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EXECUTIVE SUMMARY

This document summarizes the results from the first phase (Phase I) of a proposed three-year effort to
evaluate the environmental acceptability of tungsten (W) as an alternative to depleted uranium (DU) in
kinetic energy penetrators (KEPs). The objective of this study was to evaluate the environmental
impacts of tungsten in a military context in response to military and congressional concerns regarding
exposures to DU. The primary purposes of this Phase I study were to review the literature for existing
data; to formulate a test methodology that will provide a useful life cycle assessment of the
environmental impacts of tungsten; and to identify where the data gaps exist. In this initial effort, the
environmental pathways by which tungsten chemical species (from penetrator impact fragments and
aerosols), deposited on the soil, might find their way into humans were identified. In addition, a new
computer-based modeling tool was developed which enables predictions of the ways tungsten is
retained and distributed in the body. The toxic effects which might be produced were addressed. This
approach can be applicable to other materials and, in fact, provides a useful tool for comparing the
relative environmental impacts expected from numerous, alternative materials.

An extensive review of the literature reveals that little quantitative information and data are available
to permit reliable simulations of tungsten toxicity in humans. In particular, the relative corrosion
kinetics of each metal, the relative solubilities in corrosive media, and the relative rate of diffusion of
the species through corrosive media under comparable experimental conditions are not readily
available. Like most metals, the corrosion behavior of DU is quite complex and strongly dependent on
the experimental and environmental conditions. The data base describing the corrosion of DU is more
extensive than the one for tungsten. Furthermore, there is a severe lack of direct, one-to-one
quantitative data from all sources directly comparing DU and tungsten. Hence, all simulations
described in this report are not absolute and are not intended to be used for decision-making in
assessing the relative environmental and health hazards/risks associated with DU or tungsten.

The simulations described in this report have been based on the limited, unreplicated test results
reported in various independent studies. The biological behavior and toxic effects of tungsten in
humans have received little attention in previous analyses and present great uncertainties in any
characterization of environmental impacts of tungsten. While numerous bits and pieces of information
on the biological behavior and toxic effects of tungsten were found in the literature, little effort has
been made previously to synthesize this information within a biologically meaningful framework. In
this study, the available fragmented and disparate data on the biokinetics and potential toxic effects of
tungsten were collected, analyzed, and integrated using state-of-the-art biochemical and biokinetic
methodologies developed at Oak Ridge National Laboratory. In the absence of the necessary data, this
approach provides the most reasonable basis for estimating the environmental effects of tungsten that
is currently possible. Several simplifying, qualitative assumptions were made in order to

(1) demonstrate the availability and potential value of the simulation tools developed in predicting the
potential environmental and health impacts and (2) suggest whether there are any indications of
differences in environmental mobility and potential health effects related to the retention of tungsten vs
DU. We have identified clear needs for more data and have concluded that there is an inadequate data
supply to support important decisions regarding the relative environmental impacts of tungsten vs DU.

Although we have attempted to indicate and compare the relative potential for hazards from tungsten
and DU, a detailed investigation of potential health effects of uranium was outside the scope of this
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Phase I study. In the present study, considerations of the toxic effects of uranium were limited to those
addressed in current federal guidance for exposure to uranium. These effects are the toxicity to the
kidneys and the theoretical carcinogenic potential of uranium from its radioactivity. There is little
information on other, more subtle health effects of DU in chronically exposed humans. Both DU and
tungsten are heavy elements and might be suspected of having biological effects similar to those of
other heavy elements. Studies on laboratory animals suggest potential developmental and reproductive
effects for both DU and tungsten.

To help keep the potential hazards of tungsten and uranium in perspective, it should be noted that
industrial experiences with these two elements suggest that both may have a relatively low order of
toxicity. On the other hand, the available data on uranium and tungsten workers may not reveal
relatively subtle health effects of either element on persons exposed, particularly if there is a long
delay in the expression of these effects. Moreover, unlike the historical uranium industry work force,
the general population has a substantial proportion of individuals (e.g., pregnant women and children)
who might be more sensitive to the noncancer biological effects highlighted within this report. Such
effects are teratogenesis, developmental, neurological, and reproductive disorders. In addition, some of
the toxicity data available for tungsten is tainted by the presence of other elements, such as cobalt, that
already have been linked to toxic effects.

When comparisons from simulations and scenarios have been made in this report, it is important to
notice that these are based on the simplifying assumptions (except where noted) about amounts of DU
and tungsten that are available for a particular receptor. Also, it is assumed that the material would be
available in a chemical form that would be soluble in the receptor and hence available for potential
environmental impacts. However, observations of DU and tungsten under ambient conditions suggest
large differences in chemical reactivity and oxidation behavior. In general, such data suggest DU to be
far more reactive than tungsten (Uhlig 1955, Fischer 1960, Leibowitz et al. 1961, Ryle et al. 1960).

