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Publ~ studies in whidl rats ~ ex~ to CdC12 in sIandaId chow or drinking water
were analyzed to compare the relative bioavailability of cadmium from the tWo media. Relative
bi~vailability was ~ from estimates of the rate of accumulation of cadmium in kidney
COI1ex or liver. Data were IrGUped into ~ based on study design and reporting of data: Tier I,
identical experimental protocols and dc-.F can be estimated: Tier 2. very similar or identical
protocols and dosage can be estimated: Tier 3, protocols may differ and dosage can be estimated:
and Tier 4, protocols may differ and dosascs cannot be estimated (but concentration of cadmium
in food or water is fePOftcd). T~ were nested, such that Tier 4 contained all relevant studies;
Tier 3 included data sets from Tien I and 2: and Tier 2 included the data ~ from Tier I. Data
within Tiers I, 2. and 3 were subjected to a linear ~ analysis with dosage as the i~odcnt
variable and tisuc accumulation rate as the <k:pcndcnt variable to determine whether m~vailability
of cadmium was sisniflCantly different based on medium of administration. The faults of this
analysis show the following: (I) In rats ~vina food and drinking water ad libilum. the mo-
availability of cadmium in drinking water is not sianificantly different (P > O.OS) from the bio-
availability of cadmium in food when dosascs are less than 4 mg/kg body wt/day. (2) Cadmium
deaases food and water consum~n: thcrefo~, ~ts of relative moavailability should
be made based on actual dosage rather than exposu~ levels. (3) Diet composition and status of
the gastrointestinal tract a~ probably a mo~ important determinant of the bioavailability of
cadmium than is the exposure medium. (4) Studies of the effect of total diet composition on
bioavailability of cadmium may be more ~lcvant than are studies of the effect of the exposu~
medium. It is concluded from this analysis that the bioavailatXlity of cadmium in food is not
different from that in water when diet is provided ad libitum. Thercfo~, we recommend that
distinct RfDs for cadmium in food and drinking water should not be based on the assumption
that the bioavailability of cadmium in drinkina water is grater than that of cadmium in food.
0 1994 ~ '-. lac-

INTRODUCTION

A reference dose (RfD) is defined as "an estimate (with uncertainty spanning ~rhaps
an order of magnitude) of a daily oral exposure (mg/kgjday) to the human population
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(including sensitive subgroups) that is likely to be without appreciable risk of deleterious
effects during a lifetime" (U.S. EPA, 1994). RfDs that are verified and on the U.S.
EP A Integrated Risk Infonnation System (IRIS) (U .S. EP A, 1994) represent a consensus
within the U.S. EPA regarding the risk to human health posed by exposure to specific
chemicals. RfDs are used in risk characterizations of hazardous waste sites where
human exposure to chemicals may occur from ingesting contaminated food, water,
or soil (U.S. EPA, 1989).

The RfD for a chemical can be specific for an exposure medium if there is sufficient
evidence to define a unique dose-response relationship for the chemical in that me-
dium. ~ RfDs for cadmium in food and drinking water have been derived
based on the assumption that the bioavailability of cadmium in water is greater than
that from food by a factor of 2 (i.e., 5% vs 2.5%, respectively) (U.S. EPA, 1994).
Separate RfDs for manganese in food and drinking water have also been derived (U.S.
EP A, 1994). Distinct RfDs for nickel in food and drinking water also may be considered
based on the apparent greater bioavailability of nickel in drinking water compared to
that in food (Sunderman et al.. 1989).

The application of relative absorption factors to adjust intakes used in determining
hazard quotients and cancer risks in risk characterizations is discussed in the Risk
Assessment Guidelines for Superfund (RAGS) (U.S. EPA, 1989, Appendix A). For
the hazard quotient (HQ), the adjustment takes the form

HQ = IIRfD

HQADJ = I. RAF IRfD,

where HQADJ is the adjusted hazard quotient, RAF is the relative absorption factor,
and 1 is the oral intake (mg/kg/day). In this context, the RAF is defined as the ratio
of the absorption of a chemical in "the medium of concern" to that of the same
chemical in the exposure medium used in the studies that formed the basis of the
RfD. Similarly, in estimating cancer risk (CR)

CR = I.SF

CRADJ = I. RAF. SF,

where SF is the cancer risk slope factor. The implication is that an RfD or slope factor
based on studies of one exposure medium (e.g., food) may not be directly applicable
to estimating the hazard quotient or cancer risk for an exposure through a different
medium (e.g., drinking water or soil) if the bioavailability of chemicals in these media
are dissimilar.

The verification of media-specific RfDs for cadmium based on relative bioavailability
and the discussion in RAGS of bioavailability adjustments of. intake in determining
hazard quotients and cancer risks may be indicative of a wider application of either
or both approaches in the future. It is, therefore, appropriate to consider in some
de:pth the concept of relative bioavailability from the perspective of both methodological
issues inherent to the derivation of quantitative expressions of relative bioavailability
and the application of these expressions to risk assessment. This study was conducted
to explore one dimension of this problem: What constitutes adequate evidence to
support the derivation of an estimate of relative bioavailability?

A case study was performed in which experimental data on the bioavailability of
cadmium were evaluated in an attempt to derive estimates of the relative bioavailability
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of cadmium in food compared to drinking water. Cadmium was selected for the case
study because of the abundance of published data on the subject, which would allow
an exploration of the impact of data quality and methodology on the estimation of
relative bioavailability. Data on cadmium were examined with the objective of ex-
ploring approaches to the derivation of media-specific bioavailability factors for in-
organics that might facilitate consistent integration of bioavailability information in
risk assessment. The results of this study suggest that, in rats provided food and water
ad libitum. bioavailability of cadmium in food and drinking water is not significantly
different at dosages less than 4 m&fkg body wt/day. The implications of this finding
on the RfDs for cadmium and on the concept of media-specific RfDs in general are
discussed.

METHODS

Data Collection

Computer literature searches were conducted in 1991 of the following on-line bib-
liographic data bases: HSOB, RTECS, TSCATS, and TOXLINE (for 1986-1991).
Reviews were used to identify earlier relevant literature (ATSOR, 1992; U.S. EPA,
1980, 1981, 1986, 1988; Friberg et aI.. 1974, 1985; Kjellstrom and Nordberg, 1978;
Friberg, 1984; Foulkes, 1986; Fox, 1983; Tsuchiya, 1978). References were tree-
searched to identify additional pertinent literature.

Definition of Relative Bioavailability

Bioavailability can be defined as the fraction (F) of the oral dose that enters the
systemic circulation (Gibaldi and Perrier, 1982). Assuming a bioavailability of an
intravenous dose of I, F for an oral dose (FOI8I) is defined

FOI8I = (DiY ° AUCOl8l)/(DOIaI° AUCjv), (I)

where

Div = intravenous dose
Doral = oral dose

AUConi = area under plasma (or blood) concentration vs time curve for oral dose
AUCiv = area under plasma (or blood) concentration vs time curve for intravenous

dose.

Similarly, relative bioavailability of the chemical in food and water (Fr/W) are defined
as:

Ff/w = FroodiF_. (2)

The above definitions of bioavailability (Eq. (I» could not be applied to cadmium
because there are insufficient kinetic data to support estimates of AUC. Two indices
of Fr/- were evaluated in this study: the rate of accumulation of cadmium in the renal
cortex and the rate of accumulation of cadmium in the liver. The concept of using
measurements of accumulation or concentration in specific tissues as an index of
relative bioavailability is not new and has been applied to other inorganics. For example.
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the concentration of lead in blood has been used as an index of relative bioavailability
of lead (Mushak, 1991). This approach is valid providing that the amount or concen-
tration oftbe compound in the selected tissue is linearly related to whole body burden.
This appears to be true for cadmium in renal cortex and liver, which contain most of
the cadmium body burden (Friberg et al.. 1985).

