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Abstract: Assessments of drinking water séfc!y rely on the
assumption thal ingestion represents the principal route of expo-
sure. A review of the experimental literature sevealed that skin
penetration rates for solvents are reinarkably high, and that the
stratum corneum s a Jess effective barmer 1o penetration than
traditionally assumed.

Based on published skin abcorption rates, we used Fick’s law
7 = K2 A C7) to determine peinesbility constants for selected
compounds. We then calculated dose per kilogram for nine different
exposure situations and compared this 10 the ora) dose per kilogram.

We found that skin absorption contributed from 29-91 per cent of
the 10ta) dose, averaging 64 per cent. Dose per kilogram body weight
ranged from .0002 mg/kg-.18 mg/kg, with an average of .03 mg/kg In
weak aqueous solutions, flux of the solute 1s disectly proportional to
concentration. Laboratory approaches differ markedly from envi-
ronmental expasures and can underestimate absorption.

We conclude that skin absorption of contaminants in drinking
waler has been underestimated and that ingestion may not constitute
the sole or even primary route of exposure. (Am J Public Health
1984; 74:479-484.)

Introduction

Regulators today face complex problems in assessing .

the health hazards associated with contamination of drinking
water supphies. Due to the general absence of federal drink-
ing water standards for the volatile solvents commonly
found in contaminated water, state and Jocal regulatory
zgencies must decide whether to discontinue or restnct use
of water supplies on a case by case basis. Such decisions are
heavily, if not exclusively, based on the recommendation of
a toxicologist.

Materials and ‘Hmhod;t

The methodology to calenlate an acceptable level of a
chemical in drinking water has been developed by the
Natonal Academy of Sciences® and is incorporated in the
Environinental Protection Agency (EPA) SNARLs (Sug-
gested No Adverse Response Level). These figures repre-
sent the highest Jevel or dose of a chemical which produced
no observed adverse effect in chronic or subchronic tests
with animals or humans, divided by a safety facior to obtain
an Acceptable Daily Intake (ADI). ADJ is in turn divided by
the volume of water consumed by an average adull (two
liters} or child (one titer) in o1der 1o calculate the acceptable
concentration of the chemical in water (mg/liter or ppm).
One of the underlying assumptions here is that ingestion-
constitutes the chief youte of exposuie 1o the contaminant.
Such an assumption disregards other routes of exposure
such as skin absorption dunng bathing or swimming, and
inhalation of vapors while showering.

We reviewed the existing literature on absorption rates
of volatile solvents in agueous solutions having direct con-
tact with skin, and estimated the likely dermal and oral doses
resulting from normal daily use of contaminated water.

Recent EPA surveys indicate that both finished and
ground water supplies thronghout the United States have
boen contaminated with volatile o: ganic compounds.? Con-
centrations vary considerably by location, but are generally
highest in the industialized aicas east of the Mississippi
From the Office of Rescarch and Standards, Maveachucetis Depariment
of Envireninenta Quility Engineering. Addiess reprint requests 1o Halina S.
Brown, PhD, Office of Revearch and Standards, One Winter Sucet, Boston,
MA (2108. This paper, submitied 10 the Journal August 9, 1983, was revised
and zccepted for publication O\.lnb:r 27, 1983,
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River. Data from studies reportied by the EPA and the
Council on Environmental Quality (CEQ) in 1981® empha-
size the magnitude of the problem. Levels of contamination
in surface and ground waters are given in Table 1. While
contamination of surface waters is more frequent, ground
water degradation is of particular concern because of the
high levels detecied, and because pollution of ground water
is not reversible. There are no known matural cleansing
processes associated with ground water movement in the
earth. Since about S0 per cent of the population relies on
ground water for its drinking supplies,? this is a matter of
concern for regulators. Acute and chionic effects have been
demonstrated for maost of these compounds, and several are
suspected or known carcinogens.*? Others have shown
mutagenic and/or teratogenic capacily ® 10 The volatile com-
pounds found most comnmonly in EPA . surveys of drinking
water supplies are histed below.*

There are many sources of contamination. Synthetic
organic solvents have wide commercial use, and are detect-
able in air, water, soil and food.!" Virtually all memnbers of
the general population may be routinely exposed to these
compounds due to the ordinary use of paints, thinners,
lacquers, degieasers, fuels, dry-cleaning agents, dyeing ma-
terials, glues, cements, pesticides, pharmaccuticals, clean-
ing supplies, foods, and beverages.