Because of the unavailability of one-to-one data comparisons between DU and tungsten and the
simplifying assumptions (made in this report) that tungsten and DU are available, the comparisons of
the relative hazards associated with tungsten and uranium are qualitative indicators only. Despite the
paucity of data, and the simplifying assumptions made, simulations have been run to indicate the
relative qualitative hazards. These results indicate that for some chemical forms of tungsten the
following potential concerns may exist: (1) tungsten appears to have a higher mobility in plants and
some soils compared to DU; (2) tungsten appears to have higher access to systemic regions in the
body than DU that may not be completely negated by tungsten’s higher excretion rate; and

(3) tungsten and DU have not been tested adequately to determine their potential with respect to
cancer and noncancer toxicity. The purpose of the proposed Phase II of this program is to generate the
data and information needed to provide an actual assessment of the relative quantitative hazards
associated with tungsten and DU.

Generating meaningful results from computer simulations or parametric studies necessitates input data
that have been obtained from well-documented and controlled experiments. Reliable predictions of the
relative health and environmental impacts associated with tungsten as an alternative material to DU
requires high-quality input data. The types of information and data needed are (1) the identity of the
prominent, chemical species or forms that are present in the environment and available; (2) the relative
size, amount, and distribution of these species; (3) their relative solubilities in particular receptors
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(water, blood, etc.); (4) the transport of these species in these receptors; and (5) the biological response
to relevant quantities of transported species.

In summary, although these analyses indicate that tungsten’s environmental behavior and health effects
may not be as benign as previously assumed, DU may also have been inadequately studied for both
cancer and noncancer toxicities. Data available for both tungsten and DU are insufficient for choosing
between them from an environmental and health stand point. Additional data are necessary for both
tungsten and DU to ensure that future comparisons can be made on a more nearly common basis.
Descriptions of our future directions to carry out this intention are found within the body of the report
and, in detail, in the Appendixes.
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1. INTRODUCTION

The Army’s environmental program is organized around four major goals: (1) conservation is the
management of Army lands to ensure long-term natural resource productivity and to balance the need
for long-term resource use and resource protection; (2) compliance ensures that current operations at
Army installations and civil project sites meet federal, state, local, and applicable host-nation
environmental requirements and Army regulations; (3) restoration activates cleanup of contaminated
sites; and (4) prevention focuses on eliminating pollution to the greatest extent possible by reducing
hazardous materials use and hazardous waste generation. The Army’s environmental strategy for
investigating material substitution and management is to measure system environmental gains/losses in
all phases of the material management life cycle from cradle to grave. This study is the first in a series
of new investigations, applying material life cycle concepts, to evaluate whether there are
environmental benefits from increasing the use of tungsten as an alternative to depleted uranium (DU)
in Kinetic Energy Penetrators (KEPs).

Current military armor penetrators use DU and tungsten as base materials. Although DU alloys have
provided the highest performance of any high-density alloy deployed against enemy heavy armor, its
low-level radioactivity poses a number of environmental risks. These risks include exposures to the
military and civilian population from inhalation, ingestion, and injection of particles. Depleted uranium
is well known to be chemically toxic (kidney toxicity), and workplace exposure levels are based on its
renal toxicity. Waste materials containing DU fragments are classified as low-level radioactive waste
and are regulated by the Nuclear Regulatory Commission. These characteristics of DU do not preclude
its use in KEPs, given the thorough management procedures that are being implemented by the Army.
However, long-term management challenges associated with KEP deployment and improved public
perceptions about environmental risks from military activities might be well served by a serious effort
to identify, develop, and substitute alternative materials that meet performance objectives and involve
fewer environmental risks. Tungsten, a leading candidate base material for KEPs, is potentially such a
material because it is not radioactive. Tungsten is less well studied, however, with respect to health
impacts and other environmental risks. The present study is designed to contribute to the understanding
of the environmental behavior of tungsten by synthesizing available information that is relevant to its
potential use as a penetrator.

The report is organized into eight ‘chapters and seven appendixes. In Chapter 2, background
information is presented on the performance characteristics of materials that make them useful in
KEPs. Chapter 3 describes the methodologies used in this study to address the environmental potency
of tungsten compared to DU. The environmental mobility of tungsten and comparisons to DU are
presented in Chapter 4. In Chapter 5, model simulations of the biokinetic behavior of tungsten in
comparison to DU in humans is documented. This work represents the first stage of sorting out the
common and different bioreceptor sites at which to look for long-term health responses from retained
penetrator materials. Chapter 6 examines relevant toxicological data for application to humans for
neurological, reproductive, and developmental toxicity effects. This chapter also presents modeling
results for determining possible cancer potency. Chapter 7 provides an initial look at the types of
simulations that will be possible in later phases of this program. The investigators have provided an
analysis of a single scenario involving both the inhalation and the ingestion pathways. This work
demonstrates that sufficient pieces of information and models have been assembled to conduct a
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preliminary quantitative environmental assessment of tungsten as a penetrator material and to identify
the most critical data gaps.