Assessment of Rates of Accumulation of Cadmium in Tissue

Relative bioavailability of cadmium was assessed by comparing the rates of accu-
mulation of cadmium in renal conex and whole liver (Jjg/g ~ue wet wt/day) across
dosages (mg/kg/day) resulting from exposure of rats to cadmium in rat chow or drinking
water. The data on laboratory rats were selected for analysis because the rat has been
used extensively as an experimental model for cadmium-induced nephrotoxicity (Fri-
berg et aI., 1985). Rates of accumulation rather than total tissue burdens were used
to ~ bioavailability because most of the published studies reported concentrations
of cadmium in tissues (e.g., Jl.g/g) rather than cadmium burdens and did not report
organ weights. Furthermore, data on body weights were often inadequate to support
reliable estimates of organ weights.

Several assumptions were made in applying the above approach. In rats exposed
daily to cadmium at anyone dose level, concentrations of cadmium in the renal cortex
and liver were assumed to increase at a constant rate over time until concentrations
in the renal cortex reached =200 Jl.g cadmium/g wet wt. This is supported by studies
of Bernard et aI. (1983) and Kajikawa et aI. (1981), in which, during chronic exposure
to cadmium. concentrations in the renal cortex increased approximately linearly over
time until the concentration reached 200-250 Jl.g/g wet wt and then decreased steadily
over the remaining exposure periO(i. To validate this assumption for the data sets used
in this analysis. data from each study in which concentrations of cadmium in the
renal cortex and liver were measured at more than two exposure durations were sub-
jected to a linear regression analysis of concentration of cadmium in tissue against
exposure duration. Values of,2 were ~0.80 in 98 and 80% of the data sets of cadmium
in the renal cortex and liver, respectively, that were obtained from studies in which
the concentration of cadmium in the renal conex did not exceed 200 Jjg/g wet wt.
Therefore, the analysis was limited to exposure durations and dosages in which con-
centrations of cadmium in the renal cortex were <200 Jjg/g wet wt.

The rates of accumulation of cadmium (Jl.g cadmium/g wet wt/day) were estimated
by dividing the concentration <lLg cadmium/g wet wt) by the exposure duration in
days. In some studies. the concentration of cadmium in the entire kidney. rather than
in the renal cortex. was reported; in these cases. the concentration of cadmium in the
renal conex was estimated as 1.25 times the concentration of cadmium in the whole
kidney (Friberg et aI.. 1985). The concentration of cadmium throughout the liver was
assumed to be uniform. Some studies reported concentrations of cadmium in dry
tissue; these values were converted to concentrations of cadmium in wet tissue by
dividing concentrations of cadmium in dry renal cortex by 5 and concentrations of
cadmium in dry liver by 3 (Zalups et aI.. 1987).

Estimation of Dosage from Exposure Level

Most studies reported exposure levels (e.g., ppm), rather than the dosage (e.g., mg/
kg/day). To capture as many data as possible in the analysis, dosages were estimated
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if adequate supporting data were reported. In general. daily water consumption in
rats exceeds food consumption by a factor of 1.4 in young rats and 1.6-1.7 in adult
rats (U .S. EP A. 1987). Therefore. if no other variables are considered. dosages from
water can be expected to exceed dosages from food at the same exposure level. However.
cadmium in drinking water decreases water consumption in rats (Baranski and Sitarek.
1987; BorzeUeca et aI.. 1989; Decker et al.. 19S8; Fingerle el al.. 1982; Fowler el al..
1975; Kotsonis and Klaassen. 1978; Mangler el al.. 1988; Sorrell and Graziano. 1990;
Stacey el al.. 1988; Zenick et al.. 1982) and. similarly, cadmium in rat chow decreases
food consumption (Groton et al.. 1991; Itokawa et aI.. 1974; Machemer and Lone.

1981;Nogawaelal..1981;PondandWalker,197S;Spornelal..1970;Sugawaraand
Sugawara. 1974). The effect of cadmium on water and food consumption in rats is
illustrated in Fig. I. At a concentration of SO ppm cadmium in drinking water, water
consumption was decreased by approximately 40%, whereas at a concentration of SO
ppm cadmium in rat chow, food consumption was decreased by approximately S%.
At an exposure level of 10 ppm, water and food consumption were decreased by
approximately 10 and 1%, respectively. To statistically compare the exposure-level-
related decrease in food and water consumption, dose-response data for each medium
were fitted to three models: linear, exponential, and reciprocal (data not shown). For
each of the regression models. the predicted value for water consumption at SO ppm
cadmium was significantly smaller than that of food (i.e.. the 95% confidence intervals
for the regression models did not overlap). However, for concentrations < 10 ppm the
decrease in water consumption was not significantly different from that of food. This
suggests that at concentrations of cadmium <10 ppm, food and water consumption
decrease to a similar extent. but at higher concentrations the decrease in water con-
sumption may exceed the decrease in food consumption. Therefore. the ratio of d~
from drinking water to that from rat chow is not constant across exposure level.

Dosages were estimated from reported concentrations of cadmium in food or drink-
ing water and reported or estimated body weights and water or food consumption.
Where only initial and final body weights were reported, average body weights were
estimated as the initial body weight plus half the body weight gain. Where only initial
body weights or initial ages of rats were reported, average body weights were estimated
using reference growth curves for specific strains and sexes of rats (U.s. EPA, 1987).
With tWo exceptions. dosage was not estimated if initial body weights or ages were
not reported or if food or water consumption were not reported. The exceptions were
two dietary studies that reported body weight data and that food consumption was
similar in control and exposed rats; however. food consumption data were not provided
(Loeser and Lone, 1977; Maji and Yoshida, 1974). Dosages in these studies were
calculated using the body weight data provided in studies and reference values for
food consumption in rats (U.S. EPA, 1987).

Dala Tiers

The entire data set was divided into four tiers, based on similarity of study design
and reporting of data. The tiers represent a range of data profiles that might be en-
coun~ in an assessment of bioavailability of any chemical. The tiers were nested,
such that Tier 4 includes all studies in Tiers I, 2, and 3; Tier 3 includes studies in
Tier I and 2; and Tier 2 includes the study in Tier 1.
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fIG. I. Effects ofexposure 10 cadmium in drinkiDI water 01' food 00 intake ofdrinkina water (A) or food
(B), respectively. Controls were not exposed to cadmium. The effect of cadmium in drinking water on water
intake is greater than the effect of cadmium in food on food intake. Data on drinking water intake are from
Baranski and Sitarek ( 1987). Bonelleca et aI. (1989). Decker et aI. (1958). Fi..ne et aI. (1982). Fowler It
aI. (1975), Kotsonis and ~n (1978). MaD&ier et al. (1988). Sorrell and Graziano (1990). Stacey et aI.
(1988). and Zenick et aI. (1982). Data on food intake are from Groton et aI. (1991). Itokawa et aI. (1974).
M8I:hemer and Lorke (1981), Pond aDd Walker (1975), ~ It aI. (1970), aDd Supwara and Sup..,.
(1974).

Tier 4 includes all of the studies used in this analysis and consisted of data from
studies in which rats were exposed to cadmium in rat chow or drinking water. from
which an exposure level (ppm) was reported. Studies in Tier 4 varied considerably
with respect to strain. body weight, age. and sex of rats. e~posure level. and duration
of administration.