Qutside of occupational scrtings, little attention has
been paid 10 skin absoiption as a 1oute of entry for volatile
organic compaunds, and regulators have bheen primanly
concerned with exposwies via inhalation and ingestion.
During the past 20 years, numecrous investigators have
explared the mechanisms of epidermal barrier function in
relation 10 solvents and solvent mixtures. Although a com-
plex process, dermal uptake of compounds occurs mainly

. through passive diffusion, involving selective mechanisms in

the various lipid and protein stiuctwies of the stratum
carneum. Many investigators have reported on the toxicity
and unexpectedly high penetration rates of volatile organ-
ics.1?-!* Nevertheless, most studies have focused on occupa-
tional and laboratory exposures to pure liquids, and much
Jess has been written about absorption from aqueous solu-
tions. Reports on exposure 1o solvents or other volatile
organics via contaminated water supplies are difficult 1o

*trichlorocthylene, tetrachloroethylene, carbon tetiachloride, benzene,
1,1,1-tnchlorocthane, 1,2-dichlorocthane, vinyl chloride, methylene chlonde,
1,1dichlorocthylene, cis-1,2-dichloroethylene, trans-1,2-dichlorocthylene,
chlorobenzene, dichlorobenzene, trichtorobenzene
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TABLE 1 -Drinking Water Contamination Levels

: Ranges Detected Ranges Detected in
in Ground Water Surtace Water

Compound (ugiiter) (vgiter)
Trichloroethylene? trace— 35,000 trace— 32
Tetractioroethyiene? - tace— 3,000 trace— 21
Carbon Tet-achioride? trace— 379 trace— 30
1,1,1-Trichiorosthane? trace— 401,300 trace— 33
1,2-Dichior sethane? trace— 4D0 vace— 48
Vinly Chiorige? frace— 380 trace— . 98
Methylene Chiide® trace— 3.600 trace— 13
1,1-Dichlorogthyiene?

Cis-1,2-Dichioroethylens trace— 860 trage— 22
Trans-1,2-Dichioroethylens -

Ethylbenzene® trace— 2,000

Xylene® trace— 300

Toluene® trace— 6,400

SOURCES: EPA 1881; pp 6, 10, 13, 20, 24, 27, 30 (State Date).2
Council on Environmental Ouslity, 1981, p 36.2

obtain. Even without detailed analyses of absorption from
specific compounds, however, it is possible 10 estimate
potential abcorption using Fick’™s Law.?° Dose may then be
calculated using published skin absorption rates for vanous
chemicals (Table 2). 2022

Fick's Law

Fick’s Jaw may be vsed 10 determine the permeation
rate of solvents in an aqueous solution, and is expressed by
the formula (J7 = Ky A C7) where J? is the permeation rate
(flux) of the solute expressed as mg/cm? X hour; K§ is the
permeability constant (liters/cm? x hr); and A C? represents
the concentration difference of the solute across specified
tissue in mg/liter.?® The (o) superscript refers to the aqueous
system. Fick’s law describes the behavior of dilute aqueous
solutions, such that absorption of the solute will be directly
proportional to concentration. This rule applies to weak
aqueous solutions and will not necessarily hold for pure or
highly concentrated liquids.?®? Figure 1 demonstrates the
rate of absorption of toluene as a function of concentration in
water.?? That such a relationship exists at Jow concentra-
tions and «cross broad classes of compounds has been amply
demonstrated by Ticgear and others,17.20.23-27