Chapter 8 presents major conclusions of this first phase and a discussion of some of the potential
consequences of the conclusions, as well as uncertainties that can only be removed with additional
data. This chapter also highlights brief descriptions of data gaps and additional biological studies that
are considered to be important in either validating data that require replication or in providing
necessary confirmation of trends.
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2. BACKGROUND

Tungsten is used in materials for armor penetration because of its high density of 19.3 g/cc. In many
KEP applications, density is of primary importance because it is directly proportional to the quantity of
kinetic energy per unit area that is available to defeat the target. In these applications, tungsten is one
of a very limited number of high-density materiais that can be considered for use. Tungsten is the

most dense metal, with the exception of the much rarer element rhenium and four precious metals,
gold, platinum, iridium, and osmium. The only two other elements that have densities above 16 g/cc
are tantalum at 16.6 and uranium at 18.9 g/cc. The cost of tantalum is about 10 times greater than that
of tungsten. The costs of the high-density precious metals are roughly a factor of 100 greater than
tungsten. As a practical matter, only tungsten and DU have the combination of availability, cost, and
the high density needed for these armor penetrating applications.

Although armor penetration in general requires a high density for increased penetration performance,
there are a range of other property requirements that include those important to the penetration event
itself, those related to launching of the penetrator, and those related to manufacturing and storage. The
property requirements can vary for different types of targets and different weapon systems.

Sintered tungsten alloys have been used for many years for armor penetrating applications. The alloys
typically contain 90 to 97% tungsten by weight. The remainder of the material is a binder that consists
mostly of nickel, with lesser amounts of iron and/or cobalt. These materials are produced by blending
elemental powders, pressing the powders to a specific shape, and sintering them at a temperature
above the melting point of the binder but well below that of tungsten. The alloys have densities lower
than that of pure tungsten but have properties not possessed by pure tungsten. The alloys can be
processed much more easily than pure tungsten because much lower processing temperatures can be
used. Unlike pure tungsten, the alloys are readily machinable. The alloys also have much greater
ductility and toughness than pure tungsten.

DU is used as an alloy for armor penetrators because of its high density and ready availability as a
low-cost byproduct of uranium enrichment operations. The most common alloy in use is the
uranium (0.75%)/titanium (by weight) material. This alloy has the best combination of strength and
ductility of the uranium alloys and has moderate corrosion resistance (ASM International 1990).

The penetration performance of tungsten alloys vs uranium alloys depends on the type of penetrator
used, the nature of the target, and a range of system considerations. Tungsten materials are uniquely
well suited to many applications of small calibre penetrators and penetrators with a low ratio of L/D
(length to diameter) (Dowding et al. 1994). Values of L/D less than 8 are representative of those used
against light armor. The materials properties that are important in this type of application are strength,
toughness, and stiffness. These properties become important in the case of an oblique impact of the
penetrator with the target and for multiple impacts with a target. In these types of applications the
performance of tungsten alloys is found to be equivalent or superior to that of DU alloys. For instance,
in penetrators used to defeat anti-ship missiles, the tungsten alloy has been found to be superior to that
of the best DU alloy and is replacing the production DU round previously used.




Penetrators with large L/D ratios are needed to obtain the high energy density necessary to defeat
heavy armor. Values of L/D of 15 and higher, are used in these applications. Although materials
properties such as strength, ductility, and toughness remain important to overall design, including the
launch of the penetrator and its performance against oblique and spaced targets, the controlling factor
in the penetration through thick armor is the deformation behavior of the penetrator material under
conditions of high compressive stresses, high strain rates, and rapid generation of heat. Under these
circumstances, DU outperforms tungsten alloys. Penetration tunnels seen in thick “semi-infinite”
homogeneous steel targets show that uranium alloys produce a more narrow tunnel through the steel
than do tungsten penetrators of the same dimensions. This is caused by a mushroom shape produced at
the head of the tungsten alloy as it moves through the armor. The uranium alloy, in contrast, maintains
a point shape at the head of the penetrator to produce a narrower and deeper hole. This behavior is
associated with a different mechanism of the deformation of the uranium alloy known as adiabatic
shear, a phenomenon that is only partially understood and that does not correlate with any normal
engineering measurements of strength or ductility. In addition, the relative performance of uranium and
tungsten alloys in penetration of steel has been shown to be a strong function of the impact velocity
(Magness 1993). At impact velocities in the range of 100 to 1300 m/s, the penetration depth of the
tungsten alloy is on the order of 15% below that of the uranium (0.75%)/titanium alloy. As impact
velocities increase, the relative performance of tungsten alloy improves, and at 1700 m/s the difference
in penetration depths is less than 5%. At this velocity or higher, the mechanical properties of strength,
stiffness, ductility, and toughness are again of primary importance, and the existing tungsten alloys or
some small modifications of these materials could produce a performance superior to that of the
uranium alloy materials.