Tier 3 consists of data from studies in which rats were exposed to cadmium in rat
chow or drinking water, from which dOSClge (mg/kg/day) was reported or could be
~~~~-Y1ated-~ attempt v.as made to match experimental designs; therefore.
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the studies varied considerably with respect to rat strain, body weight. age, and sex of
rats, dose level, and duration of administration.

Tier 2 consists of data from studies in which rats were exposed to cadmium in rat
chow or drinking water using identical or similar protocols and for which dosage was
reported or could be accurately calculated. The data were organized into data groups,
within which experimental protocols were closely matched with respect to strain, sex,
initial and final age, and initial and final body weights of the rats; duration of treatment;
and dosage.

Tier I consists of data from studies in which identical exposure and analytical
protocols were used to compare animals exposed to cadmium in rat chow or drinking
water and for which dosage was reported or could be accurately calculated. Tier I is
considered to contain the most useful data for determining relative bioavailability,
and is also usually the most scarce type of data.

Stalistical Analysis of the Dala

Data from Tiers I, 2, and 3 were subjected to linear regression analysis to detennine
whether the rates of accumulation of cadmium in the liver and renal cortex, as a
function of dosage, were significantly different (P < 0.05), based on medium of ad-
ministration. The slope of the regression lines relating tissue accumulation and dosage
in food (mr) and water (mw) were used as indices of bioavailability of cadmium in
each medium; thus, Fr/w was defined as the ratio of the slopes (mr/mw):

Fr/w = mr/mw. (3)

The regression model that was used to estimate mr and mw is as follows (Mendenhall,
1968)

y = Po + .8.x. + P2X1 + .83X,X1, (4)

where

Y - rate of accumulation of cadmium in tissue ("glg wet Wi/day)
XI = 0 if the exposure medium is food, or 1 if the medium is water
X2 = dosage (mglkg body Wi/day).

If the medium of exposure is food (i.e., X I = 0), Eq. (4) reduces to

Y = Po + fJ2X2: (5)

and .B2 is the slope of the line relating tissue accUmulation rate and dosage in food
(mr). For exposures from water (i.e., XI = 1): :

Y = fJo + fJl + (fJ2 + fJ3)'X2. (6)

and fJ2 + fJ3 is the slope of the line relating tiSS:ue accumulation rate and dosage
from water (m.). Thus, fJ3 is the difference between the slopes for water and food
(m. - m,) and the ratio fJ2/(fJ2 + fJ3) is the ratio of the slopes, mr/m., or FQ...

Two null hypotheses were tested. The first compared FrI. with 1 (i.e., Ho:Frtw = I
vs HI:Ff/. + I). The null hypothesis in this case is equivalent to Ho:mr/m. = I, which
can be expressed in terms of model paramete~ as Ho:fJ3 = O. The second hypothesis
comoarM Fr/w with 0.5 (i.e., Ho:Fr/W = 0.5 vs HI :FrJw > 0.5); the assul1)ption used in
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the derivation of the chronic oral RfDs for cadmium in food and drinking water was
that Ff/w = 0.5 (U.S. EPA, 1994). The null hypothesis in this case is equivalent to
~:mr/m. = 0.5, which can be expressed in tenDS of model parameters as HO:.82 =
.83. The null hypotheses were tested by a t statistic (Mendenhall. 1968) and were
rejected if the P value was less than 0.05. The statistical analyses and data plots were
developed with Statgraphics (Version 5.0) (STSC, 1991).

RESULTS

Data Profile

Forty-four studies were identified in which rats were exposed subchronically or
chronically (up to 644 days) to cadmium in rat chow or drinking water. and cadmium
concentrations in the liver and/or kidney were measured. Only data fi'om studies in
which rats were fed standard rat chow were used in the analysis: this included control
groups (e.g.. cadmium given in standard rat chow) from several studies in which the
effects of dietary composition on cadmium uptake were studied (e.g.. cadmium given
in low-iron rat chow). One study that exposed rats to cadmium in pig liver was not
included in the analysis (Groten et ai.. 1990). Because the chemical form of cadmium
may influence bioavailability. only studies using cadmium chloride (CdC12) were used
in the analysis: studies of cadmium acetate (Carmignani and Boscolo. 1984: Kanisawa
and Schroeder. 1969: Yuhas et ai., 1979) and of cadmium oxide (Weigel et ai.. 1984)
were excluded. Studies in which concentrations of cadmium in the renal cortex ex-
ceeded 200 lI.g/g wet wt (Abe et al.. 1972; Sugawara and Sugawara. 1974). a study of
hypertension-sensitive rats (Ohanian et ai., 1978). and a study that reported unusually
high mortality rates (Nogawa et al.. 1981) were also excluded from the analysis. The
remaining 35 studies were used in the analysis. of which 16 studies provided enough
information to estimate dosage. Studies used in the analysis are listed in Table I.

Tier 1 Data

Tier I data were obtained from one study in which rats of the same strain. sex. age.
and weight were exposed to CdCl2 in rat chow or drinking water under otherwise
identical exposure conditions, and identical analytical procedures were used to quantify
uptake of cadmium into:tissue (Buhler et ai.. 1981). Fifty-five groups of rats (two per
sex per group) were exPQsed to five different exposure levels of cadmium in the diet
or six different exposure revels of cadmium in drinking water; rats were sacrificed after
I, 2, 4, 8, or 12 weeks of treatment for measurement of cadmium in liver and renal
cortex. Thus, 55 estimates of the rates of accumulation of cadmium in the liver and
renal cortex were reporte<J. Male and female Wistar rats were provided water ad libitllm
containing 0.003-1.00 ppm I09CdO2 and rat chow to which no cadmium was added
or rat chow containing 0.001-1.00 ppm I09CdO2 and drinking water to which no
cadmium was added. Concentrations of cadmium in liver and kidney were determined
after I, 2, 4, 8, or 12 weeks of exposure. Estimates of fractional absorption (body
burden/cadmium intake) associated with each measurement of cadmium in tissue
were reported, allowing estimates of dosages as follows: dosage (m&fkg/day) = body

burden/fractional absorption/reference body weight of Wi Star rats (U.S. EPA. 1987)/
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TABLE 1

SUMMARY Of' STUDIES ON CADMIUM BK>A V AILABIUTY INa.UDED IN THE ANALYSIS

Media T~s)Study Rat Sb3iD/~ Duration (days)

Water
Water
Water

4
4
4

AuafIey et aI.. 1981

Aulilcy et aI.. 1984

Bernard et aI., 1980

7, 14,28,.56,84
21,28,42,56,70,84, 168
31,70,92. 122. IS3, 183,

214,336
31,70,92, 122. IS3, 183,

244
70, 122. 183,244, 3OS
r22

Male Wistar
Male Wistar
Female Sprague-Dawley

WaterBernard ft at. 1981 Female ~DawIey 4

Female Spracue-[Mwiey
Female SPl-aue-[MwIey

Water
Water

4
4

Male and female WiStar Watcror
food

Food
Water

7, 14,28. S6, 84

BemaId tt 0/., 1983
BemaId and Lauwerys,

1981
BubIer tt 0/., 1981 1-4

Male Sprasue-Dawiey
Male and remale

Spraaue-Dawley
Male OSU brown rats
Male and remaJe

Spraauc-Dawiey
Male Charles River
Male Wi5tar
Male Wistar
Male Sprasuc-DawIcy
Male Wistar
Female Wistar
Male Spnisuc-Dawlcy

98
183. 365

2-4
.1-4

C(MaIias tt aI.. 1977

Decker tt aI.. 19S8

Food

Water

28,56,84, 112
S74, 644

4
3-4

Eakin tt oJ.. 1980

Fmaer1e et oJ.. 1982

Water

Food