Regilators have relied upon data oblained using pure
liquids to estiinate the significance of skin absorption, which
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in Water

SOURCE: Duthicwicz and Tyras, 1968

mmay not be accurate for piactical puiposes. Scheuplein,
Blank. and others have shown that pernmeation rales are
actually incicased with dilute «queous solutions as com-
pated 1o pure liquids.?*2477 Scheuplein cites the following
cxample:

“Liguid hevanol (8 2M) s approaimately 150 1imes inore
concentraied than satuiaicd »qutdls hexanol (0.055M); yet
the peimeation rate of aqueous hexanol, far from being 150
times less than the pure liguid, 1s 2)most twice as greal.”'

Investigators attribute this ¢ffect 1o the compaction and
dehydration of the stratum corneum when in contact with
pure liquids, as well as 1o the distiibution factors of changing
gradients and partition cocfficients understood in Fick's
law. 326 In addition, the necrotizing effects of concentrated
liquids in contact with skin act to Iimit absoiption, .78 2
Such dara indicate that skin absorption 1ates may be sciious-
ly underestimated.

TABLE 2 Average Skin Absorplion Rates for Pure Liquids and Aqueous Solutions

Experimental Skin Absorption Bates (ing/cm? x hr} —Direct Method

Aqueous Solution

Pure Absoiption Rate {flux) Concentztion

Liquid j:’ (mg'em? x hr)

Compound

Ethylbenzene 22-33 11

' 21

Styrene 9-15 .04

.18

Toluene 14-23 .16

.60

-~ - Xylene 45-9.6 *
- - -

- Crlculeled Fenneability
Constant (K3)

C2 (inig) Re'eicnce (1/cm?® x hr)
112 Duthigwics & Tyras?! .001
156 .001
66.5 Dutricwicz & Tyras? 0006
269 0007
180 Dutriewicz & Tyras® .0009
600 .001

*Proporiional 1o conceriration. Vatues for J§ and C? not given.
NOTE: Using Fick's law (J = KJ & C) and assuming that the corxentahon gradient Cf equa's the corcent:zton in soluthon C.
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Aeasurement of Ahcnrption Rates for Sclected Solvents

Dutkiewicz and Tyras quantified skin absorption rates
for ethylbenzene, toluene, styrene, and xylene.2'2? Their
resulls are presented in Table 2. Absorption was calculated
as the difference in solute concentration before and after a
one-hour immersion of one hand in aqueous solutions of
known concentration (*‘direct method™). Loss of the com-
pound was prevented by a polythene bag. This method
proved eflective in control experiments where a solution
protected in this manner did not change concentration in two
hours. They conducted 14 experiments with seven male
subjects, six on one subject. The results were checked
against a second set of experiments using excretion of major
metabolites 1o measure absorption (*‘indirect method™'). In
this case, five experiments were carried out with five male
subjects in which both hands were exposed for a period of
two hours. Urine samples were collected every two hours
for the 14 hours beginning with exposure, and again 10 hours
later. Determinations of the compound were also obtained
from expired air. The same procedure was followed for each
compound.?? The data oblained were confirmed by Guille-
min, ef al, in 1974,

Both methods showed rapid absorption from aqueous
solutions, and the authors concluded that, “*Compared with
its absorption through the respiratory system, skin absorp-
tion could be the major route of penetration into the
body. "?! Other wiiters agiee that skin absorption represents
a principal roule of entry for several classes of com-
pounds.'e7 3 Despite <uch evidence, however, there have
been few attempts to quantify abcorption during normal use
of contuninated water, or 1o assess the poiential hazaids
associated with such use, ’

Using Fick’s law, the permeability constants (KP) calcu-
Jated fiom these findings varied from 0006 10 001 (average
.001) for the series of compounds in the range of concentra-
tions fiom 66.5 to 600 mgfl (Table 2). This finding further
supports the assumption of lincarity for the ielationship
between absorption rate and solute concentrations within a
wide range of low concentrations in aqueous solutions.

