LD50 and/or predictive mod-
eling result were available. This observation suggests that the three
types of scientific data recommended by the ACGIH for application
in the deliberation of SN were also the predominant criteria
adopted by the other organizations compared in this study in SN
assignment. A change in availability tracking the change in the
number of SNs was not clearly observed for the log KOW, possibly
because of the overall abundance of log KOW values (over 90%).

3.2. Distribution of dermal LD50, log KOW, and SI ratio by number of
notation

Fig. 1 shows the distribution of dermal LD50, log KOW, and SI ra-
tio of chemicals assigned four or more SNs. The distributions as
shown compared each SN group against the number of SNs (n = 4
to 7 SNs). The results of the correlation test indicated a correlation
coefficient of 0.13 (p = 0.21), �0.20 (p = 0.02), and 0.23 (p = 0.02),
respectively, for the distribution of dermal LD50, log KOW, and SI ra-
tio against the number of SNs. The dermal LD50 and SI ratio tended
to increase with increasing SN number, and the increasing trend
for the SI ratio was statistically significant. A statistically signifi-
cant decrease with increasing number of SNs was observed for
the log KOW. To minimize the impact of uneven sample size to
the analysis, chemicals of six and seven SNs were combined into
a single group so that the sample size in the new group (n = 46)
was comparable to those in the groups of four and five SNs. The
quartile distribution of dermal LD50, log KOW, and SI ratio was
determined and summarized in Table 3. For all three dermal haz-
ard indicators, the difference in the distribution of indicator among
SN number groups was statistically significant. The change in the
median of each indicator by the number of SNs reflected the overall
trend as observed in the correlation analysis. The increase in the SI
ratio with increasing number of SNs corresponded to the antici-
pated trend, i.e., the greater the skin exposure hazard, the higher
the SI ratio. In contrast, the increase of dermal LD50 and decrease
of log KOW along with an increase in the number of SNs did not cor-
respond to the anticipated trends. If the dermal LD50 reported for
the examined compounds were applied as a major criterion in
the assignment of the evaluated SNs and reflective of the antici-
pated hazard level, its numerical value would decrease as the num-
ber of SNs increased. Similarly, a rise in the log KOW would be
expected when the dermal hazard potential increased, as the like-
lihood of a chemical being substantially absorbed into the stratum
corneum was greater at higher log KOW. It should be noted that the
median of dermal LD50 for the combined 6/7 SN number group was
identical to the hazard-recognizing threshold of 1000 mg/kg sug-
gested by the ACGIH.

3.3. Correlation between scientific criteria

The inter-criteria correlation analysis was performed between
the SI ratio and dermal LD50, the KOW and dermal LD50, and the
Please cite this article in press as: Chen, C.-P., et al. Efficacy of predictive modeli
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KOW and SI ratio for a total of 153, 207, and 287 compounds,
respectively. Fig. 2 shows the distribution of log SI ratio and log -
KOW against log dermal LD50 of the chemical and the distribution
of log KOW against log SI ratio. The results of the correlation test
indicated a potential linear relationship in the distribution of log -
KOW by log SI ratio (Spearman’s r = �0.66; p < 0.01), therefore a lin-
ear regression was performed for this distribution and yielded a
model:
ng as a scientific criterion in dermal hazard identification for assignment of
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Table 3
The quartile distribution of dermal LD50, log KOW, and SI ratio for chemicals of four or more skin notations (SNs)a,b.

SN number Dermal LD50 log KOW SI ratio

1st quartile 2nd quartile 3rd quartile 1st quartile 2nd quartile 3rd quartile 1st quartile 2nd quartile 3rd quartile

6/7 SNs 170 1000 4720 �0.30 0.83 1.85 0.36 3.70 17.49
5 SNs 44 150 850 0.45 1.65 2.85 0.04 0.64 11.73
4 SNs 90 300 1600 0.48 1.46 3.06 0.01 0.24 9.75

p valuec 0.05 0.02 0.04

a Dermal LD50, dermal lethal dose 50% in unit of mg/kg; log KOW, logarithmic value of octanol–water partition coefficient; SI ratio, ratio of skin dose to inhalation dose
estimated by the predictive model as described in Eqs. (1)–(3) and used by the National Institute for Occupational Safety and Health (NIOSH) to facilitate assignment of NIOSH
skin notation.