Water

Water

Water

Water

Water

3-4
2-4
2-4
2-4
4
4

2-4

42. 84
28. S6
120
49
28.112. 168.224.280
90
21.42.84.168

Female Sprwaue-Dawley Water 28.56

Male and female Wistar Food 28. 56. S4 2-4

Male and female Wistar Fnnd 3-4

FemaJe Spraaue-Dawiey
Male Sprague-Dawley
Male and female brown

rats
Male Wistar
Female Wisw
Male Sprague-Dawley

Water
Food
Water or

food
Water
Water
Water

183.365.549
57
549

2-4

,52
90
,5

4
4

3-4

Water

Water

Food

Food

Water

Water

12. 26. SO. 100

730
15. 30.45.60
90
365
56

4
4
4

2-4
4

2-4

Male Wiur
Male Wiur
Male albino ITRC
Female Spraaue-Dawiey
Female SlX88UC-Dawiey
Male Sprague-Dawley

Fowler eI aI.. 1975

GroteD eI aI.. 1991

Itokawa tt aI.. 1974

Jamall t'f aI.. 1989

Kajikawa t'f aI.. 1981

Kawamur8 t'f aI.. 1978

Kotsonis and KJ~.

1978

l.afS5OD and PiscaIor.

1971

Loeser and Lorke,

1977

Maji and y~

1974

Manlier t'f aI.. 1988

Nation el al.. 1984

Pribble and Wcswi&

1973

PriI&e t'f aI.. 1977

Prigge,I978
R~nbclJ and

K8PP8S. 1991

Sakata eI aI.. 1988

Shaikh t'f aI.. 1989

Tewari t'f al.. 1986

Utile and 0I0u. 1980

Viau t'f aI.. 1984

Washko and Cousins.

1975
Zenick t'f aI.. 1982 Male SPl-.uc-Dawiey Water 7' 2-4
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duration of exposure. The estimated dosages ranged from 0.<XXX>8 to 0.147 mg cad-
mium/kg/day from drinking water and 0.()(XX)9 to 0.124 mg cadmium/kg/day from
rat chow.

Figure 2 shows plots of the rates of accumulation of cadmium in tissue against
dosage in food and drinking water. Over the entire dosage range examined «0.14
mg/kg/day), the estimates of F(fw given by the ratio of the slopes (m,Im.) were 1.00,
based on renal cortex, and 1.19, based on liver cadmium; both were not significantly
different from I (P = 0.974, renal cortex; P = 0.420, liver) but were significantly
greater than 0.5 (P < 0.005) (Table 2). The sensitivity of the estimate of F,/w to dosage
was examined by analyzing lower dosage ranges. The estimates of F,/w were not sig-
nificantly different from I for.dosage ranges <0.1 and <0.0 I mg/kg/day (Table 3).
Dosage ranges lower than <0.0 I were not analyzed because of insufficient numbers
of observations (e.g., N a 5 at dosage range <0.001 mg/kgjday).

Tier 1 Data

Tier 2 data were obtained from II studies (including Buhler et al.. 1981) (Table I).
The data were organized into 31 data groups; within each group, experimental protocols
were closely matched with respect to strain. sex, initial and final age, and initial and
final body weights of the rats. duration of treatment. and dosage. The 31 data groups
yielded a total of 64 estimates of the rate of accumulation of cadmium in the liver
and 67 estimates of the rate of accumulation of cadmium in the renal cortex (Fig. 3).
Over the entire dosage range examined in these studies (0.0<XX>8-3.89 mg cadmium!
kg/day). the estimate of Fflw given by the ratio of the slopes (mr!mw) was 1.08, based
on renal cortex cadmium, and 0.92, based on liver cadmium. The estimates of Ff/W
were not significantly different from I (P = 0.642, renal cortex; P = 0.739, liver), but
were significantly greater than 0.5 (P < 0.005, renal cortex: P < 0.025, liver)

(Table 2).

Tier 3 Data

Tier 3 data were obtained from 16 studies (including those in Tiers 1 and 2) (Table
1). These studies provided 152 and 160 estimates of the rate of accumulation of cad-
mium in the liver and renal cortex, respectively (Fig. 4). The studies varied with
respect to strain. body weight, age and sex of rats, dose level. and duration of admin-
istration. Over the dose entire range examined in these studies (0.00008-13.2 mg/kg/
day), the estimate ofFr/W given by the ratio of the slopes (mr/m.) was 1.56 for renal
cortex and 1.24 for liver (Table 2). The estimate of F f/w based on renal cortex cadmium
was significantly different from 1 (P < 0.00 I); the estimate based on liver cadmium
was not significantly different from I (P = 0.062). Both estimates were significantly

greater than 0.5 «0.005).
The sensitivity of the estimate ofFf/W to dosage was examined by analyzing lower

dosage ranges (Table 4). Compression of the high end of the dosage range to the same
range as Tier 2 «4 mg/kg/day) decreased the estimate of Ff/w from 1.56 to 1.16; the
latter was not significantly different from 1 (P = 0.298). This is consistent with the
results from the analysis of the Tier 2 data, even though the number of observations
within this dosage range in Tier 3 (113. renal cortex; 110. liver) was considerably
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mg/k&iday and exJX)SU~ durations or 1-12 weeks.

greater than in Tier 2 (67, renal cortex; 64, liver). The estimates of Fr/w varied consid-
erably as the dosage range was further compressed and were significantly different
from I for the dosage range < I mg/k&lday ( <0.00 I), but were not significantly different
from I for the dosage ranges <0.1 and <0.0 I mg/kg/day. The latter two ranges were
within the dosage range of the Tier I data and are consistent with the results of the
analysis of the Tier I data.

Tier 4 Data

Tier 4 data consisted of 35 studies (including those in Tiers I, 2, and 3) providing
282 and 30 I estimates of the rate of accumulation of cadmium in the liver and renal
cortex, respectively (Table I). The studies varied with respect to strain, body weight,
age and sex of rats, exposure level, and duration of administration. Included in Tier
4 were studies in which dosages were not reported and could not be estimated; therefore,
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TABLE 2

SUMMARY OF esm.ATESOF RELATIVE BIOAvAIlA8IUrY (Fq.)<WCADMIuM FOR TIERS 1,2, AND 3

p
m.8

(9.1" CL)
(N)

",,-
(95" CL)

(N)

F".. Ho: F". - I Ho: Fq,. - 0.5
(""Im..) HI: Fq,. P I HI: Fq,. > 0.5

m.-".,
(9'c-. CL)Tier TISue

Kidney 1.00 0.974 <o.oos

2 Kidney .08 0.642 <0.005

3 Kidney 1.56 <0.001 <O.OOS

Liver 0.420.19 <0.00'

2 Liver 0.92 0.139 <0.025

3 Liver .24 0.062 <0.005

. m.. and "" refer to the slOI)eS the ~ lines relatinl the rate of KCUmuJation of cadmium in tiuue

(111/1 wet wt/day) to cadmium dosaae (m&ik&/day).
. The ratio of the slopes (mr/m..) is an estimate of relative bioavailability (Fo-).

rates of accumulation can be compared across concentrations of cadmium (range~
0.001-200 ppm), but not ~ dosages (Fig. 5). A linear regression analysis to estimate
Ff/W was not attempted with the Tier 4 data because cadmium affects food and water
consumption to different degrees (Fig. 1) and. therefore. the food/water dosage ratio
and slope ratio would not be expected to remain constant as cadmium concentrations
in the two media increase over the range 0.001-200 ppm.

DISCUSSION

This analY$is of published studies compared the bioavailability of cadmium ad-
ministered to rats in rat chow or in drinking water. Rates of accumulation of cadmium
in the renal cortex or liver were used as indices of bioavailability to estimate relative
bioavailability (Fr/W). The data were grouped into four nested tiers in an attempt to
examine the effect of study design and reporting of data on the assessment of Fr/W.
The results of this analysis indicate that bioavailability of cadmium in food (rat chow)
is not significantly different from bioavailability of cadmium in drinking water when
rats are maintained on food and water ad libitum and exposed to cadmium dosages
