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ABSTRACT: The skin as a route of entry for toxic chemicals has caused increasing concern over the last decade.
The assessment of systemic hazards from dermal exposures has evolved over time, often limited by the amount
of experimental data available. The result is that there are many methods being used to assess safety of chemicals
in the workplace. The process of assessing hazards of skin contact includes estimating the amount of substance
that may end up on the skin and estimating the amount that might reach internal organs. Most times, toxicology
studies by the dermal route are not available and extrapolations from other exposure routes are necessary. The
hazards of particular chemicals can be expressed as “skin notations”, actual exposure levels, or safe exposure
times. Characterizing the risk of a specific procedure in the workplace involves determining the ratio of exposure
standards to an expected exposure. The purpose of this review is to address each of the steps in the process and
describe the assumptions that are part of the process. Methods are compared by describing their strengths and
weaknesses. Recommendations for research in this area are also included.

GLOSSARY

Absorption — the general term for describing the pro-
cess of chemical entering the skin. Differs from pen-
etration because the focus is on what is in the skin.
Acute exposures — generally studies that last for hours
or a up to a day.
Applied dose — the experimentally applied dose. Could
be comparable to an external dose in a risk assessment.
Concentration — the term that describes the amount
of chemical on the skin for chemicals in a vehicle or
mixture. It has units of mass per volume.
Chronic exposures — generally studies that are long term,
that is, greater than 90 days and up to 2 years.

Dermis — the deep layer of the skin. It contains struc-
tural components and blood vessels.
Diffusivity — a specific term that quantitatively de-
scribes movement of chemical over time. It has units
of distance squared per hour.
Dose rate — rate at which a chemical passes through
or into the skin, organ, or body. It has units of mass per
time. Contrast with flux, which has units of mass per
both area and time.
Epidermis — the thin living layer of skin exte-
rior to the dermis. It receives its nutrients from
capillaries, which bathe the bottom of the epi-
dermis.
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External dose — the mass that is available on the skin
for absorption. When expressed per surface area, it
would be surface density. Experimentally would be
called applied dose.
Extrapolation factor — a factor that is applied in
route-to-route extrapolation to account for differences
in the expression of systemic toxicity between expo-
sure routes. It is a ratio that accounts for the differ-
ences in absorption between routes. Also used more
generally to describe species extrapolation, high to
low dose extrapolation, and extrapolation to lifetime
exposures.
Fick’s law — the postulate that relates flux to the
concentration across the skin, membrane thickness and
diffusivity. Comes in several related forms.
Finite dose — when the mass of chemical on the skin
is small compared to the flux. The driving force (con-
centration or surface density) decreases with time.
Flux — a specific term that quantitatively describes
movement of chemical over time. It has units of mass
per both area and time. Flux could be movement into
the skin (absorption) or movement through the skin
(penetration). Contrast with dose rate that has units of
mass per time.
Infinite dose — when the mass of chemical on the skin
is large compared to the flux. The driving force (con-
centration or surface density) does not change with
time.
Internal dose — the mass that is past the “barrier” and
is available to cause toxicity.
Lag time — the time during an exposure before flux
becomes constant.
Minimum risk level (MRL) — an estimate of the expo-
sure to a hazardous substance that is likely to be with-
out appreciable risk of adverse noncancer health ef-
fects. Standard determined by Agency for Toxic
Substance and Disease Registry (ATSDR).
Monolayer — the amount of chemical that just covers
the skin surface. Initially, the same as an infinite dose,
but may become a finite dose as flux occurs.
No observable (adverse) effect level (NOEL) — an
external measure of dose that, based on toxicity studies
with several exposure concentrations, would cause no
known effect. Adverse is sometimes added (NOAEL)
to signify the level that caused effects that were con-
sidered adverse. When comparing chemicals, the chemi-
cal with the lowest NOAEL is the most toxic.
Occupational exposure level (OEL) — Level in the
workplace that may cause toxicity if exceeded.
Partition coefficient — the term that describes the
ratio of concentrations in two adjacent media when
there is no net change in chemical concentration be-
tween them (equilibrium).
Penetration or permeation — the general term for
describing the process of chemical going through the

skin. Differs from absorption because the focus is on
what goes through the skin. For industrial hygienists,
permeation often means absorption through the skin
and penetration often means passing a barrier such as
a glove.
Permeability coefficient — a specific term that quan-
titatively describes the movement of chemical in a
vehicle or mixture over time. The permeability coeffi-
cient has units of distance/time and usually describes
movement through the skin (penetration). The perme-
ability coefficient is concentration independent and
therefore can be used to extrapolate between concen-
trations.
Reference concentration (RfC) — an external airborne
concentration that would cause no harm during a life-
time, continuous exposure. An Environmental Protec-
tion Agency standard.
Registry of Toxic Effects of Chemical Substances
(RTECS) — database of toxicological information,
compiled and maintained by NIOSH.
Route of administration — the route chosen for a
toxicity study where the chemical is administered to
the animal.
Route of exposure — the route most likely to cause an
internal dose in the occupational environment.
Steady-state diffusion — the condition when the flux is
not changing. It usually occurs after the lag time and
with an infinite dose.
Stratum corneum — the most superficial layer of the
skin. It is composed of flattened epidermal cells held
together in a lipid matrix and is in most cases the
primary barrier to penetration of chemicals.
Subchronic exposures or toxicity — generally studies
which are greater than acute (a day) and up to 90 days
in duration.
Surface density — the term that describes the amount
of a solid or liquid on the skin. It has units of mass per
area.
Target tissue dose — the mass of chemical that enters
the site of toxicity of a chemical. Usually, the
mechanism of action of the chemical must be known
to define the target tissue(s). The target tissue dose will
be related to the external dose, but not necessarily in a
linear way.
Thermodynamic activity — the actual activity of the chemi-
cal in the media. It is the concentration times an activity
coefficient and is the driving force of diffusion.
Transfer factor — a measure of the mass transfer of
chemicals from surfaces to the skin.
Threshold Limit Value (TLV) — airborne concentra-
tions of substances and represent conditions under
which it is believed that nearly all workers may be
repeatedly exposed day after day without adverse health
effects. They are developed by the American Congress
of Governmental Industrial Hygienists (ACGIH).
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I. INTRODUCTION

Assessing dermal exposures to chemicals in
the workplace is a continuously evolving process
that has the goal of assuring the safety of workers
without a severe disruption of the efficiency and
productivity of operations. The evaluation of risks
involved in manufacturing, transportation, con-
struction, and service industries (to name a few)
incorporate many assumptions and uncertainties.
Assumptions and uncertainties are unavoidable
because of our inability to accurately know expo-
sure conditions and systemic human responses.
We are unable to know these conditions and re-
sponses both because they are hard to measure
and extremely variable. One way to compensate
for uncertainties is to use estimates that err on the
side of safety. The risk assessment process in-
volves the estimation of contact with a chemical
(exposure), appraisal of protection provided by
the skin, and evaluation of any resultant toxic
effects. Toxicity depends on both the external
dose and the exposure time. Different mecha-
nisms of action of individual chemicals may cause
the dermal dose or the exposure time to be more
important, depending on metabolic rates and
whether the toxic chemical is the parent or the
metabolite. Haber’s Law (Haber, 1924) suggests
that the toxic effect of an inhaled chemical is
related to the product of the air concentration and
the exposure time. The effect of concentration

and time on systemic toxicity is not so simple
with dermal exposures. The ultimate goal of these
assessments is to determine safe exposure levels
that can be used as a maximum acceptable level
in the workplace. There are two major areas of
concern with skin exposures: the skin as a target
for toxicity and the skin as a portal of entry for
chemicals that cause systemic toxicity. Although
the skin as a target organ is extremely important,
it is not discussed here. The goal of this document
is to discuss parts of the assessment process that
are important for systemic toxicity from dermal
exposures, not to be all-inclusive of the risk as-
sessment process.

Estimating exposures in the workplace re-
quires the determination of the amount of chemi-
cal in contact with the skin (the external dose)
(Figure 1).

Chemicals can end up directly on the skin in
any possible physical form — solid, liquid, vapor,
or aerosol. Exposure to solids on the skin can
occur as powders or larger particles, and they may
persist on the skin until the hands are washed.
Solids can also be mixtures of variable propor-
tions. Particle size may affect the contact with the
skin and therefore the rate of penetration. Pen-
etration of chemicals through the skin from the
solid form has not been studied extensively. Of-
ten, solid chemicals are applied experimentally in
an acetone vehicle that has been shown to affect
the rate of penetration (Scheuplein and Ross, 1970)

FIGURE 1. Possible contributions to external dose on the surface of the skin.
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and therefore are not representative of an occupa-
tional situation.

Liquid exposures to the skin may be pure
liquid, mixtures of nonaqueous liquids, or a pri-
marily aqueous solution. Most of the skin pen-
etration data are from aqueous vehicles, and this
appears to be the primary concern with environ-
mental regulations (USEPA, 1992). Liquid expo-
sures can be a splash or immersion and evapora-
tion from the skin surface may or may not occur,
depending on the exposure scenario. Liquids have
the potential to change their own rate of penetra-
tion by affecting hydration, defatting, or corrod-
ing the skin (Flynn et al., 1987). Liquid exposures
are probably the most important type of exposure
in the workplace.

Vapor or aerosol exposures to the skin are
also possible. In general, the external concentra-
tion (and therefore the driving force) would be
smaller with vapors than liquids or solids. Skin
penetration of some volatile chemicals has been
studied, and estimates of the amount of chemical
that might come through the skin compared to
inhalation when the whole body is exposed have
been made (Tsuruta, 1989; McDougal et al., 1990).
In some ways, vapor exposures are simpler than
the other exposures because there is no vehicle
other than air and minimal potential for defatting
or changing hydration of the skin. Aerosols may
act like a liquid on the skin surface if they con-
dense. In most cases, vapor absorption through
the skin would not be of concern unless a respi-
rator is worn because the majority of the body
burden would come from inhalation.

Chemicals can also be transferred to the skin
by contact with clothing, tools, equipment, or
other surfaces in the workplace. Transfer factors
(or accumulation factors) are used to estimate the
amount of chemical that ends up on the skin when
chemical concentrations on surfaces are known.
These factors are usually estimated empirically as
the ratio between the amount of chemical that
ends up on the skin after contact and the amount
of chemical that was on the environmental sur-
face. These factors can have a tremendous impact
on the estimation of external dose. An accurate
estimation of external dose is a key step in the risk
assessment process.

Once the external dose has been estimated,
the next step is to estimate penetration through
the skin and therefore the internal dose for spe-
cific scenarios of interest (Figure 2). Exposure
parameters (surface area exposed, exposure dura-
tion, and frequency of exposure) need to be esti-
mated and have a big impact on the internal dose.
The other big factor is the rate of chemical pen-
etration through the skin, which is dependent on
the vehicle or medium in which the chemical is
presented to the skin. Penetration rates or flux are
determined experimentally or estimated using a
correlation approach.

The skin is a good barrier, particularly to
hydrophilic chemicals and water. There are many
methods that are used to measure penetration rates
in the laboratory. Other chemicals or mixtures of
chemicals that are on the skin may increase or
decrease the penetration rate of the chemical of
interest. Fick’s Law of Diffusion (designed for

FIGURE 2. Factors that affect internal dose once the external dose is known.
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membranes) is often used to predict the effects of
concentration, surface area, and thickness of the
skin on the flux across the skin.

Safe exposure levels can be estimated from
external doses or internal doses, depending on the
toxicology studies that are available (Figure 3).

Quality and type of toxicology studies avail-
able are extremely variable. The most useful toxi-
cology study for dermal risk assessment would be
a skin toxicity study in humans, which mimics the
exposure scenario of concern. This type of study
is almost never available. Sometimes studies in
laboratory animals are available where the ani-
mals have been exposed by the dermal route and
toxicology endpoints or lethality are quantified.
Route-to-route extrapolation is frequently required
to estimate toxicity from dermal contact. In order
to use toxicology studies from oral or inhalation
routes of exposure, it is often necessary to make
estimates of internal dose from each route so that
toxicological information can be extrapolated from
the other routes of exposure to the dermal route.