The demonstration of a tungsten alloy penetrator with penetration performance equivalent to that of the
uranium alloy at impact velocities near 1300 m/s has been a goal of Army-sponsored research for
several years. Although considerable progress has been made, the goal has not yet been achieved.
Consequently, it is not possible to state what composition such a tungsten alloy might have. It is
reasonably certain that the tungsten content would be at least 90% by weight in order to achieve the
necessary overall density of the alloy. The alloying elements that are currently under most active
investigation include hafnium, titanium, iron, nickel, and aluminum. A number of other alloying
elements, including manganese, cobalt, and zirconium, are also potential candidates.

An extensive review of the available literature reveals a severe lack of direct, one-to-one quantitative
data directly comparing the corrosion and oxidation characteristics of DU and tungsten. The relative
corrosion kinetics of each metal, their relative solubilities in the corrosive media, and the relative
diffusion rate of the species through such media under comparable experimental conditions are not
readily available. The specific types of data necessary to permit reliable simulations are (1) the identity
of the prominent, chemical species or forms that are present and available; (2) the relative size,
amount, and distribution of these species; (3) the relative quantities of the species available; (4) the
relative chemical stability of these species; (5) their relative solubilities in particular receptors (water,
blood, etc.); (6) the transport of these species in these receptors; and (7) the biological response to
relevant quantities of transported species.

Although there is quite a bit of information available on DU and its corrosion behavior, there is
relatively little for tungsten. Like corrosion of so many materials, the corrosion behavior of DU is
quite complex and is strongly dependent on the experimental conditions under which it was evaluated.
Consequently, comparisons of the relative hazards associated with tungsten and uranium are qualitative
indicators only. When comparisons have been made in this report, the simplifying assumptions have
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been (except where noted) that equal amounts of DU and tungsten are available for a particular
receptor and that all of each material would be available in a chemical form that would be soluble in
the receptor.

Qualitatively, experimental observations on DU and tungsten under ambient conditions seem to suggest
that the characteristics and nature of the oxides that form on DU and tungsten are quite different.
Tungsten does not rapidly oxidize below 600°C (1100°F) in air, or below 500°C (950°F) in oxygen,
although a faint discoloration may form (Uhlig 1955). Tungsten is not affected by air at room
temperature when it is in other than powder form. Tungsten begins to oxidize at 400 to 500°C (750 to
930°F) (Fischer 1960). Uranium, however, is a highly reactive metal in oxygen or air. Even at room
temperature it tarnishes readily, and at temperatures as low as 125°C (250°F), it forms an oxide at a
rate of almost 100 pg/cm*day (Liebowitz et al. 1961). Ryle et al. note that massive uranium reacts at
room temperature with air, oxygen, hydrogen, water, water vapor, and, of course, more reactive
substances (Ryle et al. 1960). Tungsten can form at least three oxides: UOQO, UO,, and UO,. However,
in general, the uranium oxides are not protective. When freshly polished, DU has a dull silvery hue,
and when exposed to room air, it becomes a straw color within a few minutes. Within a few days, the
film darkens to a blue-black. As the oxide film thickens, it assumes the black powdery appearance of
UO,, and the film ceases to be protective. U,O; and UO, are nonprotective from the outset. As
uranium-oxide films thicken, they crack and crumble, exposing fresh metal to attack (Fischer 1960).
Hence, one would anticipate that under comparable room temperature exposures, there would tend to
be more uranium oxide than tungsten oxide present and available.
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3. SCOPE OF WORK, APPROACH, AND METHODOLOGY

3.1 MULTIPHASED APPROACH

The scope of this report is to assess the environmental mobility of tungsten, its fate in the
environment, and its potential toxicity to humans. This study is the foundation of an approach that is
multiphased and organized to collect essential data for achieving the goals of a multiyear material life
cycle assessment of KEPs. The objective is to isolate and address environmental contributions and
health concerns associated with a hierarchy of candidate materials, starting with the base materials
(tungsten and DU) and quantifying effects contributed by alloy materials. Throughout the study an
advisory board composed of scientific experts and U.S. Department of Defense (DOD) program
representatives has helped focus and guide the work. The board’s role has been to provide the research
team with timely advice on what types of research information would better support decision making
on KEP materials.

If equivalent deployment performance of tungsten and DU alloys is achieved, the decision on the
material of choice may hinge on the cumulative environmental management and control measures
needed for one material vs another in all stages of the material life cycle. The key material life cycle
stages for KEPs include manufacturing, transport, storage, testing/training/deployment, and
cleanup/recycle. Each stage involves military activities unique to that stage that produce different
environmental effects caused by the interplay of several environmental pathways including land, water,
air, and the food chain. All pathways are potentially involved in transporting KEP materials.