below 4 mg/kg body Wt/day. This is suPJX}rted by the analyses of the data in Tiers I



ISIRELATIVE BIOAVAILABILfTY OF CADMIUM

TABLE 3

SUMMARY OF Es11MATES OF RELATIVE BK>AVAILABlUTY (F..) OF CADMIUM FROM TIER I DATA

""
(95'11 CL)

(N)

'
(9S'Io CL)

(N)

P
Fow' He: Fow - I

(Inr/m.) H.: Fow ~ I
~

(m&lk&1day)

m.-".,
(9S'" CL)TI8Ie

0.126

(0.083-0.168)
(25)

0.122

(0.0.66-0.177)
(23)

0.108

(0.066-0.1 SO)
(II)

0.044
(0.025-0.064)

(25)
0.045

(0.018-0.071)
(23)

0.037
(0.021-0.053)

(II)

0.001
(-0.041-0.042)

1.00 0.974<0.1' Kidney 0.126
(0.108-0.145)

(30)
0.007

(0.084-0.109)
(25)

O.C*»
(0.051-0.109)

(15)

0.037
(0.029-O.044)

(30)
0.025

(0.021-0.030)
(25)

0.024
(0.015-0.033)

(15)

-0.008
:-0.078-0.028)

1.26<0.1 Kidney

1.35<0.01 Kidney -0.028

:-0.074--0.018)

-0.007
(-O.O2~.OII)

1.19<0.1' Liver

-0.019

(-O.O44-O.00S)

1.80 0.129<0. Liver

-0.013

( -0.029-0.003)

1.54<0.01 Uver

. The dc-.Ie ranae was O.<XXX>8-0.147 mg cadmium/kg/day.

. m.. and mr refer to the slopes the regression lines relating the rate of accumulation of cadmium in tissue

(JII/g wet (Wt/day) to cadmium dosaIe (mg/kg/day).. The ratio of the slopes (""Im..) is an estimate of relative bjoavailabilitY (F".).

and 2 (Table 2). Estimates of Fr/w derived from Tier 1 were 1.00 when based on renal
cortex cadmium and 1.19 when based on liver cadmium. When the analysis was
constrained to lower dosage ranges within Tier I, the estimates of Ff/w were higher,
1.26-1.35, based on renal cortex cadmium, and 1.54-1.80. based on liver cadmium.
Although this suggests a possible trend toward higher bioavailability from food than
drinking water at lower dosages. none of the estimates from Tier I were significantly
different from I (P < 0.05). These results provide a basis for evaluating the validity
of the hypothesis that Fr/W = 0.5, the estimate of relative bioavailability that was used
in the derivation of the chronic oral RfDs for cadmium in food and drinking water
(U .S. EP A, 1994). Our analysis does not support the U.S. EP A estimate of F r/w = 0.5
and indicates that Fr/W is closer to 1.0.

A significant difference between the bioavailability of cadmium in food and drinking
water was detected in the 'analysis of the Tier 3 data when dosages ~4 mg/kg/day were
included in the analysis. but not when the range included all dosages that were <4 or
<0.1 mg/kg/day (Table 4). The lower dosage range is comprised largely of Tier I and
Tier 2 data; therefore, the absence of a significant difference in bioavailability is con-
sistent with the results of the Tier I and 2 analyses. The differences in bioavailability
that were evident when the higher dosages were included in the analysis may reflect
an effect of dosage on bioavailability or an effect of one or more data quality variables
on the estimate of Fr/W. The studies included in Tier 3 varied considerably with respect
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of xcumulation of cadmium in the liver and 67 estimates of the rate of accumulation of cadmium in the
renal cortex over a dosaae ranae of 0.00008-3.89 ml Cd/kl/day. .

to rat strain. txxiy weight. age. and sex of rats. dose level. and duration of administration.
These variables would be expected to have a greater impact at the higher end of the
dosage range because most of the studies that were unique to Tier 3 (i.e.. that were
not contained in Tiers 1 and 2) were studies of dosages exceeding 0.1 mg/kg body wt/
day. Although an effect of dosage per se cannot be ruled out. an effect of uncontrolled
data quality variables is consistent with the instability of the estimates of Fr/W as the
dosage range was comp~ and the data quality was increased. For example. esti-
mates of Fr/W based on renal cortex cadmium were 1.56. 1.16.0.34.0.60. and 1.35 for
the dosage ranges <14, <4. <1, <0.1. and <0.01 mg/kg body Wi/day. respectively.
The range of estimates based on liver cadmium was similarly wide and unrelated to
dosage (0.58-1.54). If relative bioavailability varied only with dosage. one would expect
a more consistent dosage-related trend in the value of Fr/W; this is not evident from
the analysis of the Tier 3 data.

One objective of this study was to attempt to understand the cadmium data base
from the perspective of data quality factors that might impact an assessment of bio-



IS3RELATIVE BIOAVAILABILnY OF CADMIUM

15

B
-;:"

11.2l

1 1

i 0.81

,
..

0.41 at"

r j..~ ~ o~ r' . . . I . .~

0 5 10 15

Ca«*IIk.n Doeage (n9kg body wt/d8y)

FKI. 4. Rate or .:cumulation or cadmium in the li~ (.4.) and kidney COI1eX (8) of rats vs cadmium
dmaae in rood (.) or drinking water (4) ror the Tier 3 data set. The re8JeSSion slopes ror accumulation in
renal cortex from rood and drinking water are not signibntly dift'erent (P > 0.05). The ~on slopes
ror accumulation in liver are significantly diff~nt (P = 0.06) (see Table 2). Data WCte obtained rrom 16
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~ (Fig. 3). the Tier 3 data WCte not grouped based on experimenraJ design criteria.

availability of inorganics in general. As one might expect. the relatively large data base
of published studies on cadmium includes a wide range of study designs and reports
that vary considerably with respect to experimental detail and types of data reported.
Nearly aU of the relevant studies reJX>rted cadmium exposure (ppm). rather than dosage
(e.g.. mg/k&1day). thereby necessitating estimation of dosage for inclusion of the study
in the analysis. This introduced an additional element of uncertainty into the analysis
when data on either individual animal body weights or food and water consumption
were not provided. Data on food and water consumption are particularly important
for estimating cadmium dosages because both are decreased by cadmium exposure
(Fig. I). Reliable estimates of cadmium dosages cannot be obtained when data on
food and water consumption are not provided; therefore. such studies were excluded
from Tiers I to 3.

The observation that bioavailability of cadmium in rat chow or drinking water
is not significantly different at dosages below 4 mg/kg/day does not exclude the
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TABLE 4

SuMMARY OF ESTIMATES OF RELATIVE BIOAvAILA8ILrrY (E..> c.' CADMIUM FROM TIER 3 DATA

. The dosage range was 0.00»8-13.2 mg/kg/day.
b mw and mr ~fer to the slopes the regression lines ~Iating the rate of accumulation of cadmium in tissue

(l11/g wet wtjday) to cadmium dmaee (mg/kg/day).
C The ratio of the ~ (mrlm.) is an estimate of relative bioavailability (F".).

possibility of an influence of diet on cadmium bioavailability nor is it inconsistent
with data that have demonstrated effects of diet composition on bioavailability of
cadmium in the rat and other species. There is extensive evidence that certain
dietary components can influence the absorption of cadmium from the gastroin-
testinal tract. Those that have been reported to decrease absorption include high
protein. calcium. iron. zinc. and fiber (Andersen et al.. 1992; Friberg et al..
1985). That a given dietary factor decreases bioavailability under specific experi-
mental conditions does not necessarily imply that bioavailability will be less when
chronic exposure is from the diet than when chronic exposure is from drink-
ing water.