Safe or recommended dermal exposure levels
frequently can be estimated based on dermal tox-
icity studies, route-to-route extrapolations, and
internal dose calculation. When used in conjunc-
tion with industrial hygiene measurements, these
dermal exposure levels are used as “not to be
exceeded” levels in the workplace and therefore
affect processes and personal protection in the
workplace. Another approach is to start with the
industrial hygiene measurements and go through
a process called “risk characterization”, where

the ratio of workplace levels to safe or recom-
mended levels is determined and used as the basis
for determining if changes in personal protection
or processes need to be made in the workplace.

The purpose of this manuscript is to critically
review some of the methods and assumptions that
are currently used in calculating, predicting, or
evaluating dermal exposures in the workplace.
The focus here is on the calculations and models
that are ultimately used in dermal risk assess-
ment, that is, internal dose calculations, route-to-
route extrapolations, safe level determinations,
and risk characterizations. Recommendations for
improvements in research methods or extrapola-
tion procedures are made when possible.

II. INTERNAL DOSE ASSESSMENT

There are at least four different methods that
are used for predicting an internal dose once an
external dose has been estimated. They differ in
the type and amount of information required for
the calculations, in the simplifying assumptions
that are made, and in the reliability of the answer.
Internal dose can be predicted from external dose
based on: (1) the empirical measurement of frac-
tion of applied dose absorbed; (2) measured (or
estimated by correlations) steady-state flux or
permeability; (3) steady-state flux or permeabil-
ity adjusted by the square root of time; and (4)
biologically based mathematical models. Before
reviewing these methods for internal dose assess-

FIGURE 3. Safe skin exposure levels are determined from
toxicity studies that usually do not directly address skin expo-
sures in humans.
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ment, it is useful to understand the theory and
assumptions that are inherent in these assessments.
See the Glossary for definitions.

A. Flux and Permeability Theory

Flux, or the amount of chemical that pen-
etrates per unit of time, has been described math-
ematically by Fick’s Law of Diffusion for mem-
branes (Marzulli et al., 1969; Michaels et al.,
1975):

J D
dC

dx
D

C
m

m
m

m

m

= ≅ ∆
δ

1

where the flux (J), in mg/cm2 per h, of a chemical
across a homogeneous membrane is proportional
to the concentration difference between the mem-
brane outer surface and the membrane inner sur-
face (∆Cm), in mg/cm3, and inversely proportional
to the thickness of the membrane (δm), in cm. Dm

is chemical diffusivity in the membrane, in cm2/
h. Fick’s Law with modifications is commonly
applied to estimating the flux across the stratum
corneum (McKone, 1993) or the skin as a whole
(Michaels et al., 1975). In order to apply Fick’s
Law for membranes to skin penetration, many
assumptions must be made. One assumption is
that concentration is proportional to thermody-
namic activity (which is the actual driving force
in Fick’s Law) with dilute concentrations and
vapors. Another assumption is that the chemical
concentration at the inside boundary of the mem-
brane is at or near zero (Michaels et al., 1975),
and therefore the concentration difference (∆Cm)
can be replaced by the concentration in the skin in
contact with the chemical on the surface (Cskin):

J D
C

skin
skin

skin

≅
δ

2

where the diffusivity (Dskin) and the thickness
(δskin) also refer to the skin. The concentration in
the skin just below the surface (Cskin) is hard to
measure, but the concentration in the vehicle in
contact with the skin (Cveh) can be measured eas-
ily. The relationship between the concentration in
the vehicle and concentration in the skin is pre-

dicted by a partition coefficient (RSkin/veh), assum-
ing steady state (McKone and Howd, 1992):

R
C

Cskin veh
skin

veh
/ = 3

The partition coefficient is determined ex-
perimentally by measuring the ratio of concentra-
tions in two different media. Octanol/water parti-
tion coefficients are the most available partition
coefficients (Hansch and Leo, 1979), and there
are methods to predict them when they are not
available (Gombar, 1999). This partition coeffi-
cient gives a measure of relative lipid/water solu-
bility. Skin/vehicle partition coefficients have to
be measured experimentally (Mattie et al., 1994),
because there are very few available in the litera-
ture, and there is no accepted method for estimat-
ing them. Mattie and co-workers (1994) showed:
(1) that the correlation between octanol/water par-
tition coefficients and measured skin/air partition
coefficients was poor (r2 = 0.20), and (2) that
skin/air partition coefficients correlated well with
measured permeability coefficients (r2 = 0.93).
Combining Equations 2 and 3 gives:

J D
R C

skin
skin veh veh

skin

≅
×/

δ
4

Experimentally, steady-state flux is divided by
the concentration in the vehicle (when the con-
centration is constant) to estimate a permeability
coefficient (Kp) that is assumed concentration in-
dependent (Marzulli et al., 1969):

K
J

Cp
veh

= 5

If we solve for flux and compare with Equation 4,
it is apparent that the permeability coefficient is a
composite of diffusivity, thickness, and the parti-
tion coefficient:

J K C
D R

Cp veh
skin skin veh

skin
veh≅ ≅

× /

δ
6

Therefore, the permeability coefficient (Kp), which
is also called P, is specific for the species studied
and the vehicle, if any, from which the penetra-
tion was measured. A modification of Equation 5
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is the basis for many calculations of internal dose.
Flux, as expressed in Equation 6, has units of
mass per area-time. It is often useful in the inter-
nal dose calculations to express the internal dose
as mass (M). We can get from:

J K Cp veh= × 7

to:

M K C A tp veh= × × × 8

if we multiply both sides of Equation 7 by area
and time. This is equivalent to:

M P A C t= × × × 9

where M is internal dose or mass, P is the perme-
ability coefficient (same as Kp, area/time), A is skin
area exposed, C is concentration on the surface
(mass/volume), and t is exposure time. Equation 9
is commonly used in many risk assessment proce-
dures (Paustenbach, 2000; Bos et al., 1998, Sartorelli
et al., 1998). This equation is useful when the
external chemical dose is in the form of a liquid or
a mixture and the amount of chemical on the sur-
face is expressed as a concentration. It is essential
that the P was experimentally determined from the
same liquid or mixture as the scenario of interest.
The permeability coefficient is most useful for
quantifying the penetration from chemical solu-
tions that may vary in concentration, because the
permeability coefficient is concentration indepen-
dent for vehicles (Chandrasekaran et al., 1978) or
vapors (McDougal et al., 1985).

The flux is most useful for quantifying the
penetration of pure chemicals (solid or liquid),
because the thermodynamic activity is always the
same; therefore, the flux should theoretically be
the same, assuming that all other conditions are
equal (Barry et al., 1985). What does change with
solids is the relationship between mass and sur-
face area covered. When the external chemical
dose is in solid or powder form, the external dose
is often expressed as surface density (mass per
area). As surface density increases, there becomes
a point where a further increase in surface density
does not increase flux. This is the point of maxi-
mum flux (Jmax) that can be determined experi-
mentally by placing excess solid chemical on the

skin surface (monolayer or more). With a powder
or dust, a slightly different modification of Fick’s
Law can be used:

M J A t= × ×max 10

where M is internal dose or mass, Jmax is maxi-
mum flux (mass/area-time), A is skin area ex-
posed, and t is exposure time.
Assumptions — When Fick’s Law is applied to
skin penetration, the following assumptions are
made regardless of the method of internal dose
calculation:

• The skin is a homogeneous membrane.
• The flux of the chemical across the skin is

solely due to passive diffusion.
• The concentration of chemical on the under-

side of the skin is not important.
• The measurement of flux is at steady-state.
• The values of permeability coefficient and the

flux are assumed to be dependent on the ther-
modynamics of the exposure (i.e., solid or liq-
uid and whether or not there is a vehicle).

• The permeability coefficient and the flux are
assumed to be specific for the animal species
in which they are measured.

B. Calculations Based on Empirical
Measurements of Fraction Absorbed

Several calculations of internal dose use the
“fraction of applied dose absorbed through the
skin”. The AIHA Exposure Assessment Strate-
gies Committee recommends the following cal-
culation of absorbed (internal) dose (Mulhausen
and Damiano, 1998):

DA S Q FQ ABS WF= × × × × 11

where DA is dermal absorbed dose rate per day
(mass/time), S is skin surface area, Q is quantity
deposited on the skin per event (mass/area-event),
FQ is number of events per day (dimensionless),
ABS is fraction of applied dose absorbed through
the skin during the event (dimensionless), and
WF is weight fraction of the substance in the
mixture (dimensionless). This calculation uses
surface area exposed (S) to make an adjustment
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that is consistent with Fick’s Law, which says the
amount absorbed (DA) would be directly propor-
tional to the area exposed (S). The mass on the
surface per event (Q) is also directly proportional
to the amount absorbed (DA), but the units of Q
are mass per area (surface density) instead of
mass per volume (concentration) as in Fick’s Law.
Surface density is a common way to express con-
centration on surfaces, but because the units are
different from concentration, Fick’s Law needs to
be adapted to use surface density. ABS is the ratio
of absorbed dose to applied dose.

U.S. EPA (1992) recommended a conceptu-
ally similar equation to calculate percutaneous
absorption of chemicals from soil:

Uptake C A r B= × × × 12

where C is concentration of chemical in soil
(mg/g), A is surface area exposed, r is soil-to-skin
adherence rate (g/cm2), and B is the cutaneous
bioavailability (unitless). In this case, uptake
(mass) is directly proportional to concentration
and area according to Fick’s Law. A new param-
eter, r, adjusts for the amount on skin surface.
Because it is the fractional absorption parameter,
B is equivalent to the ABS in Equation 11.

In the Superfund risk assessment guidance
documents, EPA (1989) recommended a more
complicated but similar approach to estimating
internal dose from soil:

AD
CS CF SA AF ABS EF ED

BW AT
= × × × × × ×

×
13

where AD is absorbed dose (mg/kg/day), CS is
chemical concentration in the soil (mg/kg), CF is
conversion factor (10–6 kg/mg), SA is skin surface
area available for contact (cm2/event), AF is soil-
to-skin adherence factor (mg/cm2), ABS is ab-
sorption factor (unitless), EF is exposure fre-
quency (events/year), ED is exposure duration
(years), BW is body weight (kg), and AT is aver-
aging time (days).
Assumptions — When fractional absorption data
are used to calculate internal dose, the following
assumptions are made:

• The surface density (mg/cm2) in the risk as-
sessment scenario is identical to the experi-

mental surface density. If there were “excess
chemical” which was not available for absorp-
tion in the experimental determination, exactly
the same amount of “excess chemical”, would
be present in the scenario for risk assessment.

• The time for absorption in the risk assessment
scenario is identical to the time over which the
experimental absorption was determined.

• The state of occlusion (occluded or nonoccluded)
is assumed the same for the experimental study
and the risk assessment scenario. Occlusion can
drastically change the rate of penetration by
increasing water content in the skin.

• If radioactive chemical was used to experi-
mentally determine fractional absorption, the
radioactivity accurately reflects parent chemi-
cal, not metabolite or degradation product.

Weaknesses — The primary weaknesses of this
approach relate to the fact that it is a strictly
empirical approach that is not based on first prin-
ciples like flux measurements. The weaknesses
fall into the general categories of dose and time
extrapolations, as outlined below:

Equations 11 through 13 are somewhat logi-
cal and mathematically consistent, but a limita-
tion lurks in the experimentally measured ratio of
the absorbed to the applied dose. The fraction of
applied dose absorbed (ABS or B) is a seemingly
simple experimental parameter that is measured
by determining disappearance of radioactive
chemical from the surface (Feldman and Maibach,
1967; Anjo et al., 1980) or the appearance of
radioactivity in the receptor solution of a diffu-
sion cell (Franz, 1975; Anjo et al., 1980; Bronaugh
et al., 1982). Expressing penetration as a fraction
of applied dose may cause large errors, because
this empirical measurement is not robust to varia-
tions in surface loading and exposure times.

The fraction of applied dose is not constant
with different surface loading, even in the labora-
tory under controlled conditions. The fraction of
14C testosterone absorbed (Table 1) illustrates this.
(Although testosterone is not a workplace chemi-
cal, this article is used to illustrate several points,
because the authors provided enough data for
analysis.)

As the applied mass goes up 100-fold, the
actual mass absorbed increases only 25-fold (0.51
to 12.6 µg), thus the percent absorbed decreases
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by 75% ([12.9-3.2]÷12.9). The fact that percent
absorbed and mass absorbed are inversely related
when the surface density is increased illustrates
the fundamental problem with using fractional
absorption data to extrapolate to surface densities
that were not included in the experimental deter-
mination.