The approach we take is one that will ultimately feed a computer-based environmental fate and
transport model. That is, given a release of tungsten to air, soil, or a water body, how does the
tungsten change chemically over time and move within the different environmental media to a point of
intake by humans? The input needed for the environmental fate model includes information on how
tungsten is changed by chemical and biochemical mechanisms over time; how plant tissue absorbs
tungsten from the soil; how animals take tungsten into their tissues, and how the food sources
contaminated with tungsten are ingested by humans. Also important are the transport of tungsten to
drinking water sources and how tungsten could be suspended or resuspended in the breathing air of a
human. Once a human is exposed to tungsten, we need to know how the element was transported
within the body. Finally, given an intake of tungsten, what diseases or toxicological effects does it
cause? Thus, many parameters must be characterized before an integrated model can be used to
evaluate activities in the military life cycle of KEPs and to establish appropriate management/control
procedures to minimize risk to humans and other environmental resources.

3.2 ANALYTICAL STRUCTURE

The analytical structure of this study has been designed around a science-based assessment of relevant
data collected from literature, in contrast to long-term environmental experiments that are outside the
scope of this preliminary environmental screening. State-of-the-art mathematical modeling was used to
characterize the environmental and biological behavior of tungsten in order to identify critical data
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gaps. Recognition of these lead to a prioritized set of focused experiments and tests to fill in missing
information.

3.2.1 Literature, Industry Interaction, and Model Simulation

The tungsten literature contains limited information directly useful for understanding tungsten’s
behavior in the environment. The concept of using tungsten in place of, or in addition to, DU for
heavy armor penetrators has been evaluated several times over the past several decades. More recently,
several reviews focusing on the toxicity of tungsten have been prepared under Department of Army
sponsorship. These reviews focused on several aspects of tungsten in addition to the toxicology of the
metal, but none focused solely on tungsten toxicology. In these studies tungsten toxicology data were
usually tabulated and were restricted in scope. Few analyses were provided on the potential health
impacts of tungsten, the limitations on interpretation of the data, and the specific additional
information necessary to better support decision making.

_ In this study, a broadly based literature search, followed by evaluation and modeling, was aimed at
identifying some of the fundamental limitations of available tungsten environmental and health data as
well as developing up-to-date information regarding potential environmental impacts of tungsten. To
better facilitate a comparison between tungsten and DU, selected information regarding DU was
collected.

The literature search involved utilizing relevant data bases, examining the reference sections of
acquired articles, and contacting persons with knowledge about tungsten or DU research. Examples of
the computer-based systems that were used to obtain information about potentially relevant articles are
as follows.

+ Applied Science & Technology Index

* Chemical Abstracts

+ DOE 1986-1994, Science and Technology

» DOE 1974-1985, Science and Technology

» Defense Technical Information Center (DTIC)

» Hazardous Substance Data Base

¢ Medline

* National Aeronautics and Space Administration Aerospace Data Base

¢ National Technical Information Service (NTIS)

* OASIS, Lockheed Martin Energy Systems (LMES) On-line Library Catalog

* Registry of Toxic Effects of Chemical Substances

» The New York Department of Health library and homepage

* World Wide Web (WWW) including the U.S. Environmental Protection Agency (EPA) WWW
server.

Another potential source of tungsten environmental data is private industry. Industries often keep
records of personnel for insurance reasons and, while we at Oak Ridge National Laboratory (ORNL)
have spent years in some cases performing epidemiological analyses of such records, many difficulties
associated with human records were met. The occupational work force within the United States for
people exposed only to tungsten metal is so small, and possibly not adequately identifiable, that it did
not seem appropriate at this early stage to suggest human-based studies. Later phases of this work will
investigate the need for pursuing this longer-term source of data. However, one goal of this study is to.
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maintain efforts to continue to collect relevant data and to catalog studies completed by industries
involved in tungsten use.

In collecting data, knowledge about the ultimate use of chemical and biological data dictated the types
and forms of data needed. Careful screening of available data was undertaken, and selected data that
are consistent with that collected from long-term epidemiological studies for hazardous materials were
used to project the toxicity of tungsten. It was not adequate to say that toxicological data were needed.
What is actually needed is the development of a model of a disease or toxic condition caused by some
type of tungsten intake. Thus, this phase of work required the investigators to critically evaluate data
and develop models of potential harm. These models are not detailed computer programs but rather
conceptual frameworks around which to weave available data; the focus might be on environmental
mobility, plant and animal uptake, or potential potency for biological effects such as cancer,
reproductive effects, or neurological effects. Obviously a model for a toxic response for which there
are no supporting data could not be developed. The question was, for what types of models were there
adequate data to be successful?

Using the approach just described, preliminary comparisons of tungsten and DU have been assembled
and data gaps have been identified. The preliminary comparisons presented in this report will be
refined in subsequent phases of this program with data collected from narrowly focused tests and
experiments.