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The classic study of James et al. (1985) demonstrated the importance of feeding
behavior and timing of exposure on the effect of diet on bioavailability of lead. This
study demonstrated that the bioavailability'of lead ingested in water (as reflected by
the concentration of lead in blood) was decreased by food intake: however. the mag-
nitude of the effect varied inversely with the latency between meals and the ingestion
of lead. These results suggest that the contents of the gastrointestinal tract at the time
of exposure is an important factor in determining bioavailability of an ingested in-
organic and is ~rhaps more important than the exposure medium in which the in-
organic is contained.

Support for application of this concept to cadmium is provided by the studies of
Andersen et al. (1992), Engstrom and Nordberg ( 1978), Kello and Kostial ( 1977), and
Rabar and Kostial (1981). In each of these studies, the medium of administration of

:1
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cadmium remained the same for each group of animals (water by gavage), but the ad
libitum food varied in composition among the different groups. The animals were fed
different types of food for days to weeks prior to, and after, administration of a single
gavage dose of radiolabeled CdO2 in water. The bioavailability of the cadmium was
determined by measuring whole-body burden after most of the unabsorbed cadmium
was excreted in the feces. Andersen et aJ. (1992) reported that retention (estimated 10
days after dosing) of cadmium in mice decreased with increased fiber content of the
food and that mice fed standard mouse or rabbit pellets retained a much smaller
percentage of the initial dose (0.5-0.8%) than that observed in the other groups fed
semisynthetic diets with varying fat, protein, and fiber content (2.2-4.2%). Rabar and
Kostial (1981) reported retention (estimated 6 days after dosing) of cadmium as 1.8,
8.3, 7.3, and 7.8% of the initial dose in rats fed rat chow, ..tinned luncheon meat,"
whole wheat bread, or milk, respectively. Two studies have reported higher retention
of cadmium (estimated 14 and 28 days after dosing) after a single gavage dose of
radiolabeled CdO2 in water in aduh mice fed milk (5.6 and ~4.0%) than that in adult
mice fed standard rat chow (0.3 and ~ 1.5%) (Kello and Kostial, 1977; Engstrom and
Nordberg, 1978). In all four of the above studies, the medium of administration for
all groups was water, while the type of food ingested was varied among the different
groups. The results of these studies suggest that the uptake of cadmium from water
may be determined more by the nature of the total diet than by the medium of con-
sumption. In addition, absorption of cadmium may vary greatly among different types
of diets, including relatively low absorption from animal chow, compared to that of
foods normally consumed by humans.

It follows that exposure and feeding protocols will be important variables in any
experimental assessment of bioavailability factors that are intended to support ex-
trapolations to human chronic exposure scenarios. In chronic exposure protocols in
which animals are provided food and water ad libitum. the test inorganic will mix
with components of the diet in the gastrointestinal tract regardless of whether it is
ingested in the drinking water or diet; therefore. in studies in which similar diets are
administered, it might be anticipated that bioavailability of the test inorganic in two
media will be similar. However, in acute exposure protocols. relative bioavailability
may vary with timing of exposure to the test inorganic in drinking water (or gavage)
in relation to feeding schedules. Given the above considerations. it is not surprising
that differences in bioavailability of cadmium could not be detected in rats exposed
subchronically or chronically to similar diets with cadmium in the diet or drink-
ing water.

These observations are relevant to the cadmium RfDs and the use of relative bio-
availability factors in risk characterization in general. Human exposure to cadmium
(and other inorganics.) in food and water resembles the chronic ad libilltm conditions
of the studies included in this analysis. The human stomach often contains ingesta.
and the h~man small intestine essentially always contains ingesta. Because cadmium
absorption occurs primarily in the small intestine (Friberg et al.. 1985), it is likely that
cadmium in food and water ingested by humans mixes prior to and during absorption.
Therefore, differences in bioavailability of cadmium. and perhaps other inorganics in
drinking water and food, may not occur in most individuals or human populations.
Studies of humans do not support a difference between the bioavailability of cadmium
in drinking water and food. The average values of percentage absorption that have
been reported range from approximately 1.5 to 10.0%; large variations are observed
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among individuals, with no obvious differences in relative absorption for cadmium
administered in food or water (Ellis et ai.. 1979; Hanagan et ai.. 1978; Kitamura,
1972; Koizumi, 1975; Mclellan et al.. 1978; Newton et al.. 1984; Rahola et al.. 1972;
Shaikh and Smith, 1980; Yamagata et ai.. 1974). However, problems inherent to
measuring whole-body burden of cadmium in humans may obscure the detection of
differences in bioavailability of cadmium in food and drinking water.

We conclude from this analysis that the bioavailability of cadmium in food is not
measurably different from that in water when rats are fed ad libitum. In absence of
data to the contrary, it is reasonable to extrapolate conclusions to humans, who nor-
mally ingest food ad libitum. Therefore, we recommend that distinct RfDs for cadmium
in food and drinking water should not be based on the assumption that the bioavail-
ability of cadmium in drinking water is greater than that of cadmium in food. It would
be.inappropriate to extrapolate results obtained from this analysis to other inorganics.
The kinetics, site, and mechanisms of absorption may be important factors in deter-
mining the extent to which bioavailability of a given inorganic will be affected by
exposure medium. Furthennore, the quality of the data base on which assessments of
relative bioavailability must be based will vary considerably for different inorganics;
this will affect the uncertainty of the assessments. In this latter regard. it will be im-
portant to establish data quality and reporting criteria for both the derivation of relative
bioavailabiJity factors and the design of experimental studies that will support future
assessments of relative bioavailability.

ACKNOWLEDGMENT

This study was suAlOlted in pan by Contla1 No. 68-<:0-0043 from the U.S. Environmental Protection
Agency, Environmental Criteria and Assessment Office, Cincinnati, Ohio.

REFERENCES

AlE, Y.. TANAKA. S.. AND ITOKAWA. Y. (1972). Jpn J. H.I'8'. 28.243. [In Jape- with abstract in English)
Agency for Toxic Substances and Disease Registry (A TSDR) (1992). To.\"icolQKical Profile !ilr Cadmium

U.S. De.-nJnent of He8Jth and Human Services. Public Health Service. Atlanta. GA.
ANDERSEN. 0.. SCHAFER. L.. AND NIELSEN. J. B. (1992). Diet composition determines the bioavailability

of cadmium for intestinal uptake. IARC Sci. Publ. 114. 173-182.