b Dermal LD50 value rounded up to the nearest integer; values for log KOW and SI ratio rounded to two places after decimal.
c p value indicating the level of statistically significant difference in the distribution of investigated property (dermal LD50, log KOW, or SI ratio) among different SN number

groups as determined by the Kruskal–Wallis analysis.
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logKOW ¼ �0:91 ðlog SI ratioÞ þ 1:83; r2 ¼ 0:55 ð8Þ

The log SI ratio and log KOW correlated negatively with log der-
mal LD50; both correlations were consistent with the trends antic-
ipated given the characteristics of these indicators as discussed in
Section 3.2. This finding suggested that, while the dermal LD50 and
log KOW might not serve well as quantitative indicators of SN, they
were sufficient to facilitate qualitative recommendations that
would be useful in preliminary screening of dermal hazard, e.g.,
for prioritization of a chemical in dermal toxicity testing.
3.4. Relative significance of criteria to skin notation

Table 4 shows the models of multiple regression, standardized
multiple regression, and stepwise regression as generated from
the multiple linear regression of number of SNs against the in-
cluded scientific criteria. The low level of adjusted r2 for the estab-
lished models suggested a potential presence of scientific
indicators other than dermal LD50, KOW, and SI ratio that might
be significantly associated with the formulation of current SN.
The three criteria in the models were not found to be collinear in
the regression model. When the partial-regression coefficients of
the criteria were compared, the SI ratio was found to be the most
influential criterion in the formulation of current SN, with the coef-
ficient for its logarithmic quantity being 2.4 and 32.6 folds greater
than the coefficient for the log KOW and log dermal LD50, respec-
tively. When the standardized model was evaluated using stepwise
regression in which all predictive variables were tested for statisti-
cal significance, the dermal LD50 and log KOW were removed and
the SI ratio was the only criterion in sufficient association with
the number of SNs; the linearity of the stepwise model (also a sim-
ple linear regression model) was statistically significant.
3.5. Consistency of modeling results with GHS hazard classification
scheme

Fig. 3 shows the distribution of the log SI ratio of SN chemicals
with a dermal LD50 6 5000 mg/kg (n = 124) in the five GHS catego-
ries of acute toxicity hazard, as sorted by the dermal LD50 of the
compound. The distribution was statistically different among
GHS hazard categories (the Kruskal–Wallis analysis, p = 0.04), and
the log SI ratio was negatively correlated to the GHS rank at a sig-
nificant level, suggesting a general trend of SI ratio decreasing
when the dermal hazard lessened as characterized by the increase
in the GHS rank. Consistent with the trend observed for SI ratio
when distributed by the number of SNs, the median SI ratio for
more potent chemicals was higher for GHS Category 1 chemicals
than those for the less potent GHS categories. However, a wider
quartile distribution of SI ratios were observed in GHS Categories
1 to 3 (dermal LD50 6 1000 mg/kg) than in Categories 4 or 5, indi-
cating that the SI ratio and dermal LD50 were less in agreement
Please cite this article in press as: Chen, C.-P., et al. Efficacy of predictive modeli
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when used as criteria in dermal hazard identification for chemicals
of higher hazard potential. When the log KOW was paired with the
GHS rank based on dermal LD50 (n = 173) and distributed by the
GHS hazard category (Fig. 4), the distribution was not statistically
different between categories (p = 0.58). Although the log KOW was
negatively correlated to the GHS rank, conforming to the antici-
pated reduction of log KOW with decrease in dermal hazard, the
trend was not statistically significant. This result suggests a lesser
consistency of the log KOW with the GHS system compared to that
of the SI ratio.

4. Discussion

The consistency in the underlying rationales and criteria ap-
plied in SN assignment has long been a focal point of discussions
in the occupational health management community. This led us
to examine the relationship between alternative criteria that are
often used as the basis for assigning SN.

As this study shows, the number of SN assigned to chemicals
varied significantly among different countries. This variation could
be partly explained by a difference in the priority of OEL/SN devel-
opment between countries or by the availability of empirical data
when the hazard characterization was conducted. However, an
important issue also may be the lack of harmonization in the types
of criteria used in the assignment process.

In the current study, the grading of dermal hazard by the num-
ber of organizations that have assigned an SN provided an oppor-
tunity to observe the utility of different indictors in dermal
hazard evaluation. Our findings suggest that the dermal LD50 alone
may not serve well as a quantitative indicator of the number of
agencies that have established an SN in this study. Several factors
might have contributed to this observation.