3.2.2 Preliminary Material Environmental Comparisons and Key Environmental Concerns

To make preliminary comparisons of the two base materials, the question central to the issue was “Is
there any difference in environmental impacts between tungsten and DU?” Initial meetings with the
program's advisory board led to the understanding that, when DOD said environmental effects, the
interest was primarily in environmental transport to and effects on humans. Health impacts resulting
from injuries were not considered. Of significant and growing importance is the fact that practice
ranges and other test sites are becoming more visible with regard to potential radiation exposures from
uranium deposited in the soil.

To evaluate whether similar concerns may arise with tungsten, a critical step is to conduct a screening
level analysis of the environmental impacts of tungsten penetrators. Building on recommendations of
previous studies, the most important unknowns in the critical path were (1) biokinetic distribution
within the human body of tungsten after initial exposure and (2) toxic effects of tungsten retained by
the human receptor. If these two elements in the critical path remain unknown or uncertain, other types
of information cannot be used to solve the central question. These facts must be known early so that
additional specific studies can be recommended. Other parts of the overall environmental transport
model are also important, and some effort is devoted to identifying environmental mobility factors for
tungsten and DU.

Public concerns about new materials introduced into the environment are usually embodied in such
questions as:

Is the new material carcinogenic to humans?

* Is the new material responsible for adverse reproductive or developmental effects?
Are there any adverse neurological consequences from exposure to the new material?
» Are there any adverse metabolic effects consequent to exposure to the new material?
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The answers to these questions and many others related to the life cycle of tungsten penetrators can be
developed only within the context of a phased program of multiyear dimensions. This program begins

with a review and interpretation of available data, augmented with simulation modeling, and followed

up by specific gathering of data by experiments and their analyses.

3.3 PHASE I: CY 1995

Within Phase I of this multiyear program, we concentrated on the issues most central to answering the
previous four questions related to potential health impacts. The two most important unknowns in the
critical path were (1) distribution of tungsten within the human body after an initial exposure and

(2) the toxic effects of tungsten. In addition, because of the importance of environmental transport in
delivering environmentally deposited materials to the receptors, our initial effort also includes a review
of available environmental transport factors for tungsten. Finally, in an attempt to address a realistic
situation, we focused our application efforts on a simplified scenario involving the inhalation and
ingestion pathways. The three building blocks, environmental pathways, biokinetics, and potency
methods are described briefly in the following sections. In the chapters that follow, each area is
developed in detail and integrated into the scenario analyses presented in Chapter 7.

3.3.1 Environmental Pathways

Human exposure to tungsten or other penetrator materials requires the bioavailability of the material,
which in torn depends on a source term and the movement of the material through the environment.
Tungsten may be available for human exposure through the following environmental pathways: air,
water, soil, and the food chain. Transfer factors for biological uptake of tungsten and DU used in the
exposure model are presented in the environmental transport chapter (Chapter 4). Also presented
briefly are the types of environmental transport models that could be used to evaluate tungsten
mobility. Although this report describes only briefly several potential exposure pathways, later phases
of this program will assess realistic scenarios based on actual experience and projected situations
involving water, air, and food chain distribution of tungsten.

3.3.2 Biokinetics

Once an understanding of the environmental pathways is established and the environmental transfer
factors identified, the next building block for the scenario analysis is the distribution pattern within the
human body. Previous work by the authors demonstrated that state-of-the-art modeling efforts based on
physiological considerations can be used to increase our understanding of the biokinetic behavior of
contaminants in humans. During the first phase, we have found it necessary to formulate a completely
new, physiologically meaningful model (e.g., a systemic biokinetics model for tungsten), modifying
existing submodels where appropriate (the respiratory tract module), and using existing submodels
without modification where appropriate (gastrointestinal tract module). Because of the inadequate
treatment in the literature, pursuing a state-of-the-art simulation of the behavior of alternative
penetrator materials in the environment and in the human body is the only technically sound approach
to identifying and addressing the host of issues that might have an influence on the human health
outcome and subsequently the materials life cycle decision process. In this study, the synthesis of
fragmented and disparate literature information is guided by the application of biochemical and
physiological principles and state-of-the-art assessment tools.
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3.3.3 Potency Evaluations

Determination of the relative environmental hazards of tungsten and DU requires a careful
understanding of the toxicological aspects of tungsten and DU. Roughly 40 years of biological studies
have been devoted to understanding uranium bioeffects, and still there are some uncertainties.
Relatively few data exist for tungsten, and no comprehensive assessment of the tungsten literature has
been performed with a focus on quantifying potential human health impacts. This study includes the
first serious attempt to evaluate existing literature in terms of quantitative values for the biological
endpoints of interest for the environmental perspective (e.g., cancer, reproduction, neurotoxicity, and
metabolic effects).