AUGHEY. E.. ScolT. R.. FEu.. G. S.. AND CUN~HAM. C. (19811. Rat ~ cadmium levels and early

renal lesions. In Trace Element Metabolism in Man and Animals (J. M. Gawthome and C. L. White.
ed.). pp. 453-456. AIIIIIalian Academy of Science. Canberra. 1981.

AUGHEY. E.. FELL. G. 8.. Srorr. R~ AND BLACK. M. (1984). Hjsaow-tbokJIy of early effects of oral cadmium
in the rat kidney. Environ. Hmilh Perspect. IS, 153-161.

BARANSKJ. B.. AND SlTAaEK, K. (1987). Effect of oral and inhalation exposure to cadmium on the estrous
cycle in rats. Toxicol. Lett. 36, 267-274.

BERNARD. A. M.. AND LAUWERYs, R. R. (1981). The eft"ects of sodium chromate and carbon tetrachloride
on the urinary excretion and tissue distribution of cadmium in cadmium-pretteated rats. To.\"icrN. Appi.
Pharmacol. 57,30-38.

BERNARD. A.. GoREY. A.. BucHET. J. P.. ROELS. H.. AND LAuWERYs, R. (1980). Sipilicance ofcadmium
levels in blood and urine during long-term exposure to cadmium. J. To.\"iro/. Enl'iron. Ht'alth 6, 175-
184.

Bl;;RNARD. A.. LAUWERvs, R.. AND GENOOUX. P. (1981). OIaracterization of the proteinuria induced by
prolonged oral administration of cadmium in female rats. Toxicology 20, 345-357.

8ERNA.R.D. A.. VIAU. C.. AND LAuWERvs, R. (1983). Renal handlina of human fJrmicrosJobulin in normal
and cadmium-JK)isoned rats. An:h. Toxicol. S3, 45-57.



RUOFF ET AL.158

BERNARD. A. M.. DE RussJs, R.. AMOR. A. 0.. AND LAUWERYS. R. R. (1988). Potentiation of cadmium

nephrotoxicity by acetaminophen. Arch. Toxicol. 63. 291-294.
BoRZELLECA. J. F.. CLARKE, E. C.. AND CONDE, L W.. JR. (1989). Short-term toxicity (I and 10 days) of

cadmium chloride in male and female rats: Gavage and drinking water. J. Am. Coli. Toxicol.8. 377-404.
BuHLER. D. R.. WRIGHT. D. C.. SMITH. K. L. AND TINSLEY. I. J. (1981). Cadmium absorption and tissue

distribution in rats provided low concentrations of cadmium in food or drinking water. J. To.ucol. Environ.

Health 8.185-197.
CARMIGNANJ. M.. AND ~LO. P. (1984). Cardiovascular responsiveness to physiological agonists of male

rats made hypertensive by long-term exposure to cadmium. Sci. Total Environ. 34. 19-33.
COUSINS. R. J.. SQUIBB. K. S.. FELDMAN. S. L.. DE BARI. A.. AND SlLBON. B. L. (1977). Biomedical responses

of rats to chronic exposure to dietary cadmium fed in ad libitum and equalized regimes. J. Toxicol.

Environ. Health 2. 929-943.
DECKER. L E- BYERRUM, R. U.. DECKER. C. F.. HOPPERT. C. A- AND LANGHAM. R. F. (1958). Chronic

toxicity studies. I. Cadmium administered in drinking water to rats. Arch. Ind. Health 18. 228-231.
EAKIN. D. J.. ScHROEDER. LA.. WHANGER. P. D.. AND WfSWIG, P. H. (1980). Cadmium and nickel

influence on blood pressure. plasma renin. and tissue mineral concentrations. Am. J. Physiol. 238. E53-
E61. c

ELus. K. J.. V ARTSKY. D.. ZANZI. I.. AND COHN. S. H. (1979). Cadmium: In vivo measurement in smokers

and nonsmokers. Science 205. 323-325.
ENGSTROM. B.. AND NORDBERG. G. (1978). Effects of milk diet on ga$trointestinal absorption of cadmium

in adult mice. ToxicolOg}' 9. 195-203.
FINGERLE. H.. FtSCHER., G.. AND CLASSEN. H. G. (1982). Failure to produce hypertension in rats by chronic

exposure to cadmium. Food Chem. Toxicol. 20. 301-306.
FLANAGAN. P. R.. MCLELLAN. J. S.. HAIST. J.. CHERlAN. G.. CHAMBERLAIN. M. J.. AND VALBERG. L. S.

(1978). Increased dietary cadmium absorption in mice and human subjects with iron deficiency. Gastro-

enterology 7.841-846.
FOULKES. E. C. (1986). Absorption of cadmium. In Handbook of Experimental Pharmacolog}' (Foulkes.

E. C.. ed.). Vol. 80. pp. 75-100. Springer-Verlag, Berlin.
FOWLER. B. A.. JONES. H. S.. BROWN. H. W.. AND HASEMAN. J. K. (1975). The morphologic effects of

cbroriic cadmium administration on the renal vasculature of rats given low and normal calcium diets.

Toxicol. Appl. Pharmacol. 34. 233-252.
Fox. M. R. (1983). Cadmium bioavailability. Fed. Proc.42. 1726-1729.
FRIBERG. L. (1984). Cadmium and the kidney. Environ. Health Perspect. S4, I-II.
FRIBERG. L. PtscATOR., M.. NORDBERG. G. F.. AND KJELLSTROM. T. (1974). Cadmium in the Environment.

CRC Press. Boca Raton. FL. [As cited in Friberg et a/.. 1985]
FRIBERG. L. ELINDER., C. G.. KJELLSTROM. T.. AND NORDBERG. G. F. (1985). Cadmium and Health: ,4

Toxicological and Epidemiological Appraisal. Vols. I and II. CRC Press. Boca Raton. FL.
GIMLDt. M.. AND PERRIER. D. (1982). Pharmacokinetics. 2nd ed.. pp; 169-180. Dekker. New York.
GROTEN. J. P.. SINKELDAM, E. J.. LUTEN. J. B.. AND V AN BLADEREN. P. J. (1990). Comparison of the

toxicity of inorganic and liver-incorporated cadmium: A 4-wk feeding study in ~ts. Food Chem. To.dcol

28. 435-442.
GROTEN. J. P.. StNKELDAM. E. J.. Muys, T.. LUTEN. J. B.. AND VAN BLADEREN. P. J. (1991). Interaction

of dietary Ca. P. Mg, Mn. Cu. Fe. Zn. and Se with the accum~tion and oral toxicity of cadmium in

rats. FOINi Chern. Toxicol. 29. 249-258.
ITOKAWA. Y.. ABE. T.. TABEt, R.. AND TANAKA. S. (1974). Renal and skeletal lesions in experimental

cadmium poisoning. Arch. Environ. Health 21. 149-154.
JAMALL, I. S.. NAIL, M.. ~OWLS. J. J.. AND TROMBETTA. L D. (1989). A comparison of the effects of

dietary cadmium on heart and kidney antioKidant enzymes: Evidence for the greater vulnerability of the

bean to cadmium toxicity. J. Appl. Toxicol. 9. 339-345.
JAMES. H. M.. HILBURN. M.. AND BLAIR. J. A. (1985). Effects of meals and meal times on the uptaice of

lead from the gastrointestinal tract in humans. Hum. Toxicol. 4. 401-407.
KAJtKAWA. K.. NAKANISHt, I.. AND KURODA, K. (1981). Morphological changes of the kidney and bone

of rats in chronic cadmium poisoning. E.-cp. Mol. Pathol. 34. 9-24.
KANISAWA. M.. AND ScHROEDER., H. A. (1969). Renal arteriolarcha~ in hypertensive rats given cadmium

in drinking water. Exp. Mol. Pathol. 10.81-98.
KAWAMURA. J.. YOSHIDA. 0.. NtSHINO. K.. AND ITOKAWA. Y. (1978). Disturbances in kidney functions

and calcium and phosphate metabolism in cadmium-poisoned rats. Nephron 20. 101-110.



REtA TlVE DIOA V AILABlLnY OF CADMIUM 159

KELLo, D., AND K~AL, K. (1977). Inftuencc of. and milk diet on cadmium absorption from the But.
Toxko/. Appi. PharmDCol. 277-282.

KrrA~ S. (1972). Cadmium absorption and -=cumulation (mainly alx>ut humans) (in JapaIteX). Kankyo
Hokm Rep. 11.42; JapanCM: Public Health Asscx:iation. (As ci~ in Friberg et al.. 1985).

KJELLSTROM, T., AND NORDBERG, G. F. (1978). A kinetic model of cadmium metalx>lism in the human
being. EllYiron. Res. 16, 248-269.

KOIZuMi. N. (1975). Title not available. Jpn. J. Hyg. JO. 300. [In Japanex with abstract in English; As ci~
in Tsudliya. 1978)

KOTSONIS, F. N.. AND KLAA.w;N, C. D. (1978). The relationship of mcta\lothionein to the toxicity of
cadmium after prolonaed oral administration to rats. Toxicol. App/. Pharmacol. 46, 39-54.

~, S. E., AND PIscA TOR. M. (1971). Effect of cadmium on skeJcta\ tissue in normal and cakium-
deficient rats. Israel J. Med. Sci. 7,49S-498.

LOESER. E., AND lORK£, D. (1977). SemM:bronK: oral toxicity of cadmium. I. Studies on rats. Toxicology
7,215-224.

MAOfEMEa, L. AND LORK£, D. ( 1981). EmiJryOCOxK: eWcct of cadmiu,,! on rats upon oral administration.
Toxko/. App/. PhamtacoI. sa, 438-443.

MAn, T~ AND Y~JDA. A. (1974). ~ etrect ofdietary iron and ag;ofbic acid on cadmium toxicity
of rats. NUir. Rep. In/. 10, 139-149.