If the empirical fraction absorbed determined
from the 4 µg/cm2 experiment were used to ex-
trapolate to a risk assessment situation where
400 µg/cm2 was applied over 1 cm2, we would
project an internal dose of 51 µg when the actual
internal dose (according to the Anjo’s experi-
ment) would be 12.6 µg, a fourfold overestimation.
Fractional absorption values should not be used to
extrapolate to other skin loading conditions.

The error in the calculation is greatest when
the surface density exceeds the surface density of
a “monolayer”. With a monolayer, the maximum
amount of chemical possible is in contact with the
skin and adding more chemical increases the ex-
ternal dose but will not affect the internal dose.
Consider the experimental situation where a de-
fined skin area is completely covered with chemi-
cal (monolayer) and more is added. The absorp-
tion rate cannot increase because the additional
chemical is not in contact with the skin. Yet, the
additional chemical would be included as applied
chemical and would decrease the fraction ab-
sorbed. Figure 4 shows that somewhere between
the middle and highest surface densities in the
Anjo study, the surface loading was more than a
monolayer; otherwise the relationship between
applied and absorbed dose would be linear. Here
the relationship is certainly not linear past
40 µg/cm2.

The relationship described by Fick’s Law (flux
is proportional to mass on the surface) does not

apply when there is excess chemical in the experi-
mental situation or in the risk assessment situa-
tion. Fortunately, it is unlikely that a monolayer
would be exceeded in a human exposure situation
except with prolonged immersion in a liquid.
However, unless the experimenter was careful
not to exceed a monolayer, the fractional absorp-
tion number that was determined in the lab will
not be representative of the risk assessment situ-
ation. Said another way: an experimental deter-
mination from an infinite dose (greater than mono-
layer) study will not give a good estimate of
absorption from a finite dose (less than a mono-
layer) exposure situation.

Time is also an essential element that is em-
bedded in any empirical fractional absorption num-
ber, because fractional absorption is greater at longer
times. Fractional absorption increases with time
with both infinite and finite doses. With an infinite
dose, flux would be constant and the internal dose
would be directly proportional to exposure time.
With a finite dose (more realistic situation), the
internal dose would still increase with exposure
time but not as much, because flux would be de-
creasing as the amount on the surface was de-
pleted. Figure 5 shows that measuring the fraction
absorbed of a finite dose over a short period, such
as 24 h, would underestimate the fraction of amount
applied that was eventually absorbed if absorption
was allowed to be essentially complete (120 h).

With a finite dose, the surface density of the
chemical would decrease over time, and as the
driving force becomes less, the percent of the
initial dose absorbed per hour would decrease
(Figure 5) with time. An accurate experimental
assessment of total fraction absorbed requires data
collection for a long enough period to assure ab-
sorption was complete.
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FIGURE 4. Nonlinear relationship between dose absorbed and
dose applied.  (From Anjo et al., 1980.)

FIGURE 5.  Time course of testosterone absorption for up to 5 days.  (Data from
Anjo et al. (1980) are plotted at the mid-points of the urine collection periods.)
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An experimentally determined fraction ab-
sorbed should only be used to calculate an inter-
nal dose over the same duration, that is, 5 days
in this example. If we used a fractional absorp-
tion number that represents a 5-day absorption
period in the internal dose calculation (Equation
11), we could make a serious error and assume
that the fraction absorbed could occur several
times a day. Yearly or lifetime estimates of
internal dose that are based on fractional absorp-
tion, such as Equation 13, could be even more
inaccurate.
Strengths — The strength of the fractional ab-
sorption approach is that it can deal with a finite
dose situation where the concentration of chemi-
cal on the skin decreases with time as long as the
empirical determination of absorption is done
under exactly the same exposure conditions as the
risk assessment scenario. Once the external dose
is known, the calculation using fractional absorp-
tion is simple and intuitive.
Summary/Conclusions — The fractional ab-
sorption approach is used by some regulatory
agencies for several purposes, the most impor-
tant of which is for absorption of pesticides
from soil. Many laboratory studies report pen-
etration results as percentage absorbed, because
of the ease of these measurements using radio-
active tracers. The result is a simple ratio that
can be simply applied to any external dose.
This type of study is useful for the pharmaceu-
tical industry to compare penetration of chemi-
cals, side by side, to determine penetration
potential. Unfortunately, fractional absorption
measurements do not extrapolate accurately to
other surface loadings or exposure times and
therefore are not as useful for risk assessments.
Calculations of internal dose that use fractional
absorption are problematic. Experimentally
determined fractional absorption studies may
be accomplished with finite or infinite doses. If
infinite doses are used, they are inaccurate be-
cause some of the chemical is not available for
absorption and penetration. If a finite dose is
used, the study is only useful if the same dose
is the hazard in the risk assessment study. Dif-
ferent exposure times compared to experimen-
tal times can cause inaccurate results. The frac-
tion of applied dose should not be used for risk
assessments, if possible.

C. Calculations Based on Steady-State
Flux

Historically, the most common approach to
calculating internal dose has been to use in vitro
flux or permeability rates that have been deter-
mined experimentally under steady-state condi-
tions (see section on Dermatotoxicology for ex-
perimental details). This method can be used for
calculating internal dose from external dose. U.S.
EPA (1992) recommended this approach for cal-
culating absorbed dose for inorganic chemicals in
water:

DA K x C x tevent p
W

W event= 14

where DAevent is dose absorbed per unit area per
event (mg/cm2-event), KW

p is the permeability
coefficient from water (cm/h), Cw is the concen-
tration of chemical in water (mg/cm3), and tevent is
the duration of event (h/event). This equation is
essentially the same form as Equation 9, except
that the internal dose in Equation 14 is expressed
as mass per surface area instead of just mass.

Recently, The Committee on Toxicology of
the National Research Council (2000) used this
approach for assessing the risks of dermal absorp-
tion of fire-retardant chemicals:

D
C K A f

W
w p b c

b

=
× × ×

15

where D is the dose rate (mass per unit body
weight per unit time), Cw is the water solubility of
the fire-retardant chemical, Kp is the permeability
coefficient (length/time), Ab is the area of the
body in contact with the fabric, fc is the fraction
of time spent in contact with the fabric (dimen-
sionless), and Wb is body weight. This equation is
conceptually similar to Equation 9.

In the context of these steady-state calcula-
tions (Equations 14 and 15), steady-state is de-
fined as the condition when the amount of chemi-
cal penetrating through the skin is constant over
time. The measurement of flux at steady-state in
static diffusion cells (Marzulli et al, 1969;
Durrheim et al., 1980) or flow through diffusion
cells (Bronaugh and Stewart, 1985) is a well-
recognized experimental procedure. The experi-
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mental apparatus consists of two chambers, one
containing the donor solution and the other hold-
ing the receptor solution. The skin membrane
separates these two chambers. When done care-
fully, the determination of flux provides informa-
tion that is useful for risk assessment purposes.

Flux is determined by placing chemical on
the skin in the donor chamber in a way that the
concentration on the surface is constant (infinite
dose because of the large volume present). The
mass of chemical that appears in the receptor
solution is measured over time. Figure 6 illus-
trates how the increase in chemical mass in the
receptor solution can become reasonably constant
with time. It is during this time that “steady-state”
is approached and this part of the plot is where
flux is estimated by slope of the line.

In in vitro studies, there is nearly always a
delay or “lag time” before the chemical shows up
in the receptor solution because of the slow diffu-
sion of chemicals through the skin. If we extrapo-
late the straight line in Figure 6 back to the time
axis, we see that there is a lag time of about 2.5
h in this experiment. The lag time is important
experimentally because it is necessary to be be-
yond it before the steady-state flux can be mea-
sured. However, lag time is not as important when

it is applied to an internal dose calculation (Figure
7) for two reasons: first, lag times are not as
apparent with in vivo studies as they are with
in vitro studies; second, in an in vivo exposure,
the lag time is only a delay of penetration on the
front end of an exposure that may be made up on
the back end of the exposure.

There is no lag time for absorption into the
skin. Lag time refers to penetration through the
skin that represents the time it takes for the chemi-
cal to diffuse across the skin and reach the recep-
tor solution (in vitro) or the microcirculation in
the viable epidermis (in vivo). For nonvolatile
chemicals, the amount of chemical that is in the
skin at the end of the exposure is likely to con-
tinue to be slowly absorbed unless it is eliminated
by desquamation. For volatile chemicals, the
chemical in the skin at the end of the exposure
would undergo the competing processes of pen-
etration and evaporation. The final amount pen-
etrated would depend on the ratio of evaporation
rate to flux rate. This ratio might be different for
each chemical, so it is hard to generalize other
than to say that the lag time would be more im-
portant to consider for volatile chemicals than
nonvolatiles. For a nonvolatile chemical, the lack
of penetration during the lag time may be com-

FIGURE 6.  Cumulative penetration of dibromomethane (DBM) across a butyl membrane
from an aqueous solution in a static diffusion cell. Lag time is where the linear regression
is extrapolated back to zero mass in the receptor solution, or about 2.5 h.
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pensated by penetration after the end of the expo-
sure, because the chemical in the skin cannot
evaporate. For volatile chemicals, the lack of pen-
etration during the lag time may not be compen-
sated by penetration after the end of the exposure
because the chemical in the skin has the potential
to evaporate rather than penetrate.
Assumptions — The assumptions that are made
when the steady-state flux calculations are used
to calculate internal dose are the following:

• Concentration on the surface during the expo-
sure scenario does not change (infinite dose or
constantly replenished).

• The lag time is relatively small compared with
the exposure time.

• Flux measured at steady-state is representative
of flux thoughout the exposure period.

Weaknesses — The weakness of the steady-
state calculations in equations such as Equa-
tions 14 and 15 is disregarding the possibility
of a lag time. The internal dose may be
overpredicted for any exposure time, but the
relative magnitude of the error would decrease
as the exposure time increases. The lag time is
seen in the receptor fluid, but there is no lag

time in disappearance of chemical from the
skin surface. If the chemical in the skin cannot
evaporate or otherwise be lost, eventually it
will penetrate after the end of the exposure and
reduce the error. Permeability coefficients (Kp)
in equations such as 14 and 15 are vehicle
specific. Water is the most common vehicle,
but the Kp used must be measured in the actual
vehicle of interest. This steady-state calcula-
tion is not generalizable between vehicles.
Strengths — The strength of the steady state
calculations is that steady-state flux data can be
predictive of a wide variety of exposure situations
that may differ in exposure time or exposure con-
centration. In the real world, every exposure situ-
ation is different and the ability to extrapolate to
other than experimental conditions is essential.
Equation 14 has been used widely and is gener-
ally accepted.
Summary/Conclusions — The steady-state ap-
proach, based on Fick’s law, is used frequently by
regulatory agencies to calculate internal dose. Not
all laboratory studies report their data as flux or
permeability coefficient, as required by this ap-
proach. Experimental studies that measure flux
are more complicated than fractional absorption
studies, because of the lag time and the require-

FIGURE 7.  Effect of ignoring the lag time in a risk assessment.  When the lag time
is not taken into account, penetration of chemical would be predicted to start at time
zero as shown above.  The symbols show theoretical experimental points and the
lag time.
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ment for determination of a penetration time
course. This approach requires a constant surface
concentration in the risk assessment scenario to
be accurate. The steady-state approach to calcu-
late internal dose is a very useful approach, espe-
cially for long exposure times. The approach is
robust to changing exposure concentrations and
exposure times. Flux or permeability (which may
not always be available as experimental values) is
a requirement for the calculation. However, there
are several suggested methods to estimate perme-
ability based on correlations of physical param-
eters (Bunge and McDougal, 1999).

D. Calculations Adjusted for Square
Root of Time

A new method was suggested by a U.S. EPA
working group in 1992 to improve the accuracy
of steady state calculations over short time peri-
ods. This calculation was designed to account for
the chemical that is in the skin during the lag time.
This method was first detailed in the document
called Dermal Exposure Assessment: Principles
and Applications (U.S. EPA, 1992), but has un-
dergone several evolutions (Cleek and Bunge,
1993; Bunge and Cleek, 1995; and Bunge et al.,
1995). This equation describes the relationship
between the mass and other parameters, such as
permeability and time using the square root (Bunge
and McDougal, 1999):

M AC
K K tm p=

( )4 δ
π

16

where M is internal dose (mass), A is area ex-
posed, C is exposure concentration (mass/vol-
ume), Km is the stratum corneum partition coeffi-
cient (unitless), δ is the thickness of the stratum
corneum (distance), Kp is the permeability coeffi-
cient of the stratum corneum (distance/time), t is
time, and π is pi. This calculation was recom-
mended when the exposure time is less than 2.4
times the lag time (if it is known) for that specific
chemical. This calculation addresses the flux of
chemical into and out of the skin as illustrated by
Figure 8.