Variables Involved in Rate and Amount of Skin Absorption

The conditions under which exposure occurs, and the
specific charactenstics of bath the compounds and subjects
involved will each affect the rate and amount of absorption
through the skin. Vaniahles such as duration of exposure,
type of skin exposed (thickness, vascularity, age, and chemi-
ca) composition), and amount of surface arca exposed will
influence absoiption.?” #° In addition, cach of the following
is associated with uptake in the skin:

Hydration - -The more hydrated the skin, the greater the
abswoiption. In contrast, a pure liquid solvent will dehydrate
skin"and elicit compuction of the stiatum corncum, which
will act to <low shsorption of the chemical. If the skin is
hydrated (perspiration, immersion in waier) or the com-
pound is in solution, diffusion and penctration will be
(.nhanccd'lT?d_:L?\' 33 .4t

Temperature Increased skin or solute (waler) tem-
perature will enhance skin absorption capacity proportion-
alely. By confrast, measuicments of skin absorption are
typically canjied outin temperature-controlled settings using
normally hydrated skin. During swimming or bathing, how-
ever, it may bg expected. that greater hydration of skin
surfaces will tdXe place. In addition, water, ambient, and
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<kin temperatuses may well be greater in certain situations,
and thus diffusion will be greater. !0 2.4

Skin Condition--Any insult {i.e., sunburn) or injury
(cuts, wounds, abrasions) to the stratum coincum will com-
promise 1ts ability to act as a barrier against foreign sub-
stances. A history of skin disease such as psorasis or
eczema will similarly compromise the stratum corneum, as
will rashes, dermatitis, or any chronic skin condition which
acts to remove stratum corneum or hmif barrer func-
‘;On.?J.AO.“—%

Regional Variability---Skin absorption rates are derived
fram experimental situations in which the thumb or hands
are immersed in the test solution. Rales obtained in this
manner, however, will underestimate actual absorption in
cases of whole-body immersion during swimming or bathing.
The epidermis of the band represents a relatively greater
barrer to penetration than many other parts of the body,
including the scalp, forehead, abdomen, postauncular area,
underarm, fossa cubitalis, and scrotum.” Penetration
through the scrotum, in fact, is estimated to be 100 per cent,
as compared to 8.6 per cent for the forearm.

Other Routes of Entry-—Qther significant routes of
absorption include oral, buccal, and sublingual, orbital,
nasal, and aural, and are known 10 be particularly permeable
to lipophilic substances in aqueous solutions.** Expenmen-
tal procedures do not account for uptake via other routes,
and will thus underestimate dose and_absorption dunng
irunersion in waler,

Jnhalation serves as yet another soute. Calculations of
iate and dose necessarily rely on the assumption that con-
centiation will soinuin constant thraughout the exposure
period. The <olvents under consideration are hikely 1o vola-
tilize in sinall amounts near the surface of a body of water. In
the cace of swimming or bathing. however, this effect will be
offset by the fact that amounts volatilized will be readily
inhalable, along with ambicnt air_lavels of the com-
pounds.**+® In addition, water may be swallowed in these
situations. . .

Individual Variabilitry-~Absorption rales vary among
individuals, and even for the same 1ndividual over
time. 34042308 Vurghles such as age, sex, ratio of body fat,
previous exposure, nutrition, type and amount of skin ex-
posed as well as the specific conditions of exposure will all
affect actual absoiption. Rates ohisined from healthy adults
will again tend 10 undeiestimate absorption for younger or
motre sensitive populations.