MANGLER. B.. FISCHER, G.. ~N, H. G.. AND THaNI, H. (1988). The induction and IeVef$ibility of
cadmium-induced nephropathy in rats: Quantitative analytical and histological studies. Trace Elem. Med.
5, 143-149.

MCLEU.AN, J. S., FLANAGAN, P. R.. CHAMBERLAIN, M. J., AND VALBERG, L. S. (1978). Measurement of
dietary cadmium absofJ](jon in humans. J. To.rico/. Enriroll. Heahh 4. 131-138.

MENDENHALL, W. (1968). Introduction to Linear Models and the Design and Analysis of Experiments. pp.
148-150. Duxbury Press, Belmont, CA/CRC Press. Boca Raton, fl..

MUSHAK. P. (1991). Gastro-intestinal absorption of lead in children and adults: Overview of biological and
~~icaI aped$. Chern. Sp«. BitKlYail. 324. 87-104.

NATION. J. R., BouRGEOis, A. E., CLARK. D. E., BAKER, D. M., AND HARE, M. F. (1984). The effects of
oral cadmium ~re on pe8ive aY<*iance in the adult rat. Toxicol. Lett. 20. 41-47.

NEWTON, D.. JOHNSON. P.. LAUY, A. E.. et al. (1984). The uptake by man of cadmium ingested in crab
meat. Hum. Toxicol. 3. 23-28.

NoaA W A. K.. KOBAYASHi, E., AND KONISHi, F. (1981). Comparison of bone lesions in chronic cadmium
intoxation and vitamin D deficiency. En.i"",. Res. 24. 233-249.

OHANIAN, E. V., IWAI. J.. LEITI. G., AND TUTHIt.L. R. (1978). Genetic intluence on cadmium induced
hypertension. Am. J. Ph..'Sio/. 235, H385-H39 I.

PoND. W. G.. AND WALKER. E. F.. JR. (1975). Effect of dietary Ca and Cd level of pregnant rats on
reproduction and on dam and prop:ny tissue mineral concentrations (38606). Prot'. ~. £,;p. Bio/. .'Ied.
148. 665-668.

PRI88LE. H. J.. AND WESWIG. P. H. (1973). Effects of aqueous and dietary cadmium on rat groWth and
tissue uptake. Bllil. EnrirtH!. Conlam. To.\"i(vi. '.271-274.

PRIGGE. E. (1978). Early signs of oral and inhalative cadmium uptake in rats. Arch. To.\"ictH. 40. 231-247.
PRIGGE. E.. BAUMERT, H. P.. AND MUHlE, H. (1977). Effects of dietary and inhalation cadmium on he-

mOtiotJin and hemakx:rit in rats. Bull. Enriroll. Contam. TQ\"i(-o!. 17.585-590.
RAIAR, I.. AND KOSTIAL. K. (1981). Bioavailability ofcadmium in rats fed various diets. Arch. To.\"icol.47.

63-66.
RAHOLA. T., AARAN, R.-K.. AND MIETTINEN, J. K. (1972). Half-time ShKfiesofmeKUry and cadmium by

whole bcxty coontina. In Assessment of Rad;oactire Contamination in Man. IAEA-SM.I SOil 3. pp. 553-
562. International Atomic EnefIY Aaency. Unipublisher. New York.

R<&N8ERG, D. W.. AND KAPPAs, A. (1991). Induction of heme ox~ in the small intestinal epithelium:
A ~~ to oral cadmium exposure. Toxi('%gy67. 199-210.

SAKATA, S., IWAMI. K.. ENOKJ. Y.. KOHZUKI. H.. SHIMIZU, S.. MATSUDA, M.. AND MORIYAMA. T. (1988).

Effects of cadmium on in ritro and in ';1'0 erythropoiesis: Erythroid ~nitor cells (CAJ-E). iron. and
erythropoietin in cadmium-induced iron deficiency anemia. Exp. Hematt}l. 16.581-587.

SHAIKH, Z. A.. AND SMITH. J. C. (1980). Metabolism of onJly inlC$ted cadmium in humans. To.\"icol. Lett
(Special Issue 1).81.

SHAJm, Z. A.. HARNETT. K. M.. PERLIN, S. A.. AND HUANG. P. C. (1989). OIroniccadmium intakeraults
in dose-rela~ excretion of metallothionein in urine. Experienlia 45, 146-148.



160 R UOFF ET At

SORRELl:. R. L. AND G~NO. J. H. (I~). Effect of oral cadmium exposu~ durina pregnancy on
matema1 and fetal zinc metabolism in the rat. Toxicol. Appl. Phamlacol. 102. 537-545.

SPORN. A.. DtNU. I.. AND S~, L (1970). Influence of cadmium administration on caltK>hydrate
and cellular enerJetic metabolism in the rat liver. Rev. Roum. Biochem. 7,299-30S.

STACEY. N. H.. CRAIG. G.. AND MuLLER, L. (1988). Effects of cadmium on natural killer and killer cell
functions in vivo. Environ. Rn. 4S. 71-77.

Statistical Graphics Corporation (STSC) (1991). Rockville. MD.
SUOAWARA. N~ AND SUGAWARA. C. (1974). Cadmium accumulation in OIJ&DS and monality during a

continued oral uptake. Arch. Toxicol. 32, 297-306.
SUNDERMAN. F. W.. JR.. HOPFER. S. M., SWEENEY. K. R.. MARCUs. A. H.. M~. B. M.. AND CREASON,

J. (1989). Nickel at.orptjon and kinetics in human volunteers. StK. Exp. Bioi. Mtd. 1'1, S-II.
TEWARI. P. C.. JAIN. V. K., AsHQUIN. M.. AND TANDON. S. K. (1986). Influence of protein deficiency on

cadmium toxicity in rats. Arch. Em-iron. Con/am. Toxico/. 15, 409-415.
TSUCHlYA. K. (ed.) (1978). Cadmium Studin in Japan: A Review. pp. 45-128. Elsevier/NOrth-Hoiland

BiomedicaJ Press. Amsteniam. .

U.s. EPA (1980). Ambiml Watn' QuaJily Crilma/or Cadmium. EPA ~/S-80.02S. OffIce of Water, Reg-
ulations and Standards. Criteria and Standards Division. Washington. DC. NTIS PB8I-117368.

U.s. EPA (1981). Health Assn.JIMnl /)(xumml.fo, Cadmium. EPA 600/8-81-023. Office of Health and

Environmental Assessment. Environmental Criteria and Assessment Office. Research Trianile Park. NC.
NTIS PB82-IIS 163/12.

U.S. EPA (1986). Drinking Water Crileria /)(xummlfor Cadmium. Final Draft. PreIIered by Life Systems.

Inc.. Oeveland. OH, Contract 68-03-3279. Criteria and Standards Division. Office of Drinking Water.
WIShiDItOn. DC. NTIS PB89-192140.

U.S. EPA (1987). Recommendations for and Doatmentation of Biological J"a/ues for Use in Risk Assessment,
Office of Health and Environmental Asseument. Environmental Criteria Assessment Office. Cincinnati.
OM. ECAo,cIN-SS4. NTIS PB88-179874/AS.

U.S. EPA (1988). Updated Health Effects Assessment for Cadmium. Office of Health and Environmental
A.-eaIDent. Environmental Criteria and A.-.ment Office. Cincinnati. OH. ECAo,cIN-H038a.

U.S. EPA (1989). Risk Assessment Guidance for Sttperjund. Vol. I. Human Health Eva/uation ,\fanlla/.
Part A. OffIce of Emeracncy and Remedial Response. Washington. DC EPA/540-1-89/002.

U.s. EPA (1992). Drinki/tK Water ReguJati(JrlS and Healt/r Advisonn. Office of Drinking Water. Washington.
DC. April. 1992.

u.s. EPA (1994). Integrattd Risk Infomration S.VSlem. Online. Office of Health and Environmental As-
scsment. Environmental Criteria and AS5eS1ment Office. Cincinnah. OH.

UTHE. F. J.. AND CHOU. C. L. (1980). Cadmium levels in selected orpns of rats fed three dietary forms of
cadmium. J. Environ. St..;. Health A15. 101-119.

VIAU. C.. BERNARD. A., LAUWERYS. R.. AND MALDAOUE. P. (1984). Cadmium. analgesics. and the chronic
oIr..;jij~ nephn*s in the female SlJr8lUe-Dawiey rat. Arch. TO.\1Col. 55. 247-249.

WASHKO. P. W.. AND COUSINs. R. J. (1975). Elrect of low dietary cakium on chronic cadmium toxicity in
rats. NUlr. Rep. Int. II. 113-126.

WEIGEL. H. J.. JAOea. H. J- AND ELMADFA.I. (1984). Cadmium accumulahon in rat organs after extended
oral administration with low concentrahons of cadmium oxide. Arch. Environ. Con/am. To.Ticol. 13.
279-287.

Y AMAOATA. N..lwASHIMA. K.. AND NAOAI. T. (1974). Gastrointt'StinalAbsorption o{Cadmittm in Normal

Hwnans. Kankyo HOken Rep. No. 31. pp. 84-8S. Japan Public Health Association. (In Japa~: As
cited in FribeTJ et ai.. 1985)

YUHAS, E. M.. MIYA, T. S.. AND ScHNELL. R. C. (1979). Dose-related alterations in groWth and mineral
disposition by chronic oral cadmium administration in the male rat. To.Ticolog.\' 12. 19-29.

ZALuPs. R. K.. KLOTZBACH. J. M., AND DIAMOND. G. L (1987). Enhanced KCUmulahon of inorpnic
mercury in renal outer medulla after unilateral nephrectomy. To.\:icol. Appl. Pharmacol. 89.226-236,

ZENICX, H.. HASTINOs. L GoLDSMITH. M.. AND NIEWENHUIS. R. J. (1982). Chronic cadmium exposu~:
Relation to male reproductive toxicity and subsequent fetal outcome. J. T(J.Ticol. Environ. Health 9,377-
387.