The flux into the skin from an aqueous solu-
tion is highest at the beginning of the exposure
and decreases as the skin begins to fill up with
chemical. The flux out of the skin into the blood
or receptor solution is smallest (zero) at the be-
ginning of the exposure and increases. During the
time when the flux into the skin is much greater
than the flux out of the skin, the amount of chemi-
cal in the skin is increasing. This chemical will
eventually (1) be lost at the skin surface (evapo-
ration or desquamation), (2) enter into the blood,
or (3) remain in the skin, depending on the char-
acteristics of the chemical and the exposure sce-
nario. Both fluxes taper off as the chemical con-
centration decreases, either because of depletion

FIGURE 8. Illustration of fluxes into and out of the
skin that occur with a finite dose during the time
before steady state (when the in and out fluxes
become parallel). (From Jepson and McDougal
1997.)
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on the surface or chemical buildup in the blood.
The square root of time equation compensates for
the diminished flux out of the skin during short
exposure times.
Assumptions — The assumptions that come with
using the square root of time calculation are the
following:

• The concentration on the surface during the
exposure scenario does not change (infinite
dose or constantly replenished).

• The stratum corneum is the primary barrier and
sink for chemicals.

• The exposure time is two to three times less
than the lag time.

Weaknesses — This calculation requires some
parameters that are not always available, such as
the stratum corneum partition coefficient. The cal-
culation is nonintuitive and more complicated than
the steady-state approach. There have been only a
few short-term studies to validate this approach.
Strengths — The strength of this calculation is
that laboratory data (permeability coefficients)
can be used to predict internal dose over a wide
variety of exposure concentrations and at short
exposure times.
Summary/Conclusions — This modification of
the steady-state approach to calculate internal dose
is very useful for short exposure times. It uses
permeability calculated from steady-state flux but
requires some additional skin parameters (parti-
tion coefficients). Like the steady-state calcula-
tion, it also requires a constant surface concentra-
tion in the risk assessment scenario to be accurate.
The approach is robust to different exposure con-
centrations and exposure times.

E. Calculations Based on Biologically
Based Models

In the last decade, biologically based math-
ematical models have been applied to dermal
penetration and estimation of internal dose from
water or soil (Chinnery and Gleason, 1993; Rao
and Brown, 1993; Corley et al., 2000; Poet et al.,
2000). This approach uses skin compartments as
a component of physiologically based pharmaco-
kinetic (PBPK) models (McDougal, 1991, 1998;
Robinson, 1998). Figure 9 shows a typical skin
compartment for a biologically based model.

The schematic of a simple skin compart-
ment (Figure 9) illustrates the processes that
affect the amount of chemical in the skin. The
upper compartment represents the chemical in
contact with the skin surface. The chemical has
a concentration (Csfc) and a volume (Vsfc) that is
spread over a defined surface area (Ask). The
skin compartment is represented by a certain
volume (Vsk) related to the area and depth of the
skin. The skin receives blood flow (Qsk) that
contains a known concentration of chemical
(Cb). The venous blood leaving the skin is de-
scribed by the skin concentration (Csk) divided
by the partition coefficient between skin and
blood (Rsk/b). The concentrations in the skin and
other body compartments are solved by simul-
taneous differential equations. This skin com-
partment is modeled as well stirred (instant
mixing) and homogeneous (no concentration
gradient). Other more complicated approaches,
such as partial differential equations and mul-
tiple skin compartments, may be appropriate to
model the skin. The equation for the skin com-
partment is:

FIGURE 9. Schematic of a biologically based skin
compartment.
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dM

dt
Q C

C

R
P A C

C

R
sk

sk b
sk

sk b
sk sk sfc

sk

sk sfc

= −






+ −











/ /

17

where the rate of change in mass in the skin is
proportional to the amount of chemical, which is
brought in by the blood and diffusion parameters
related to Fick’s Law. Other models that explic-
itly describe the concentration gradient in the skin
have been developed (Fox et al., 1979; Hadgraft,
1979; Guy and Hadgraft, 1982; and Kubota and
Twizell, 1992). These models add an extra degree
of complexity that may or may not be necessary
to accurately describe skin penetration — it de-
pends on the chemical of interest.

Regulatory agencies have started to embrace
the biologically based modeling approach to risk
assessment. There are no standard or recom-
mended approaches for modeling the skin to de-
termine internal dose, but EPA has a project that
will make recommendations based on the mode
of action of the chemical (A. Jarabek, USEPA,
ORD, personal communication). These models
have the potential to be predictive of route-of-
entry effects, that is, skin irritation by predicting
not only the amount of chemical that penetrates
the skin but also the time course of the amount of
chemical in the skin.
Assumptions — The assumptions that are made
when simple biologically based models of the
skin are used to calculate internal dose are model
specific, but in general they are the following:

• The skin can be treated as a homogeneous
compartment.

• The concentrations of chemical in blood leav-
ing the physiological compartments are ad-
equately described by venous equilibration cal-
culations.

Weaknesses — Internal dose calculations using
biologically based models are complicated and
require the ability to use computer engineering
simulation software. They require knowing addi-
tional parameters, such as several tissue partition
coefficients for the chemical of interest. Because
of the assumptions inherent in these models, they
are easy to abuse and persons without familiarity
with them should not use them. This technique is
not as available as steady-state calculations.

Strengths — These calculations can be used to
extrapolate to a wide variety of exposure condi-
tions. The models are capable of species extrapo-
lation because they are based on biological and
physicochemical parameters that can be measured
for different species. They can be combined with
models of absorption through other routes to ad-
dress mixed route exposures. They can provide a
great deal of information for hypothesis testing and
understanding of mechanisms involved, such as
metabolism in the skin, when additional param-
eters are included in the model for testing. Biologi-
cally based models can provide a rational method
for extrapolating from experimental data on der-
mal absorption in animals to estimated human der-
mal uptake, even in the absence of human data.
Summary/Conclusions — Biologically based
mathematical models are a recent phenomenon.
Their use for calculating internal dose from exter-
nal dose is becoming more frequent. They are the
most accurate way to deal with internal dose be-
cause they have the ability to describe any process
that can be described mathematically. This ap-
proach can estimate penetration from finite or infi-
nite dose experiments because the change in con-
centration in the external dose can be modeled
explicitly. They have the ability to keep track of
chemicals absorbed in the skin as well as the amount
of chemical that penetrated. The fate of the chemi-
cal in the skin after the end of the exposure can be
included in the internal dose calculation. This ap-
proach is very flexible and can deal with different
exposure concentrations and exposure times. The
extra potential comes at the cost of extra complex-
ity and requirements for data. The extra informa-
tion needed is available only for limited number of
chemicals. When the data are available, this ap-
proach would be the most reliable. The use of skin
models would be facilitated by the availability of
standard modeling software and validated sets of
default physiological parameters.

F. Comparisons with Short-Term Skin
Penetration Data

The dermal literature is full of scientists de-
scribing a recommended way of calculating inter-
nal dose for risk assessment purposes. Often there
are claims that one method or another is better,
but there are not many unbiased comparisons that
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can be used to validate and compare methods.
One study (McDougal and Jurgens-Whitehead,
2001) has collected short-term (20 min) skin
penetratio1717n data in static diffusion cells for
the purpose of comparing the steady state calcu-
lation, the square root of time calculation, and a
biologically based model over the period of time
that the square root of time approach was de-
signed to handle.
Diffusion Cell Experiments — Static diffusion
cells were used to determine rates of penetration
of dibromomethane (DBM) from a saturated aque-
ous solution (McDougal and Jurgens-Whitehead,
2001). Rat skin was placed on the receptor cham-
ber containing 6% Volpo/saline. Ten milliliters of
DBM-saturated water (11.5 ± 0.6 mg/ml) was
placed in the donor chamber. The donor solution,
skin, and receptor solution were sampled at time
zero and at 4-min intervals for 20 min. The chemi-
cal concentration was determined by headspace
analysis using gas chromatography with electron
capture detection. The experiment was repeated
on 6 different days, and the results were pooled
(Table 2).

DBM was present in the skin at 4 min, and the
amount increased linearly for the duration of the
experiment. DBM in the receptor solution was
not detectable until 12 min. Nearly all of the
chemical (95%) was accounted for either in the
donor solution, the skin, or the receptor solution
during the experiment. The concentrations in the
skin and the receptor solution were considered to
be absorbed, and they were combined to compare
with the internal dose calculations.
Comparisons with Calculations — Figure 10
shows that the “steady-state” equation (Eq. 9)
overestimates the total body burden by about 50%
at each time point up to 20 min.

Equation 16, the square root of time calcula-
tion, gives a good estimate of the body burden as

slightly at 4 min and underpredicts slightly at
20 min.

A biologically based model conceptually simi-
lar to Equation 17 provides a good prediction of
the total mass of chemical absorbed and pen-
etrated except for a slight under prediction at
20 min, as shown in Figure 12. It also accurately
predicts the amount of chemical in the receptor
solution during the lag time.

This comparison of the three different ap-
proaches to calculating internal dose from exter-
nal dose illustrates the predictive utility of these
equations over time frames less than the lag time
for chemical absorption. It is really a hierarchy of
approaches from the simple steady state equation
to biologically based models. Steady-state calcu-
lations are simple and intuitive, square root of
time calculations improve accuracy for very short
exposures, but biologically based models provide
the most accuracy and flexibility. As approaches
become more accurate and more complex, the
data requirements go up. There will always be a
trade-off between the information that is avail-
able (or money that can be spent to develop it)
and the need for accurate predictions of internal
dose.

III. ROUTE TO ROUTE EXTRAPOLATIONS

A. Background and Theory

Route-to-route extrapolations are generally
required when toxicity studies are not available
for a potential exposure route. The purpose of
route-to-route extrapolations is to use toxicity stud-
ies or exposure standards from one route to ad-
dress safety with another route of exposure. Po-
tential exposure routes in occupational scenarios
are inhalation, dermal contact, and oral ingestion.

shown in Figure 11. The calculation overpredicts
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FIGURE 10. A comparison of prediction of total body burden from steady-state calcu-
lation (dashed line) with diffusion cell data (squares). Error bars are ± standard devia-
tion.

FIGURE 11. A comparison of prediction of body burden from “square root of time”
calculation (dashed line) with experimental data (squares). Error bars are ± standard
deviation.
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With toxicity tests, the administration of chemi-
cals is often accomplished without the ultimate
exposure scenario in mind. The route chosen for
toxicity tests may be based on convenience more
than potential exposure scenarios. If the chemical
is a liquid or solid, the route of choice is often
oral. If the chemical is a vapor or very volatile,
inhalation is often the chosen route for toxicology
testing. Dermal toxicology studies are occasion-
ally accomplished if the route of expected expo-
sure is dermal. Most toxicology tests in the litera-
ture are oral exposures, followed by inhalation
and then dermal. An RTECS search for multiple
dose toxicity studies (excluding skin irritation)
revealed that there are more than four times as
many inhalation studies (703) as dermal studies
(160) and more than 16 times as many oral studies
(2983) as dermal studies (RTECS online search,
August 1999). Many toxicology tests are moti-
vated by the desire to compare the toxicity of
chemicals. In such a case, the route of administra-
tion is not particularly important as long as the
chemicals to be compared are administered via
the same route when that route is the primary
exposure route. Otherwise first-pass and dose rate
might alter the ranking so that different rankings
would be seen across different routes of exposure
(Paustenbach, 2000).

When studies from an appropriate route are
not available, an extrapolation will be required
for a risk assessment. Each route (oral, inhalation,
and dermal) has unique characteristics, which
makes extrapolation between them complicated.
One of the first references available in the litera-
ture discussing methods for route-to-route extrapo-
lation was Stokinger and Woodward (1958), who
suggested a way to determine a drinking water
standard based on an inhalation reference concen-
tration.