Plhivsical and Chemnical Properties of ithe Compound--~
Factors «ffecting absorption include lipophilicity, polanty,
volatility, molecular weight, carhon number, and solubility
in the <tratum coineuin.?®

The pH of a <olution will also bear on ns absorption.
Matoltsy, et al,* have shown that water diffusion 1ates are
increased with solutions in pH ianges of 1.5-4.0 and 11-12,
and solvent solutions within these ranges are sbsorbed more
seadily. Matolisy, ef al, also demonstrated the differential
cffects of various buffer solutions on lipid and protein
structuses of stiatum corneum. As the pH of our water
supplies becames incicasingly acidic, this factor will gain
mote relevance outside the laboratory setting.

Appiopriate incthodelogy is crucial to deterymine epider-
mal absorption efficicncy. For example, the common prac-
tice of calculating absosbed dose from expired air sumples
has been shown 10 be nisleading in many instances, <ince
these compounds tend to be distributed slowly and inuy be
sequesteied in the body for relatively Jong penods 3200 s
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TABLE 3-—Estimated Dose and Contribution per Expasure tor Skin Absorplion versus Ingestion

.. - A Dose {mg/kg)
Case 1@ Case 2™ Case 3%
Concentration N I [
[ l Compound {mg/) Dermal “Oral Dermal Oral Dermal Oral
l ! 005 0002 0001 0004 0005 002 0002
) Toluene 10 005 003 . 008 0095 033 0045
i1 ’ 5 .02 014 .04 048 a7 023
; : - 005 .0003 .0001 0004 0005 002 - 0002
|t Ethy%<rnsene .10 005 003 008 0095 036 0045 .
| - 5 .03 014 .04 048 .18 023
. 005 10002 0001 0002 0005 00t 0002
[ Styrene 10 .003 003 .005 0095 .023 0045
b 5 . o2 014 02 048 BT 023
N d. Relative Conltribution Dermal Oral Dermal Oral Dermal Oral
; % % % % % %
005 67 33 44 56 91 g
' Tolvene 10 63 37 46 54 89 1
! .5 59 41 45 . 55 89 1"
. 005 75 25 44 56 91 9
, . Fthylbenzene 10 63 37 46 54 B89 1
. 5 68 32 a5 55 89 11
005 67 33 29 71 83 17
; Stytene 10 50 - 50 35 65 84 16
29 71 83 17

! - 5. 59 41

2 lners water consurwd per Cay (ingestion)
1 e water consomed per day [ingeston)

1 Je weler contumed per day (ingeslion)

Thorough biological monitoring of the compounds and their
metabolites 1s necessary to assess absorption and potential
systemic cffects.’?

Vehicles and Accelerants—Substantial data exist dem-

onstrating the permeability-enbancing effects of vanous
compounds, including alcohols, solvents, and chloro-
form.?0-2030%0 Moreover, Blank and Shappirno®! and Fredriks-
son®? have investipaled the effects of soap solutions on
barrier function, and have found that soaps and surfactants
will ikewise increasce skin penmneability significantly. While
the data piesented do not permit precise quantification of
cffects, such information is clearly relevant to environmental
exposures. ’
; Synergistic Effects -Measurements of skin absorption
rely on data obtained from single-compound “solutions,
which will underestitnate absorption in the more common
situation of multiple exposures or exposure to solvent mix-
tures in contaminated water. Studies show that combina-
tions of compounds have gicater effect on the stralum
corneun, and are absorbed more readily.?¢-63

- Calculations of Dose from Contaminated Water )

In environmental settings, water may be contaminated
with une or ;nore organic solvents in the Jow parts ber billion
(ppb) 1ange or higher. Using availsble data, Tuble 3 com-
pares the estimated dose per exposure from ingestion versus
skin absorption under vanous conditions. Ingestion data
assume two liters of water consumed per day by an adult,
and one liter for childien.! Gastrointestinal absoiption effi-
ciency is assumed to be 100 per cent.* Skin absorption data
assume body weights of 70kg, 10.5kg, and 21.9kg for an
adult, [pfant and child, respectively. Corresponding body
surface areas are 18,000cm?, 4000cm?, and 8800cm?, respec-
tively o306