For the toxicological analysis a methodology is applied that allows the use of less-than-optimal data to
predict results that would be found with long-term whole-animal cancer studies. It is based on an
understanding of the developmental processes in cancer, on relative comparisons, and on the entire
knowledge base of well-studied carcinogens. The relative potency methodology that is applied to

_ tungsten has been used to assist the priority ranking of sites within the Installation Restoration
Program of the U.S. Air Force and the entire DOD within the Defense Priority Model. The
methodology has undergone validity checks through predictions of future outcomes of the National
Toxicology Program’s two-year animal cancer studies and has been tested and evaluated in 20 open
literature publications.

In the following three chapters, these methodological elements are described in more detail and the

preliminary findings are documented for use in the scenario analysis. The environmental transport of
tungsten and DU is addressed in Chapter 4.
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4. ENVIRONMENTAL TRANSPORT OF TUNGSTEN AND DU

4.1 ENVIRONMENTAL EXPOSURE CONCEPTUAL MODELS

The manufacture and use of metal penetrators can lead to metal accumulation in the environment,
transport through the environment, and eventual human exposure. The potential environmental
transport pathways for human exposure to metal penetrators are presented in Fig. 4.1. Test range
operation is illustrated, but other material management life cycle stages such as manufacturing and
deployment are also potentially major sources of releases into the environment.

Once the penetrator material has reached an environmental medium (i.e., air, soil, or water), and has
been chemically or biochemically transformed from the metallic state to a soluble metal compound, the
material can be either taken directly into the body (i.e., inhalation, ingestion of soil, and ingestion of
water) or introduced indirectly. Indirect routes of exposure could result from the metal being
transferred to plants or animals that humans eventually consume. Another potential indirect exposure
route is through infant ingestion of its mother’s milk. This pathway is not considered further because
the transfer of tungsten from mother to milk is more an issue of biokinetics (and is also beyond the
scope of this Phase I report). Therefore, the potential indirect exposure routes discussed include
ingestion of vegetation, meat (e.g., beef), milk, eggs, and fish. To determine the amount of material
that an individual may be exposed to, the source terms, transport to the receptor, and any transfers
between environmental media (e.g., soil to plant uptake) are needed. Details about these transport
mechanisms and transfer coefficients for air, water/soil, and foodchain pathways are presented in
Section 4.3.

Human inhalation or ingestion exposure models can calculate a certain mass intake of tungsten through
the pathways just described. The intake depends on the concentration in the exposed medium (e.g., air)

to which an individual is exposed, the intake rate, and the exposure time. This model is represented by
the following generic equation:

M, =C, IR, + ET , 4.1)

M; = the mass intake of tungsten (or other penetrator material) for exposure pathway i (mg),

C, = the concentration in exposure medium i (mg/m’® in air; mg/kg in soil, vegetation, meat,
eggs, and fish; or mg/L in water and milk),
IR, = the intake rate of exposure medium i (m*y of air; kg/y of soil, vegetation, meat, eggs, and

fish; or L/y of water and milk),
ET = the exposure time (y).

Equation 4.1 results in a mass (M) of tungsten taken into the body. For use in biokinetic modeling and
toxicological evaluations, intake into the body is often expressed as a mass of material per unit mass
of body weight. Therefore, the unit intake is calculated as the M in Equation 4.1 divided by the mass
of the exposed individual:
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I = M/BW (4.2)

where
I = the unit intake of tungsten (or other penetrator material) per mass of exposed individual
(mg/kg),
M = the mass intake of tungsten (or other penetrator material) (mg),
BW = the body weight of the exposed individual (kg).

The intake rates of various exposure media (e.g., air, water, and vegetation) have been reported in the
literature and are presented in Table 4.1. Although there may be a large range for different populations
or individuals, using average values is adequate for the type of qualitative, comparative analysis in this
report, which is intended to compare tungsten to DU. As long as the same values are used for both
evaluations, the absolute numbers are not of critical importance.

The concentrations (C,) in Equation 4.1 depend on the transport and transfer phenomena for each
exposure medium. Computer-based environmental fate and transport models can be used to determine
the concentrations needed for Equation 4.1. Section 4.3 (“Environmental Transport and Transfers”)
describes conceptual transport models for such computer-based models and presents transfer
coefficients required to calculate exposures.

4.2 NATURALLY OCCURRING TUNGSTEN

Vinogradov et al. (1958) found tungsten in various rock to vary between 0.77 and 2.4 ppm. Fu and
Tabatabai (1988) reported tungsten to range between 0-2 ppm (dry weight) in an agricultural soil from
Jowa and found means of 1.9 ppm and 21.4 ppm in two agricultural soils from New Zealand. The
mean value for Iowa soil was 0.89 ppm. Furr et al. (1976) found tungsten at 2.1 ppm in soil near
Ithaca, New York. In a separate study, Furr and colleagues (1978) found tungsten at 1.3 ppm in soil
from the same area. Shaclelette et al. (1978) reported tungsten to range from 5 to 100 ppm (dry
weight) in Rocky Mountain trees and shrubs. Furr et al. (1977) found cabbages grown in fly
ash—amended soil to accumulated tungsten concentrations from 0.2 to 1.7 ppm dry weight. Levels of
tungsten in air, water, and aquatic ecosystems were not found in this initial review.