With the oral route of exposure or administration,
the chemical enters a complicated multicompartmented
tube (gastrointestinal tract) that has extremely large
surface areas (200 m2) designed to absorb nutrients
and water. This tube, which is open at both ends
(mouth and anus), is basically outside the body.
Nutrients and water are absorbed from this tube and
digestive enzymes and waste products are excreted
into it. Transit time for nutrients that enter at the
mouth is controlled by physiological processes and
may average around 24 to 48 h to allow for complete
absorption. Once a dose is administered orally, it is in
the gastrointestinal tract until it is absorbed or exits the
other end. The simplest meaningful expression of an
oral exposure (this is an external dose) is mass; that is
all we need to know unless we want to compare with
a person of another size or with another species. It

FIGURE 12.  A comparison of predictions from biological simulation (dashed lines) with total
body burden (squares) and mass in receptor solution (triangles). Error bars are ± standard
deviation.
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would not really matter much if the mass is dissolved
in 6 ounces or a liter of water. With oral exposure
there is plenty of time for absorption and, because of
large fluid movements, concentration does not affect
the mass absorbed very much.

With an inhalation exposure, the vapor or
aerosol is taken into a “sack” (respiratory tract)
that expands and contracts rhythmically. Once in
the respiratory tract, the chemical may be ab-
sorbed in the very large surface area (80 m2) of
the conducting or gas exchange airways. From
the air of the respiratory tract, the chemical can
either be absorbed or exhaled. The simplest mean-
ingful expression of an inhalation exposure (ex-
ternal dose) is mass/volume, because the volume
of air inhaled is also a factor in absorption. In
contrast to an oral exposure, the volume that con-
tains the mass is important, because a 1-mg chemi-
cal per cubic millimeter air exposure concentra-
tion would result in a much higher internal dose
than a 1-mg chemical per cubic meter air expo-
sure concentration. Because of the short time
available for absorption (due to the tidal nature of
the breath), concentration has a big impact on the
mass absorbed.

With dermal contact, the chemical is on the
skin surface, which functions as a barrier. Once
the chemical is on the skin, it must be absorbed
into the stratum corneum and viable epidermis
before being carried away in the blood. The amount
of skin surface covered will affect the amount of
chemical that penetrates. The simplest meaning-
ful expression of a dermal dose (external) is

mass/area. Area is important because it is directly
proportional to the internal dose according to
Fick’s Law (see Internal Dose Assessment for
details). There are two main approaches to route-
to-route extrapolation: Extrapolation factor ap-
proaches and biologically based models.

B. Extrapolation Factor Approach

Chemical toxicity is a result of chemical in-
terference with the normal processes of a cell,
organ, or an organism. In order for this to occur,
the chemical must be absorbed and distributed to
tissues. Therefore, toxicity is more directly re-
lated to internal dose than external dose. Expo-
sure guidance criteria (no observable effect lev-
els, reference concentrations, threshold limit
values, etc.) are external concentrations or levels,
and as such are only potential doses, depending
on the extent that they are absorbed. Internal doses
are related to the external dose, but they are hard
to measure because all of the chemical in the
various tissues and fluids must be taken into ac-
count. When considering exposures by various
routes, it is often assumed that toxicity would be
the same at a particular internal dose regardless of
the route of entry. This assumption forms the
basis of the “extrapolation factor” approach to
route-to-route extrapolations (Figure 13).

When an oral or inhalation standard has been
established, the internal dose can be estimated
based on the exposure scenario for which the

FIGURE 13.  Block diagram of an approach
to extrapolation of oral and inhalation stan-
dards to provide a dermal exposure stan-
dard.
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standard was developed. Using the estimate of
internal dose, the amount of chemical on the skin
to get that internal dose can be estimated (some-
times called “backcalculation”). This technique is
designed to give an equivalent dermal exposure
standard. There are a several ways to convert
inhalation and oral external doses to internal doses
and then to dermal external doses. Most of them
do not have an explicit internal dose calculation,
but do it all in one step, using the extrapolation
factor and other parameters.

The simplest approach is to use an extrapola-
tion factor as recommended by Wilschut and co-
workers (1998). They define extrapolation factor
(EF) as “that factor that is applied in route-to-
route extrapolation to account for differences in
the expression of systemic toxicity between expo-
sure routes.”

NOAEL EF NOAELdermal oral or inhalation= × 18

This equation expresses the relationship between
a no observed adverse effect level (NOAEL) based
on toxicity studies from oral or inhalation studies
and the dermal NOAEL. These authors suggest
that the extrapolation factor for a specific chemi-
cal could be determined in these ways:

1. A ratio of NOAELs — When dermal dos-
ing studies with comparable durations (pref-
erably acute) are available to compare to
oral or inhalation dosing studies, the ex-
trapolation factor is the ratio between the
NOAELs. This approach requires conver-
sion of units so that the oral or inhalation
and dermal NOAEL can be compared. As
an illustration, assume an inhalation NOAEL
in mg/m3 and a dermal NOAEL in mg/cm2

are available and both were performed using
rats. In order to compare these standards,
both must be converted to the same units —
for example, mg/kg body weight:

EF
NOAEL VR BW

NOAEL A BW
inh

dermal

=
×( )

×( )
/

/
19

Conversion of the inhalation NOAEL
(mg/m3) requires multiplying by the vol-
ume of air breathed during the daily ex-

periment (VR, m3) and dividing by average
body weight (BW, kg) of the species of
interest. The conversion of the dermal
NOAEL requires multiplying by the ex-
perimental surface area exposed (A, cm2)
and dividing by the average body weight
(BW, kg) of the species of interest. Then,
the ratio of both NOAELs, in mg/kg, is the
unitless extrapolation factor. NOAELs from
oral toxicology studies are often expressed
as mg/kg and therefore would not require
conversion.
Pepelco and Withey (1985) recommended a
similar approach to determining internal
doses from any exposure concentration rather
than just the NOAEL. Their calculations
were based on steady-state absorption and
would be applicable for chronic studies. The
amount taken up by inhalation was estimated
by:

D
MV C t F

BWinh = × × ×
20

where:
Dinh is the internal dose from inhalation
(mg/kg)
MV is the minute volume (L/min)
C is the exposure concentration (mg/L)
t is the exposure time (min)
F is the fraction of the inhalation dose ab-
sorbed (unitless)
BW is the body weight (kg)

For the oral route, the steady state calcula-
tion would be:

D
DI F

BWoral = ×
21

where:
Doral is the internal dose from oral adminis-
tration (mg/kg)
DI is daily intake (mg)
F is the fraction of the oral dose absorbed
(unitless)
Bw is the body weight (kg)

For the dermal route, the steady state calcu-
lation would be:

C
ri

tic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

C
D

C
 I

nf
or

m
at

io
n 

C
en

te
r 

on
 0

1/
09

/1
4

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



312

D
DD A F

BWderm = × ×
22

where:
Dderm is internal dose from dermal applica-
tion (mg/kg)
DD is daily amount applied per surface area
(mg/cm2)
A is the area exposed (cm2)
F is the fraction of the dermal dose absorbed
(unitless)
BW is the body weight (kg)

Assumptions – The assumptions (which are
often not valid) included with this calcula-
tion of the extrapolation factor are the fol-
lowing:

• The NOAEL is not based on a route of
entry effect, such as respiratory irritation.

• The toxicity studies are based on the same
systemic endpoint for determination of
the NOAEL.

• The toxicity studies have the comparable
exposure durations (ie., both acute or both
90 day).

• The rate of dose administration does not
affect the toxic end point.

• The comparison of NOAELs on a dose
per day basis doesn’t invalidate the ex-
trapolation factor. (In the case of single
dose oral and dermal studies, it may take
days for complete absorption, but that
wouldn’t be the case for inhalation.)

• The extrapolation factor calculated from
the particular studies available will re-
flect the general differences in exposure
scenarios by those routes for this chemi-
cal.

• No physiological change or damage oc-
curs at the site of uptake that would affect
uptake. (This could be, for instance, a
change in respiratory rate or blood flow
in the skin due to irritation.)

Weaknesses — The weakness of this ap-
proach is the requirement for appropriate
and comparable toxicity studies by dermal
and another route. Comparable laboratory

studies frequently are not available. The
dermal exposure is more likely to be a slow,
prolonged delivery and the oral or inhala-
tion exposures might have a more rapid ab-
sorption rate. The differences in dosing in-
terval in the toxicity studies may have a big
impact on the ratio of NOAELS, because
each individual NOAEL is sensitive to the
dosing interval. Because of metabolism, re-
pair, or tolerance mechanisms, the rate of
dose administration could have a big impact
on toxicity. NOAELs have an inherent limi-
tation because by definition they must be
one of the tested doses. Ratios of benchmark
doses, which are not restricted to the tested
doses, would be an improvement, if avail-
able.
Strengths — The strength of this approach
is the logical and straightforward calcula-
tion that requires only toxicity studies, not
absorption or bioavailability factors. This
approach could be expected to give better
estimates of the extrapolation factor because
the toxicity tests would reflect distribution,
metabolism, and the dynamics of the toxic
injury over the specific duration (i.e., acute,
subchronic, or chronic).
Summary/Conclusions — Calculating the
extrapolation factor using a ratio of effect
levels may be useful when the required toxi-
cology studies are available or the chemical
is of enough interest to obtain the toxicol-
ogy data. This would probably be the most
accurate (or least uncertain) approach to
calculating the extrapolation factor.

2. A ratio of the estimates for absorption
by each route — When absorption or
bioavailability data are available for each
route, the extrapolation factor can be cal-
culated as the ratio of the experimental ab-
sorption data (expressed as percentage ab-
sorbed) available for each route:

EF
oral or inhalation

dermal
= %

%
23

The extrapolation factor can be simple as in
Equation 23, or it may also incorporate safety
factors or unit conversions (Equation 24).
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The Netherlands Organisation for Applied
Scientific Research (TNO) (Wilschut et al.,
1995) has recommended the following ap-
proach to extrapolate from an animal oral
NOAEL (mg/kg-day) to a dermal health-
based recommended-exposure level (mg/
day):

EF
dermal factor

oral factor assessment factor
kg= × ×1

70

24

where:
EF is the extrapolation factor (1/kg);
dermal factor is the correction factor for
dermal absorption (unitless);
oral factor is the correction factor for oral
absorption (unitless);
assessment factor is a factor that accounts
for the confidence in the available data
(unitless). It is the same as a safety or uncer-
tainty factor.

This equation adjusts the NOAEL for rats to
humans by multiplying by the default hu-
man body weight, 70 kg. It also uses dermal
and oral absorption factors that are unitless
and would come from fractional absorption
studies. One would expect that the ratio of
the dermal to oral factors would be less than
one to much less than one, because the skin
is a barrier and the gastrointestinal tract is
designed for absorption. When the ratio of
the dermal to oral factors is small, the effect
on the NOAEL would be to increase it or
raise the safe level. The assessment factor is
basically an uncertainty factor that can be
used to lower the dermal NOAEL when con-
fidence in the data is poor.
In vivo data characterizing fractional absorp-
tion can be very variable in quality because
of experimental requirements. The oral route
of administration is probably the most
straightforward route to determine percent-
age absorbed, but oral bioavailability stud-
ies require collecting feces for several days
to determine what is not absorbed. Some
chemicals can be excreted in the bile and

end up in the feces, so determining what
percentage of the administered dose ends up
in the feces may underestimate oral absorp-
tion. Accurately determining absorption from
an inhalation study requires monitoring the
difference between inhaled and exhaled
breath, which is not something that is rou-
tinely done. The determination of fractional
absorption from dermal studies is sensitive
to surface loading and time over which the
absorption is measured (see weaknesses
under Calculations based on Empirical
Measurements of Fraction Absorbed).
In vitro experiments characterizing fractional
absorption, such as skin penetration studies
in diffusion cells and oral absorption from
isolated stomach or intestines, are much
easier to carry out. However, these experi-
ments may not be representative of the whole
animal situation because hormonal, circula-
tory, metabolic and immune responses are
usually not intact with in vitro experiments.

Assumptions – When extrapolation factors
are calculated from an estimate of absorp-
tion by each route (not default), the assump-
tions are the following:

• The NOAEL is not based on a route of
entry effect, such as respiratory irritation.