First, the dermal LD50 values reported for a chemical substance
could be generated from multiple studies that employed different
animal species. As a result, these values might vary substantially,
and the cause of animal death as observed might not distinguish
if the fatalities were a result of systemic toxicity from dermal
absorption or from corrosive effects at the site of administration
(Chen et al., 2004). Fig. 5 shows the variation of dermal LD50 values
reported for 14 chemicals in the RTECS Database employing rabbit,
rat, or mouse (NIOSH, 2007). For these compounds, the difference
in the dermal LD50 values of a chemical varied from 1.3 (xylidine)
to 12636.4 folds (paraquat), with a median of 5.44 folds.

Secondly, in addition to interspecies difference, the variation in
the dermal LD50 values reported for a chemical might be a result of
inconsistency in the experimental protocols used to generate the
dose–response relationships required in establishing the dermal
LD50 values. For example, in compliance with the standardized pro-
tocols developed in the OECD Guideline for Testing of Chemicals 402
(OECD, 1987) and the USEPA Health Effects Test Guidelines OPPTS
870.1200 (USEPA, 1998), when conducting a test of dermal acute
ng as a scientific criterion in dermal hazard identification for assignment of
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Fig. 2. Distribution of logarithmic value of ratio of skin dose to inhalation dose
(log SI ratio) against logarithmic value of dermal lethal dose 50% (log dermal LD50),
of logarithmic value of octanol–water partition coefficient (log KOW) against log
dermal LD50, and of log KOW against log SI ratio for chemical of skin notation. The r
values are Spearman rank-correlation coefficients. The p values indicate statistical
significance of Spearman rank correlation.
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toxicity using rodents, the exposure duration should be 24 h unless
signs of skin irritation/ulceration appeared and called for a prema-
ture termination. However, the dermal LD50 data generated prior to
the development of standardized protocols often employed a dif-
ferent exposure scenario. In addition, the absorption of a chemical
Please cite this article in press as: Chen, C.-P., et al. Efficacy of predictive modeli
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via the skin and thus the systemic toxicity incurred following
absorption may be influenced by the conditions of chemical load-
ing on the skin. Kissel (2011) discussed dermal absorption-related
phenomena using the ratio of mass delivery to plausible absorptive
flux (NDERM) as an index and suggested that dermal toxicity testing
at high NDERM was unlikely to show dose dependence due to the
saturation of the absorptive flux when the skin was high loaded.

Third, the dermal LD50 represented the acute toxicity of a chem-
ical that arose following dermal absorption, but might not indicate
toxicological consequence of a chemical when cumulative expo-
sure at a lower exposure level occurred, and thus would not be
an appropriate indicator when an SN was assigned to caution the
chronic toxicity from long-term skin exposure. In fact, it was un-
clear the levels to which the dermal LD50 was applied in the assign-
ment of SN by the organizations included in this study, which
might partly explain the poor correlation between the dermal
LD50 level and the dermal hazard potential as suggested by the
number of SNs. Some of the issues leading to limited correlation
between dermal LD50 value and number of SN assignments can
be addressed through careful application of study quality criteria
(e.g., Klimisch scoring). Nevertheless, the limitations in this metric
(due to historic experimental variability and lack of accounting for
longer-term, low-dose effects) suggest that the LD50 value should
be supplemented by other criteria using a weight-of-evidence ap-
proach to increase confidence in SN assignments.

Lavoué et al. (2008) compared the SNs on the lists of Swiss max-
imum allowable concentrations (MACs) and ACGIH TLVs to the
dermal LD50 values and modeling-based dermal risk indices of
these SNs. One of the risk indices investigated was based on
route-to-route extrapolation of toxicity, an approach similar to
that employed in the NIOSH model using the SI ratio. Compounds
with a MAC or TLV notation were associated with higher dermal
risk index and lower dermal LD50 than those without a notation,
and the dermal risk index agreed with dermal LD50 for selected
chemicals on the MAC (r = �0.42) and TLV lists (r = �0.43). In Lav-
oué et al. (2008), both the dermal LD50 and model-based index
were evaluated primarily for their capability providing a qualita-
tive answer to the need of SN, and the findings indicated that both
were effective in facilitating a dichotomous decision. In our study,
the negative correlation between the NIOSH model output and der-
mal LD50 also indicated that both criteria would agree when used
as a qualitative tool in dermal hazard identification. However, as
our findings show, the utility of dermal LD50 as a ranking tool for
classification of dermal hazard appears to be less than that of the
SI ratio. Lavoué et al. (2008) also cautioned that, as a majority of
the compounds employed in their study were those of TLV, the
SNs compared could have been assigned following the explicit cri-
terion of 1000 mg/kg for dermal LD50. As a result, a significant asso-
ciation between the dermal LD50 and SN could be expected.