482

[a} 70 kg dutt bathing 15 minutes, BO% immersed (skin absorption}

(b} 10 & hgintant bathed 15 minutes, 75% immersed {shin abso phon)

(c) 21 9 kg chid swimming 1 hour, 80% imme-sed (sxin &b ~orpton)

Thiee diffcient concentiations were used. Doses have
been caleulated using the permeability constants (K7) from -
Table 2 in the following formulae:

Oral Dose = concentration (ing/ll) X wmount consumed
(liters/day) - body weight (kg)

Dermal Dose = permeability constant (Vcin? X hr) X
duration of exposure (hr) X total body surface ajea (cm?) x
amount of body surface area exposed (72) X concentiation
(mg/) = body weight (kg)

Calculations of dose are based on the following assuinp-
tions:

1. Lincarity -Fick’s law is assumed 1o hold at low
concentrations, such that a lincar selationship between dose
and concentiation will exist thionghout a range of weak
squeous solutions. In fact, such a relztionship does exist, and
nuinerons investigators have demonstieted fineamy thiongh-
out a range of concentrations.?”-¢? Consistency of Kp values
for similar solutes 1anging 10-fold in concentiation (Table 2)
furiher support this assumption.

2. Independence <ach chemical will penctrate at its
ownoate, imdependently of other chemicals present in solu-
tion. "

3. Unifuoredty  aites of absorption and lux thhough the
<Linignein consteat thiovghout the paniod of exposure.

4. Addinivisy  the doses and cffects of compounds oc-
curying together in=qgueons solutions ate only additive.

S. Flimiration withinthe time periods piesented, clim-
inetion will pot significantly change sustzined dose. Given the
fact that distribution #nd elimination of these compounds
occur very slowly in the case of skin sbsorption, it 1s hkely
that ¢limnination will not be relevant in the scenuos present-
ed. :

6. Limited Fxposure- -the doses calculated we Thinited to
absorption through the stratum corneum, and do not include

AJPH May 1654, Vol. 74, No. 5



penetration through the more permesble membranes of the
body. In addition, absorption rates for the entire body are
assumed 1o be equal to that of the hand.

7. Temperature and Hydration——rates were obtained
experimentally at temperatures between 23°-25°C. We will
therefore assume water and ambient temperatures which do
not exceed those used in the laboratory. Likewise, hydration
of skin surfaces is assumed to be equal 1o that of experimental
subjects.

Table 3 shows that skin absorption represents a signifi-
cant route of exposure. Depending on exposure conditions,
it can contribute from 29-91 per cent of the total daily dose,
for an average contribution of 64 per cent. Since uptake via
cach raute is proportional to concentration, and the diffusion
constant is therefore independent of concentration, the small
differences in contribution percentage for each case are due
to rounding off. Three cases were given to illustrate this
point. These figures are based on the conservative assump-
tions described above, and should be regarded as estimates
of Jower bound absorption through the stratum comeum.

Discussion

When factors such as hydration, skin condition, addi-
tional routes of entry, individual and anatomical site vana-
tions are taken into account, skin absorption can become a
significant portal of entry for contaminants. Moreover, the
estiinated <kin abaiption sates have been derived in accupa-
vonal or laboratory cettings which may differ markedly from
envirenmental conditions. Such rates, particularly those
obtuined using pure liquids or single agents, should not be
dircctly extrapolated to environmental exposures. Neverthe-
less, the infonmation suggests that when doses from skin
abeorption are considered, margins of safety may be signifi-
canl}y narrowed, and cuirently established guidelines com-
promised.

It will be necessary 1o generale comprehensive data ga
the relative contributions of various types of exposures on
selected populations if we are to ensure adequate protection
of public health. Studies indicate that contamination of water
supplies is gieater than previously believed, and is likely to
inciease without siringent controls, On this basis, we recom-

mend that regulatory guidelines and pohcucs Bc reconsid-
ered.
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