• Time over which the fractional absorp-
tion is measured is appropriate for both
routes.

• If radioactive chemical was used to ex-
perimentally determine fractional absorp-
tion, the radioactivity accurately reflects
parent chemical, not metabolite or degra-
dation product.

• The experimentally determined absorp-
tion data reflect absorption in a realistic
exposure scenario.

• One fractional absorption number can cap-
ture the dynamic process of absorption
over time.

• The dynamics of injury (target tissue con-
centration, receptor activation, and repair
processes) are not important.

• Toxicity is directly related to internal dose.
This ignores the effect of dose rate on
toxicity.
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• If in vitro fractional absorption is used, it
accurately reflects the in vivo exposure
situation.

Weaknesses — When the difference in frac-
tional absorption between the routes is very
large (i.e., 0.01% vs. 80%), any variability
or inaccuracy in the measured absorption
number can have large effects on the ex-
trapolation factor and the resulting route-to-
route extrapolation. This approach would
not take into account distribution, metabo-
lism, or the dynamics of toxicity, and there-
fore would contain more uncertainty than
the ratio of NOAEL approach.
Strengths — This is a good approach when
carefully determined absorption estimates
are available. It might be more cost-effec-
tive to determine the fractional absorption
data required than to do the one or more
dermal, oral, or inhalation exposure effect
studies.
Summary/Conclusions — Determining an
extrapolation factor using experimental frac-
tional absorption data should give a fairly
accurate route-to-route extrapolation. This
approach would be good when resources are
available to measure fractional absorption
data for both the route where toxicity stud-
ies are available and for the dermal route.
This would be the second best approach to
calculating the extrapolation factor.

3. A range of studies that define a default
extrapolation factor between routes —
When neither toxicology data nor absorp-
tion data are available by dermal and an-
other oral route, it still may be necessary to
make some estimate of an extrapolation fac-
tor. In this case, TNO (Wilschut et al., 1998)
recommends default values of extrapolation
factors that range from 1 to 0.1. A default
value of 1 would result when fraction of
dose absorbed via the dermal route is equiva-
lent to the fraction of dose absorbed via
inhalation or oral administration. The fact
that the skin is a barrier and the lungs and
gastrointestinal tract are organs of absorp-
tion suggests that this would almost never
be an accurate default. A default value of 1

for dermal penetration would err on the side
of safety. Pepelco and Withey (1985) ana-
lyzed a set of 49 RTECs chemicals that had
both oral LD50s and inhalation LC50s. They
found, after conversion to equivalent doses,
that toxicity was nearly always greater by
the inhalation route than the oral route. They
also suggested that if absorption efficiency,
first-pass effects, and critical target organs
were not considered, errors approaching three
orders of magnitude could be made in the
extrapolation. In contrast to this, Owen
(1990) collected inhalation and oral absorp-
tion coefficients from the literature and re-
ported that when the absorption values were
not the same, they were evenly split be-
tween oral being higher and inhalation be-
ing higher. The reason Pepelco and Withey
found differences is probably because they
looked at the ratio of toxic doses in contrast
to Owen who only looked at percentage
absorbed. The differences suggest that it is
important not to ignore dose rate and mecha-
nisms of toxicity. Wilschut et al. (1998)
concluded, based on limited data, that there
was no correlation between observed
dermal NOAELs and predicted dermal
NOAELs using the default methodology.
There is probably not much hope that a gen-
eral default ratio could be found that would
provide acceptable extrapolations for each
chemical.

Assumptions — The assumptions included
in this approach are the following:
• The relative absorption through all routes

for all chemicals will be the same. (This
approach ignores recognized differences
in absorption across membranes due to
ionization and lipid solubility that are
important determinants of dermal absorp-
tion.)

• The dynamics of injury (target tissue con-
centration, receptor activation, and repair
processes) are not important.

Weaknesses — Extrapolation factors cal-
culated with default absorption ratios ap-
pear to provide a quantitative extrapolation,
but they could be totally inaccurate. This
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approach ignores the importance of pharma-
cokinetics and toxicity. Enough information
to validate general choices for default ex-
trapolation factors is not available.
Strengths — This simple default extrapola-
tion factor approach between the routes
would be very useful and easy to apply if it
could be validated.
Summary/Conclusions — Determining de-
fault extrapolation factors for dermal ab-
sorption has not been shown to provide re-
liable information at this time. This approach
should only be used when the other two
methods for calculation of an extrapolation
factor cannot be used.

C. Biologically Based Models

Route-to route extrapolation using biologi-
cally based pharmacokinetic models has the po-
tential to more accurately deal with the relation-
ship between external and internal concentrations.
The strength of biologically based models is the
ability to deal with non-linear processes such as
metabolism, binding, repair, and nonlinear toxic
responses. The general description of this approach
to calculate internal dose from external dose was
described in Internal Dose Assessment. Biologi-
cally based models can provide much more accu-
rate extrapolations when they are designed to deal
with target tissue dose.

An appropriate way to use a biologically based
model for extrapolation to the dermal route would
be to run an inhalation or oral model at the expo-
sure standard or safe level and determine the tar-
get tissue dose. Once the target tissue dose is
known, the dermal model can be run iteratively
until the target tissue dose from the other route is
matched. The external dose or concentration that
gives the same target tissue dose as the other route
will be the safe dose or standard extrapolated to
the dermal route. Several examples of the useful-
ness of this approach are described below.

Corley and co-workers (1997) exposed one
arm of each volunteer to 50 ppm 2-butoxyethanol
for 2 h and measured parent chemical and (pre-
sumably) toxic metabolite in the blood for up to
24 h. They developed a biologically based model
for 2-butoxyethanol pharmacokinetics and used it

to compare total uptake from inhalation and der-
mal absorption at the American Conference of
Governmental Industrial Hygienists (ACGIH)
TLV of 25 ppm. Their purpose was to determine
the proportion of internal dose that would result
from inhalation and dermal routes in a whole
body exposure. They used the validated model to
predict total uptake and the maximum concentra-
tion of the metabolite in the blood for various skin
exposure areas and respiratory rates. They could
just as easily have determined the total absorbed
or peak metabolite concentration at the TLV and
then iteratively run the dermal model with differ-
ent vapor concentrations to get the same parent or
metabolite level as at the TLV.

Loizou and co-workers (1998) used a biologi-
cally based model to compare the dermal absorp-
tion and inhalation of m-xylene vapor. The model
was calibrated and validated from a human study
using 12-h exposures to m-xylene. The volunteers
were exposed to xylene vapors via dermal absorp-
tion and inhalation, inhalation alone, and dermal
absorption alone. Exhaled breath, blood samples,
and urinary levels of the major metabolite, methyl
hippuric acid, were used to validate the model. The
authors used the model to “backcalculate” the der-
mal exposure concentration necessary to deliver
the same body burden generated by inhalation of
50 ppm xylene for 12 h. They showed that the
whole-body, dermal exposure concentration re-
quired to get the same body burden and urinary
excretion profile was 3000 ppm.

Rao and Ginsberg (1997) used a biologically
based model to recommend a safe water level for
methyl t-butyl ether (MTBE) based on brain and
blood levels after exposure to an inhalation stan-
dard. Central nervous system depression is a short-
term effect of MTBE in animal studies and the
basis for an acute Minimum Risk Level (MRL)
developed by the Agency for Toxic Substances
and Disease Registry (ATSDR). These authors
used a validated MTBE model to compare blood
and brain levels from the inhalation MRL (2 ppm)
with showering and bathing scenarios that had
inhalation and dermal components. Instead of
“backcalculating” using the model, they chose a
water level, 1 mg/L, and showed that the pre-
dicted brain and blood levels remained well be-
low the blood and brain levels predicted from a
24-h exposure at the TLV.

C
ri

tic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

C
D

C
 I

nf
or

m
at

io
n 

C
en

te
r 

on
 0

1/
09

/1
4

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



316

Assumptions — The biologically based model
approach has several assumptions:

• The NOAEL is not based on a route of entry
effect, such as respiratory irritation.

• The assumptions inherent in the NOAEL (or
other reference level), such as safety factors
and mechanism of action will also be incorpo-
rated into the dermal reference level.

• Simplification of the complex biological sys-
tem into tissue compartments connected by
blood flow adequately expresses the pharma-
cokinetics important for assessing toxicity.

• Unless explicitly addressed in the model, the
route of entry does not have a unique metabo-
lism, binding, or sequestration of the chemical.

Weaknesses — Biologically based models re-
quire many chemical-specific parameters (tissue
partition coefficients and metabolic rates) in addi-
tion to species-specific parameters (organ weights,
blood flows, and respiratory parameters).
Strengths — The ability to address specific end-
points, such as neurotoxicity, hepatic damage, or
cancer, provides a tremendous amount of power
to toxicity evaluations. These models are only
limited by our quantitative understanding of the
biological and biochemical processes involved in
pharmacokinetics and toxicity.
Summary/Conclusions — Properly validated bio-
logically based models have a great deal of flex-
ibility to address specific route-to-route extrapo-
lations. This would be the preferred method for
extrapolation if appropriate information were
available for the models. This approach is very
flexible and provides the greatest amount of con-
fidence in an extrapolation.

IV. DERMAL EXPOSURE LEVELS

Recommended maximum or safe dermal ex-
posure levels are often desired for workplace risk
assessments. Exposure levels are based on toxic-
ity and mechanism of action studies, and they can
be completed without any reference to actual
workplace exposure measurements (concentration)
or use (duration and surface area) parameters.
These dermal exposure levels frequently use in-
ternal dose calculations and route-to-route ex-

trapolations as a foundation. In this category, a
range of approaches to relay information about
safety of dermal exposures is discussed. They
range from a general warning (“skin” notation) to
two more quantitative, dermal standards — one
based on acceptable mass on skin and the other
based on safe exposure time. Quantitative dermal
standards are more complicated than inhalation
standards because of the additional exposure pa-
rameter, surface area, which must be considered
in addition to concentration and exposure time.

A. “Skin” Notation

ACGIH (2000) uses a “skin” notation to refer
to chemicals that have “potential significant con-
tribution to the overall exposure by the cutaneous
route.” Worldwide, only approximately 275 of
the 30,000 chemicals in commercial use have a
“skin” notation (Boeniger and Lushniak, 2000).
The focus of the “skin” notation is systemic tox-
icity, not skin irritation or sensitization. ACGIH
assigns the notation for any of three reasons:

1. Available data suggest that the potential for
penetration via the hands/forearms during
the workday could be significant, especially
for chemicals with low TLVs;

2. The chemical has a relatively low dermal
LD50 (1000 mg/kg of body weight or less);

3. Repeated dermal application studies have
shown significant effects.

The “skin” notation is only a qualitative mea-
sure, that is, it merely separates chemicals into
two categories: those for which there exists evi-
dence for substantial absorption and/or toxicity
and those for which there is a lack of such evi-
dence. A lack of such evidence does not necessar-
ily mean that toxicity will not occur if dermal
exposure occurs. For many compounds there is
simply very little information concerning percu-
taneous penetration or toxicity.
Assumptions — “Skin” notations based on the
three criteria above have the following assump-
tions:

• Hands and forearms are the primary area of
concern for penetration.
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• Lethality is the only toxicity of concern. LD50

studies may not adequately represent all recog-
nized forms of toxicity, such as reproductive,
behavioral, and cancer.

• Knowing that a chemical might penetrate
through the skin is sufficient information to
provide a warning. It is not necessary to bring
the rate of penetration into consideration.

There have been many attempts to improve on
this approach, which has been suggested to be at
least a little bit arbitrary (Scansetti et al., 1988).
Fiserova-Bergerova (1990) suggested chemicals
that would have the body burden increased 30%
above intake at the TLV or chemicals that triple the
biological exposures indexes when the skin route
is present should be assigned a “skin” notation. She
also suggested that a correlation approach could be
used to estimate permeability data where none is
available. Kennedy and co-workers (1993) sug-
gested a quantitative method of assignment of the
“skin” notation based on experimental data.
Fiserova-Bergerova (1993) suggested that a crite-
ria comparing dermal absorption rate and pulmo-
nary uptake rate be used to replace the LD50 as a
criteria for assigning a “skin” notation. This sug-
gestion would improve the skin notation by ad-
dressing pharmacokinetics. de Cock et al. (1996)
suggested that the criterion should be “when the
amount absorbed by both arms and forearms in
1 h could amount to more than 10% of the amount
absorbed via the lungs on exposure to the occupa-
tional exposure limit (OEL) for 8 h.” de Cock’s
suggestion has the advantage of incorporating any
toxic mechanisms that were considered in the de-
termination of the OEL. These suggestions would
all turn qualitative criteria into more rigorous cri-
teria that would at least provide some uniformity
between chemicals. They would all refine the cri-
teria for giving a chemical a notation, but the result
would still be a dichotomy: “skin” notation or no
“skin” notation.
Weaknesses — The “skin” notation is qualitative
— it only tells the industrial hygienist that he
might consider skin absorption when there is a
notation. A chemical without a “skin” notation is
not necessarily safe; it is more likely that there is
just no information available. The rationale be-
hind the current “skin” notation assignments is
not entirely clear or consistent.