In dermal hazard characterization, the log KOW was frequently
used to indicate the ease of skin penetration of a chemical. As the
most commonly used parameter of chemical solubility in water
versus fat, this property was expected to appropriately correlate
with the skin absorption of a chemical (Kezic and Nielsen, 2009).
In our study, the availability of log KOW was the highest among
the examined criteria. However, the log KOW did not correspond
well to the anticipated level of skin exposure hazard based on the
number of organizations that had assigned an SN notation. The ade-
quacy of low KOW as a criterion in the hazard characterization also
suffers when the systemic toxicity as a result of skin absorption
rather than the skin absorption is the primary concern used in
assigning an SN. The strong linear relationship between experimen-
tal log KOW and log SI ratio observed in this study suggested that the
predictive model, while initially constructed to evaluate the poten-
tial of systemic effects as caused by skin absorption, was also indic-
ative of the skin-penetrating capacity of a chemical.
ng as a scientific criterion in dermal hazard identification for assignment of
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Table 4
Models of multiple regression, standardized multiple regression, and stepwise
regression of the number of skin notations assigned (SN number) against the
logarithmic value of octanol–water partition coefficient (log KOW), of dermal lethal
dose 50% (log dermal LD50), and of the ratio of skin dose to inhalation dose (log SI
ratio) and the results of statistical analyses for these modelsa.

r r2 Adj.
r2

p

Multiple regression equation
SN number = 0.222 log KOW + 0.031 log dermal

LD50 + 0.785 log SI ratio + 4.165
0.48 0.23 0.14 0.08

Standardized multiple regression equation
SN number = 0.433 log KOW + 0.032 log dermal

LD50 + 1.042 log SI ratio + 4.586
0.48 0.23 0.14 0.08

Stepwise regression
SN number = 0.598 log SI ratio + 4.579 0.44 0.19 0.16 0.02

a Statistical power of regressional analysis determined for each model and pre-
sented as multiple correlation coefficient (r), coefficient of multiple determination
(r2), adjusted coefficient of multiple determination (Adj. r2), and significance of
linearity present in the regression model (p).
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Fig. 3. Logarithmic value of ratio of skin dose to inhalation dose (log SI ratio)
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The SI ratio approach depends on the potential for dermal
absorption and the likelihood for generating systemic doses that
might lead to longer-term adverse health effects. Thus, it possesses
the capability of identifying a chemical as a skin exposure hazard
and has the potential of serving as a GHS-consistent hazard-rank-
ing tool. These characteristics explain the results that show SI ratio
as a better predictor of SN assignment than either KOW or dermal
LD50 values. In the last decades, the research that applied mathe-
matical modeling in health hazard evaluation had gained momen-
tum, largely due to the needs of scientific data in the development
of regulatory policy, particularly as the use of in vivo animal tests
in support of regulatory decisions were discouraged. For instance,
the GHS discouraged animal-based acute toxicity testing for chem-
icals classified as a Category 5 hazard (i.e., chemical of relatively
low acute toxicity potential with circumstantial presence to vul-
nerable populations), unless there was a strong likelihood that
the results of in vivo testing would have a direct relevance for pro-
Please cite this article in press as: Chen, C.-P., et al. Efficacy of predictive modeli
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tecting human health (UNECE, 2009). The use of alternative assess-
ment approaches, including the approach of predictive modeling as
investigated in the current study, is also encouraged by the new
European Community regulations Registration, Evaluation, Authori-
zation and Restriction of Chemical Substances (The European
Parliament and the Council of the European Union, 2006).

In the NIOSH model, a chemical substance with an SI ratio equal
to or greater than a threshold of 0.1 would be recognized as a skin
absorption hazard (i.e., dermal uptake of a chemical exceeded 10%
of its uptake by inhalation at the systemic dose associated with
current OEL for protecting against systemic effects). This criterion
is consistent with the approach proposed by the European Centre
for Ecotoxicology and Toxicology of Chemicals (ECETOC) for rec-
ommendation of SNs (ECETOC, 1998). The ECETOC algorithm also
determined the skin exposure hazard posed by a chemical agent
through comparing its dermal uptake to its systemic absorption
from inhalation, and an SN would be recommended when the
ng as a scientific criterion in dermal hazard identification for assignment of
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amount of chemical absorbed by both hands and forearms in 1 h
exceeded 10% of the amount absorbed by inhalation for 8 h at a
concentration at the OEL (de Cock et al., 1996). The defaults of
the exposed skin surface area, the air volume inhaled in 8 h, and
the respiratory RF in the ECETOC algorithm were 2000 cm2,
10 m3, and 50%, respectively. The SI ratio calculated in the NIOSH
model (SI RatioNIOSH) can be modified to derive an SI ratio following
the assumptions proposed in the ECETOC algorithm (SI RatioECETOC),
and a comparison between the SI RatioNIOSH and SI RatioECETOC

reveals:

SI RatioECETOC ¼ SI RatioNIOSH � ½2000 cm2 ðhands=armsÞ
� 360 cm2ðpalmsÞ� � ½1 h� 8 h�
� ½75% ðdefault RF in NIOSH algorithmÞ
� 50% ðdefault RF in ECETOC algorithmÞ�

¼ SI RatioNIOSH � 1:04 ð9Þ

As this comparison shows, the SI ratio determined using the
NIOSH model is approximately the same as the SI ratio generated
following the assumptions made in the ECETOC algorithm. That
is, in both models the thresholds for dermal hazard recognition
are based on essentially the same level of skin absorption. A similar
concept was suggested by the ACGIH for SN assignment. Without
detailing a quantitative threshold dosage, the ACGIH recom-
mended that an SN was justified when data were available to sug-
gest a significant potential for absorption via the hands and
forearms during the workday, especially for chemicals with lower
TLV values.

The NIOSH model in its current form is limited, in that it cannot
be used to evaluate chemical substances with an OEL set to prevent
occurrence of localized health effects. Caution should also be exer-
cised in applying the current model to evaluate sensory irritants
that might also permeate the skin and increase potential of sys-
temic toxicity, as the Kp adopted in the SD derivation was limited
to values representative of healthy, intact skin. An approach that
may broaden the model’s applicability is to replace the OEL used
in calculating the systemic dose absorbed via inhalation with a tox-
icologically based property. The use of a toxicological property
could also reduce the uncertainty in the SI ratio originating from
inconsistent use of safety factors when the OEL was developed that
circumvented the quantitative application of SI ratio. A second
improvement lies in the estimation of SD. Currently, this dose is
determined by multiplying the Kp of a chemical with its SW, the
exposure time, and the exposed skin surface area. The use of SW

as the source concentration in estimating transdermal flux may
deviate significantly from the patterns of dermal uptake that take
place in the workplace. Schneider et al. (1999) discussed the mod-
eling in dermal exposure assessment and suggested a division of
the contaminated skin layer into an outer and an inner layer that
were in intimate contact in the model. As it is the concentration
gradient of a chemical between the contaminated skin and the per-
fused tissue that drives dermal uptake, developing a sub-algorithm
in the model that describes the transdermal profile of a chemical in
the epidermal skin to a better precision may effectively improve
the utility of the NIOSH model.

In our study, all candidate compounds selected had an airborne
OEL value assigned by the investigated organizations. For SN com-
pounds of a common interest to the majority of the studied orga-
nizations (i.e., an SN was assigned by four or more
organizations), the potential of the chemical being a skin exposure
hazard was assumed to increase with the number of SNs increas-
ing. Chemicals of three or fewer SNs were not included to support
this assumption, as it was uncertain if the minority vote in the SN
assignment of these compounds was an indication of the chemical
possessing little hazard potential or a reflection on the lack of com-
Please cite this article in press as: Chen, C.-P., et al. Efficacy of predictive modeli
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mon regulatory interest among these organizations. When intro-
duced in the analysis, this uncertainty might interfere with the
number of SNs serving as a semiquantitative indicator for the level
of skin exposure hazard, given the significant number of com-
pounds with 3 or less SNs (n = 335). It should be noted that, in
our analysis, the number of SNs was used to establish a general
trend of change in dermal hazard potential among the selected
chemicals. It should not be interpreted as a surrogate for the abso-
lute exposure risk of individual compounds.
5. Conclusions

This study evaluated the utility of predictive modeling in the
assignment of skin notations compared to those of dermal LD50

and log KOW. The correlations between scientific criteria indicated
that these toxicological and physicochemical properties served as
a qualitative indicator in support of a dichotomous recognition of
skin exposure hazard. The predictive modeling was the most influ-
ential criterion in association with the current notations, and the
output of model prediction was consistent with the GHS classifica-
tion of acute toxicity. These results suggest that the predictive
model examined in this study may be considered for application
as a semiquantitative criterion in dermal hazard ranking.
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