Strengths — Provides some information about
the skin as a potential absorption route.
Summary/Conclusions — The “skin” notation
has recognized faults and it is likely that the as-
signment of the notation will become more con-
sistent and scientifically based. Industrial hygien-
ists should be cognizant of “skin” notations and
try to minimize dermal exposures.

B. Banding Approach to Dermal
Exposure Risks

Another approach to controlling risks from
dermal exposures has been suggested by the Heath
and Safety Executive of the United Kingdom
(Brooke, 1998; Guest, 1998; Maidment, 1998;
Russell et al., 1998; EU Dermal Exposure Net-
work, 1999). This scheme uses readily available
hazard information to categorize chemicals into
bands of acceptable exposures. This is suggested
as an alternative to OELs because according to
Russell and co-authors (1998), OELs do not in-
fluence the control of exposures, particularly in
small firms. Exposures from all routes are catego-
rized under this scheme by the European Union
(EU), but only the aspects that relate to dermal
exposures will be discussed here. In the EU, sup-
pliers of chemicals classify chemicals according
to “risk phrases” on the Safety Data Sheets. There
are approximately 27 risk phrases that relate to
the type of toxicity, toxic potency, and routes of
concern (Brooke, 1998). Table 3 shows the phrases
that are related to the dermal route.

The idea is that these phases are available and
can be used to assign chemicals to exposure
“bands” that will allow control chemical expo-
sures in the workplace. Brooke (1998) describes
the exposure bands shown in Table 4.

For example, if a chemical safety data sheet
contains the risk phrases R40 (possible risk of
irreversible effects) and R21 (harmful in contact
with the skin), the chemical would fall in Hazard
band B and the acceptable concentrations would
be less than 1 mg/m3 dust or less than 50 ppm
vapor. A potentially more hazardous chemical
categorized as R39 (danger of very serious irre-
versible effects) and as R27 (very toxic in contact
with the skin) would fall in Hazard band D, which
has acceptable limits of less than 0.01 mg/m3 dust
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and 0.5 ppm vapor. Notice that there are some
combinations of risk phrases that are not covered,
that is, R39 (danger of very serious irreversible
effects) and R21 (harmful in contact with the
skin), presumably because anything that would
have an R39 phrase would have a greater dermal
warning such as R24 (toxic in contact with skin).

In this scheme the cut-off values for the oral
and dermal routes are the same as for the inhala-
tion route. This effectively assumes that absorp-
tion through the skin (and the GI tract) is 100%
(Brooke, 1998; EU Dermal Exposure Network,
1999) and tremendously reduces the usefulness
and accuracy of this approach for dermal risk
assessment.
Assumptions — When the banding approach to der-
mal risks is used, the following assumptions are made:

• The risk phrases on the safety data sheets are
applied to chemicals, by the suppliers, consis-
tently and appropriately. In the US and the EU,
material safety data sheet information may be
driven by fear of litigation and the desire to
warn against every potential danger.

• Absorption through the skin is 100%. There is
no distinction made between exposure routes.

Weaknesses — The banding approach is not ap-
propriately adapted for dermal exposures because
it does not take into account that the skin is a
barrier to absorption.
Strengths — Banding provides more information
about how to control dermal risks than a binary
approach such as the “skin” notation. Categorical
information (risk phrases) can be analyzed in detail
and combined in meaningful ways without intro-
ducing a great deal of uncertainty. The control
band could become part of the Safety Data Sheet
and that would not require interpretation by indi-
viduals who are familiar with exposure risks.
Summary/Conclusions — This approach has po-
tential, but needs to be refined to provide ad-
equate dermal guidance.

C. Dermal Occupational Exposure
Levels

Quantitative dermal occupational exposure
levels have been proposed to replace the qualita-

tive “skin” notation (Fenske, 1993; Fenske and
van Hemmen, 1994; Bos et al., 1998; Brouwer
et al., 1998). It has been suggested that dermal
occupational exposure limits would encourage the
development and implementation of corrective or
preventive actions that could reduce exposures
(Boeniger and Lushniak, 2000). Determining safe
contact with the skin is not nearly as easy as
determining the safe amount of inhaled chemical,
because of the complications of surface area ex-
posed and transfer rates from contaminated sur-
faces. Due to different exposure scenarios, there
is no single point in the workplace that can be
controlled to limit dermal exposures. There are a
variety of surfaces that might become contami-
nated, and an almost infinite number of possible
ways for workers to have dermal contact with
them. Fenske (1993) suggests three places where
control could be attempted:

1. Biological measures of exposure or internal
dose,

2. Levels of deposition on clothing, or
3. Contaminated skin or surfaces in the work-

place.

Biological measures of exposure or internal
dose would be no different for dermal exposures
or inhalation exposures and would give total dose
by both routes. Where biological exposure indi-
ces (BEIs) are available (ACGIH, 2000), they
could be used to determine whether workplace
processes involving dermal absorption need to be
modified or prevented. ACGIH recommends bio-
logical monitoring be considered for chemicals
with a “skin” notation. If the BEI is exceeded and
there is potential for dermal absorption, changing
the process or adding personal protective equip-
ment for the dermal route may reduce the BEI to
acceptable levels. The purpose of dermal occupa-
tional exposure levels is to be able to monitor the
workplace and decide if it is safe for workers to
interact with it (Cherrie and Robertson, 1995;
Mulhausen and Damiano, 1998); this is a differ-
ent concept than the BEI, which is a measure of
exposure that has already occurred.

Levels of deposition on clothing is a potential
place where exposure standards can be set, and
some processes such as pesticide use are espe-
cially amenable to these measurements. The as-
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sumption is that the amount on the cloth would be
the same as the amount deposited on the skin.
There is uncertainty involved with fabric sam-
pling because fabric is often more absorptive than
the skin (Fenske, 1993; Cherrie and Robertson,
1995). Fenske (1993) suggests that patch sam-
pling on clothing cannot provide an accurate
measurement of dermal exposures, because of
potentially large variability of surface concentra-
tions at various parts of the body.

Recommendations for dermal occupational
exposure limits (DOELs) have primarily focused
on skin concentrations or workplace surface con-
centrations (Bos et al., 1998; Fenske and van
Hemmen, 1994). Bos and co-authors (1998) sug-
gest “a DOEL should represent the maximum
amount of substance (mg) deposited on the skin
surface within a given time (usually a workshift),
without giving rise to adverse systemic health
effects.” They also point out that an (indirect)
exposure level could be set based on the amount
present in the occupational environment, that is,
the surfaces of equipment or the outdoor equiva-
lent, residues on foliage. It is recognized that an
indirect exposure level such as a surface concen-
tration would require transfer factors (Fenske,
1993), and these transfer factors would be depen-
dent on the exposure scenario (frequency and
duration of exposure). Although the preferred
DOEL would be an external dose, its determina-
tion from existing toxicity studies may require
calculations of internal dose and route-to-route
extrapolations as described earlier in this docu-
ment.

The European Dermal Exposure Network has
endorsed a DOEL, proposed by Dutch scientists,
that has been described (Bos et al., 1998) and
partially validated (Brouwer et al., 1998). This
DOEL refers to total dose deposited on the skin
during a working shift, essentially a daily dose.
The proposed DOEL either has units of area or
mass, depending on the permeability measure-
ments available and used in the calculation. When
the units are area, the DOEL represents the maxi-
mum skin surface area that can be exposed with-
out exceeding the internal occupational exposure
level. When the units are mass, the DOEL should
be interpreted as a product of acceptable dermal
surface density (mg/cm2), and exposed skin area
(cm2), and this gives the flexibility to apply the

DOEL to various surface areas that might become
exposed.

The DOEL is calculated by a two-step pro-
cess:

1. derive an internal health-based occupational
exposure limit (OELint, maximum dose ab-
sorbed without leading to adverse systemic
effects) from an existing standard (see Inter-
nal Dose Assessment), and

2. use the OELint and derive an external DOEL
based on flux rate or percent absorption.

For a DOEL based on flux, maximum flux
(mass/area-time) is experimentally determined
under the exposure conditions relevant to the oc-
cupational situation. As previously described in
Equation 10, flux increases with increasing der-
mal dose, until the skin is completely covered and
then flux remains constant. This maximum flux
(Jmax) represents worst-case penetration from a
case where “excess chemical” is applied to the
skin. The maximum dermal internal dose (M)
from a specific chemical exposure can be calcu-
lated from the Jmax, an exposed surface area (A)
and time of exposure (t), often the workshift:

M J A t= × ×max 25

If we want the maximum internal dose to be
equivalent to the OELint, we can set them equal:

OEL J A tint max= × × 26

Rearranging we get:

A DOEL
OEL

J t
( ) =

×
int

max

27

In this case, the DOEL has units of area (cm2).
It can be interpreted as the maximum skin area
that can be safely exposed to get the same internal
dose as the existing standard over the chosen
exposure time. Maximum flux will be applicable
when the skin loading is large (an infinite dose
situation), and it will apply primarily to pure
chemicals, not solutions.

When maximum flux is not available, Bos
and co-authors (1998) suggested that the DOEL
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could be calculated using fractional absorption as
the measure of penetration. In this case the rela-
tionship to the OELint is

DOEL mg
OEL

F
( ) int= 28

where F is the percent absorption by the dermal
route.

This DOEL can be interpreted as the product
of dermal surface density (mg/cm2), and exposed
area (cm2), but there is no area or time used in the
DOEL determination like there was in Equations
23 and 24. If one wanted to determine the maxi-
mum skin surface density over the hands and
forearms that would not exceed the internal dose
from the OEL, we could calculate it, because the
mass penetrated (M) and the DOEL would be
proportional to the surface density (SD) and the
exposure area:

M SD A≈ × 29

For example, if the DOEL equals M and were
calculated to be 3 mg, an acceptable mass density
over two hands and lower arms (≈2000 cm2) would
be 1.5 µg/cm2.
Assumptions — When dermal occupational ex-
posure levels are calculated based on OELint the
following assumptions are made:

• Maximum flux will be the actual workplace
flux, that is, surface mass will always be enough
to form a monolayer.

• Percentage absorbed value used will be repre-
sentative of penetration in the occupational sce-
nario.

• This calculation assumes that the surface den-
sity over the whole exposure area will be great
enough to cause maximum flux over the entire
area.

• Adjusting the DOEL for skin surface density
and skin area exposed will not cause the skin
surface density to be greater than the amount in
a monolayer.

Weaknesses — Because of the impact of expo-
sure frequency, duration, and surface area, it is
not possible to set a DOEL that would be gener-
ally applicable, like inhalation exposure standards.

As a result, the DOEL has different units depend-
ing on the exposure scenario. For this reason, the
proposed DOEL is neither intuitive to the indus-
trial hygienist nor easy to calculate. This approach
ignores one of the primary methods for represent-
ing dermal penetration for solutions and mix-
tures, the permeability coefficient. Having the
option of using a permeability coefficient in the
DOEL would make it possible to calculate a DOEL
for different concentrations other than the one for
which the Jmax was measured.
Strengths — The DOEL provides a quantitative
estimate of acceptable dermal exposure levels.
All of the assumptions about the mechanisms of
action that were used to determine the OEL be-
come part of the DOEL. It can be modified to be
applicable to occupational exposures with vari-
ous surface areas.
Summary/Conclusions — The DOEL proposed
by the Dermal Exposure Network is a good ap-
proach. It should continue to be explored and
discussed.

D. Skin Absorption Time

Another approach to replacing the “skin”
notation has been suggested by Walker and coau-
thors (1996). They described how to use fluxes
(pure chemicals) and permeability coefficients
(solutions and mixtures) to provide a quantitative
way to assess the hazards of chemicals in the
workplace called the skin absorption time. They
calculated the skin absorption time (SAT) that
would yield the same internal dose as the permis-
sible exposure level (PEL) or TLV on a daily
basis.

SAT
total absorption at PEL

flux hand area
=

×
30

or

SAT
total absorption at PEL

K concentration hand areap

=
× ×

31

where:
SAT is exposure time in hours
Total absorption is in mg
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Flux has units of mg/cm2-h
Hand area has units of cm2

Kp is the permeability coefficient with units of
cm/hr
Concentration is surface concentration in mg/ml

Walker and co-authors proposed Equation  30
for use with pure chemicals and Equation 31 for
use with solutions and mixtures. They assumed
the surface area exposed was one hand, but sug-
gested that the time could be easily adjusted by
the industrial hygienist for anticipated surface areas
based on the USEPA exposure factors handbook
(1999). They calculated examples of a SAT of
about 7 min for 2-methoxymethanol, about 6 h for
butyl alcohol and about 67 h for an aqueous solu-
tion containing triphenyl phosphate. The SAT
was not developed to be a precise measurement of
safe exposure times, but rather a more general
indication of the hazard involved with dermal
absorption of the chemical. For example, an SAT
of 7 min for 2-methoxymethanol suggests that
you probably would not want to allow people to
get 2-methoxymethanol on their hands. On the
other hand, a SAT of 67 h for an aqueous solution
of triphenyl phosphate suggests that as a typ17ical
workshift is only 8 h, there is very little potential
to get a systemically hazardous dose for this chemi-
cal through the skin of one hand. This type of
quantitative information would help the industrial
hygienist assess workplace procedures. The skin
absorption time approach does not focus only on
toxicity as the previous approaches, but takes a
step toward risk characterization by incorporating
exposure concentrations and default surface ar-
eas.
Assumptions — When dermal exposure times
that would give the same body burden as 8-hour
exposure to the exposure level are calculated some
assumptions are made:

• Absorption of the exposure level concentration
via inhalation is 100%. This is a nonconservative
assumption.

• The rate of penetration through the hands would
be equivalent to the area of the body that was
used for determination of the permeability or
flux.

• The rate of administration does not affect the
toxic end point.

• All of assumptions about toxicity and safety
factors used in determining the exposure level
are still valid with a dermal exposure.

Weaknesses — This approach requires flux or
permeability coefficients that may not be readily
available.
Strengths — The skin absorption time ap-
proach has the advantage of being quantitative
and providing times that could be used to limit
daily exposures. All of the assumptions about
the mechanisms of action that were used to
determine the PEL became part of the skin
exposure time. It is intuitive and easy to
understand.
Summary/Conclusions — This new approach
has not been mandated by a regulatory agency,
but has the potential to provide information that is
useful to the industrial hygienist. This method can
provide genuinely practical information in a readily
communicated form.

V. RISK CHARACTERIZATION

Methods discussed so far in this document
have used toxicity information to address ei-
ther recommended exposure levels or regula-
tory levels. Exposure parameters are the focus
in risk characterization. In order to character-
ize the risks of a specific process, it is neces-
sary to have a specific process in mind. This
final step in the risk assessment process is to
compare what is expected to be a safe level
with the actual exposure levels in the work-
place or environment (National Research Coun-
cil, 1983) and ultimately make some judgment
about safety. Human risk is a composite of
toxicity and exposure. There is no risk without
exposure and risk characterization is the pro-
cess of factoring exposure into risk assess-
ment.

An index approach is often used to compare
the risk of a particular exposure with acceptable
risks. These indexes are called by many names
(exposure index, hazard index, toxicity index,
margin of safety, etc.), but the general principle is
to calculate the ratio of the expected exposure to
an exposure standard (PEL, RfC, NOAEL, OEL,
TLV, etc.):
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index = expected exposure

exposure standard
32

where the expected exposure and the exposure
standard have the same units, such as mg/day.
Equation 32 seems simple at first glance, but its
appropriate use may require calculation of a der-
mal exposure standard, internal dose calculations,
route-to-route extrapolations, and steady-state cal-
culations based on Fick’s law. When the index is
one or less than one, the exposure would cause no
more risk than acceptable. If the index is greater
than one, industrial hygiene controls would be
required.

Recently, The Committee on Toxicology of
the National Academy of Sciences used the haz-
ard index approach to characterize the risks of
flame-retardant chemicals (2000). Worst-case
dermal dose rates (mass/kg-day) from anticipated
exposure scenarios, such as sitting on a couch,
were calculated and divided by an oral reference
dose (RfD, mg/kg-day) to determine the hazard
index. Of 18 fire-retardant chemicals evaluated
by the Committee on Toxicology, 8 had hazard
indices less than 1 and were considered safe to
use. The other 10 had hazard indices greater than
1 and the Committee decided that more research
was required to refine the dermal dose rates for
these chemicals.
Assumptions – The assumptions incorporated in
risk characterization are the following:

• All of the assumptions or safety factors used in
setting the airborne/inhalation exposure stan-
dard will apply to the dermal exposure stan-
dard.

• The NOAEL is not based on a route of entry
effect, such as respiratory irritation.

• The toxicity studies are based on the same
systemic endpoint for determination of the
NOAEL.

• The toxicity studies have the comparable ex-
posure durations, ie., both acute or both
90 day.

• The rate of dose administration does not affect
the toxic end point.

• The comparison of NOAELs on a dose per day
basis does not invalidate the risk characteriza-
tion. (In the case of single dose oral and dermal

studies, it may take days for complete absorp-
tion but that wouldn’t be the case for inhala-
tion.)

• No physiological change or damage occurs at
the site of uptake that would affect uptake.
(This could be for instance a change in respi-
ratory rate or blood flow in the skin due to
irritation.)

VI. CONCLUSIONS

Risk assessment methods for assessing der-
mal exposures in the workplace are in various
states of development. A crucial part of nearly
all the risk assessment methods is a quantita-
tive understanding of the penetration of chemi-
cals through the skin. This is the weakest part
of the whole process whether we look at whole
animal toxicity studies or in vitro diffusion
cell studies using human or rodent skin. Risk
assessment, and particularly dermal risk as-
sessment, is a relatively new field. Appropri-
ate ways to use data for risk assessment are
being developed even as the studies that are
used are evolving. It is essential that risk as-
sessments and the experimental methods they
are based on be evaluated and brought up to
state of the art.

Generally, dermal toxicity studies have been
done without an appreciation of the complexity
and requirements of dermal risk assessments. The
great majority of in vivo dermal toxicology stud-
ies have been lethality studies where the chemical
is painted on the back, frequently in solvents or a
vehicle, without regard to careful control of the
surface area exposed or the actual surface density
of the chemical on the skin. Many of these em-
pirical tests were accomplished to compare the
toxicity of various chemicals. The most important
aspect of this comparison approach was to treat
each chemical the same. It was not necessary to
know the penetration rates, just whether a certain
mass on the skin caused an “effect”. Frequently,
there was no attempt to test realistic exposure
concentrations or conditions, and the result was
toxicity tests that are very hard to extrapolate.
Some dermal exposure guidelines still do not re-
quire that the results be expressed in useful terms
such as mass/surface area.
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The in vitro quantification of skin penetration
originated in the drug industry, where the purpose
for measuring skin penetration was to compare
chemicals or formulations on a side-by-side ba-
sis. There has been a big push in the pharmaceu-
tical industry in the last 15 to 20 years to develop
transdermal drug preparations. Extensive dermal
uptake studies have also been dose in the petro-
chemical industry. In contrast to all the animal
toxicity studies mentioned above (where penetra-
tion is not explicitly determined), in vitro meth-
ods were developed to determine fraction absorbed
and penetration rates, because these were required
to estimate therapeutic efficacy. The in vitro test
methods that where chosen for use by toxicolo-
gists produced percentage absorption results, pri-
marily because of the ease with which they could
be accomplished using radioactive chemicals.
There are many issues with diffusion cell penetra-
tion tests and several international groups are
working on standardization.

Internal dose assessment is a critical part of
the risk assessment process, and the accuracy of
this step affects the uncertainty in the whole pro-
cess. Methods for the calculation of internal dose
from external dose range from a simple fraction
absorbed, through steady state flux estimations,
to biologically based modeling. Frequently it is
necessary to give the best answer possible with
the information currently available, and as a re-
sult choices of methods would be limited. In-
creasing amounts of information and more labo-
ratory studies are required as risk assessors attempt
to reduce uncertainty. As might be expected, more
information and more detailed computations and
analyses provide more reliable information — it
is a trade-off. It is important to understand the
limitations of less than optimum methods when
they have to be used.

Route-to-route extrapolations are required in
many cases because of the lack of dermal toxicity
information that is available. The route of expo-
sure can have a tremendous impact on the sys-
temic toxicity of chemicals, and that is not too
surprising considering the physiology and anatomy
of the various exposure routes. Extrapolation
methods range from crude to sophisticated. Many
of the assumptions inherent in these methods are
not met (Wilschut et al., 1998). When comparable
toxicity information (NOAEL) is available for

dermal and another route, the ratio of those
NOAELs can be taken as the extrapolation factor
to apply to other NOAELs for different toxic
endpoints for the same chemical. Another method
of extrapolating to a dermal dose is to calculate

the ratio of absorption factors (
oral or inhalation

dermal
)

determined in vivo or in vitro. Biologically based
models can also be used to determine the target
tissue dose with the inhalation or oral study and
then iteratively determining the external dermal
dose that would cause the same target tissue dose.
As with the internal dose calculations, the confi-
dence in the extrapolation is indirectly propor-
tional to the amount of information required.

Dermal exposure levels are needed to be able
to do appropriate risk assessments for dermal
hazards. This need is recognized and methods are
being refined and developed. “Skin” notations
provide qualitative information that may be use-
ful, but the rationale for choosing to apply the
notation to specific chemicals needs to be stan-
dardized, validated, and the rationale clearly stated
and applied consistently. A banding approach to
controlling dermal risks is a good idea, but an
approach that does not make use of penetration
measurements will not adequately address the dif-
ferences between exposure routes. Approaches to
calculate DOELs that are based on acceptable
levels of chemicals on the skin have been recom-
mended by the European Dermal Exposure Net-
work. This approach is not fully evolved but can
be expected to be used increasingly. Interpreting
this mass as a product of surface density and
exposure area allows flexibility to adjust the DOEL
to different exposure scenarios. An approach called
Skin Absorption Time has been developed that
estimates safe exposure time for chemicals based
on existing oral or inhalation standards. This SAT
can be easily adjusted for different surface areas.
The primary hindrance to developing dermal-spe-
cific exposure levels is the lack of appropriate
dermal penetration data in the literature.

Risk characterization is an important aspect
of dermal risk assessment that is under-utilized.
This final step in the risk assessment process
addresses specific exposures and processes in a
way that the real workplace can be impacted.
Unfortunately, an understanding of the methods
and assumptions of internal dose assessments,
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route-to-route extrapolations, and dermal expo-
sure levels is required to complete this step. This
may be beyond the reach of the busy industrial
hygienist.

RECOMMENDATIONS FOR RESEARCH

1. In order to facilitate risk assessment meth-
ods, toxicology characterizations after der-
mal exposures should be improved. All der-
mal toxicity studies should have doses
expressed as mass per surface area rather
than mass per body weight.

2. Fractional absorption data should not be
accepted as a means to express dermal pen-
etration unless scientists characterize the
surface density at which “excess chemical”
occurs.

3. Short term skin penetration data (5 to 30
min exposures) should be collected for a
wide range of occupational chemicals to
increase the understanding of internal dose
from realistic exposures.

4. Transfer factors from contaminated surfaces
to skin need to be carefully investigated to
provide the ability to assess risk from re-
peated contacts with workplace environ-
ments.

5. An attempt should be made to fill the data
gaps that are required for use of biologically
based models. Tissue and blood partition
coefficients, metabolic parameters, and bind-
ing coefficients should be developed for the
most important industrial chemicals.

6. Standard biologically based modeling soft-
ware and approaches as well as validated
sets of default physiological parameters
should be developed.

7. Research on the role of vehicle effects, that
is, vehicle alteration of the barrier properties
of the skin should be accomplished.
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