4.3 ENVIRONMENTAL TRANSPORT AND TRANSFERS

Transport through the air, water, soil, and foodchain are described in this section. Nonsite-specific
parameters for assessing the environmental transport and transfer of tungsten and DU are also
provided. :




Table 4.1. Intake and consumption rates of exposure media

Exposure medium Value Source

air 8400 m*/y* ICRP 1994, ICRP 1975
soil 0.037 kg/y* EPA 1990, NRC 1975
water 730 Lty EPA 1990

vegetation 190 kgfy NRC 1977

meat 83 kgly ICRP 1975

milk 110 Lty NRC 1977

eggs 17 kgly ICRP 1975

fish 8 kgly ICRP 1975

“The inhalation rate is for an average adult, combining inhalation
during sleep, rest, and light activity over a year (ICRP 1994).

*The soil ingestion rate is for an average person above 7 years
old consuming the daily average 365 days of the year and accounts
for ingestion of outdoor soils and indoor dust. Children under 7 years
old consume double that amount.

‘Includes fruit, vegetables, and grain (NRC 1977).

4.3.1 Air Pathway

Tungsten can be emitted into the atmosphere from manufacturing the material, from aerosolization of
the material upon contact, and from resuspension of material that has deposited onto the soil. Once
tungsten is in the atmosphere, humans in the immediate vicinity can inhale the surrounding air, or the
tungsten can be dispersed through the atmosphere and transported to a human receptor at a remote
location. Fig. 4.2 highlights the inhalation-specific transport pathways.

The first step in quantifying an exposure to airborne tungsten is determining the source term. In the
case of manufacturing, tungsten particles may be released in stack emissions. Releases to air from
firing of the penetrators (from test ranges or actual military operation) would result from the
aerosolization of the tungsten upon contact with the target or other interceptor or from smoke plumes
of resulting fires. This source term can be modeled to obtain a concentration in the air.

Once released to the atmosphere, tungsten would transport, disperse, and deposit downwind of the
release. Manufacturing emissions resulting in a continuous plume are often modeled using the
Gaussian plume equation, which predicts downwind atmospheric concentrations. Releases associated
with penetrators contacting a target would be virtually instantaneous. The Gaussian puff equation is
often used to estimate downwind concentrations of instantaneous releases. The concentration of
tungsten in the air, to which a receptor is exposed, also depends on the amount that is deposited on the
soil surface and then resuspended by the wind. Modeling these mechanisms requires knowledge of
site-specific parameters (e.g., wind speed and precipitation), precluding further discussion in this
generic pathway description.
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Fig. 4.2. Detailed schematic of environmental pathways.

Using a concentration calculated with the appropriate dispersion model, the mass intake (M) from
inhalation is calculated in Equation 4.1. The unit intake (/) of tungsten in Equation 4.2 is then used in
biokinetic modeling and toxicological evaluations. Which chemical forms of the tungsten become
airborne is an important quality to know. Different chemical forms can result in orders of magnitude
differences in movement through the environment or human receptors.

4.3.2 Water and Soil Pathways

The presence of tungsten or other penetrator material in surface water could result from liquid

effluents released during the manufacturing process, from test firings directly into surface waters, and
from wet or dry deposition of the metal in the air. In addition, direct deposition of the metal onto soil
(in addition to wet or dry deposition from air) could place the metal in the soil. This metal is initially
largely insoluble. Dissolution and corrosion will result in chemical compounds of tungsten that could
then leach into groundwater or surface water. Human exposure could result from the ingestion of water
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or soil. The actual exposure depends on the temporal and spacial relationship between the
contaminated medium and the human receptor. For example, a child could consume contaminated soil
long after the tungsten is deposited. With time, some of the metal may leach out of the soil, thus
reducing the exposure. In another example, surface water or groundwater might be contaminated but
the specific location where the water is contaminated not be used as a drinking water source.
Therefore, transport to the drinking water source would need to be modeled. To conduct a water/soil
pathways analysis, a generic conceptual model that incorporates site-specific geometry and water-flow
pathways can be developed.

The transport of tungsten in soils (e.g., bioaccumulation in plants and leaching into the ground surface
and groundwater) is related to its ability to sorb onto soil particles or solubilize in water. A measure of
tungsten’s expected behavior in the soil is provided by the soil-water partition coefficient, K,, which is
given by:

Kd = [C]soil/[C]wawr ? (43)
where
[Cl,; = the concentration of tungsten in the soil (mg/g) and
[Cl.aer = the concentration of tungsten in the soil water (mg/mL).

K, is a “lumped” parameter that is essentially the ratio of the concentration of the chemical in all soil
components measured in a given study to its concentration in soil water (or extractant or leachate).

No measurements of tungsten K, were identified in this review. However, Baes et al. (1984) found an
inverse relationship between an element's K, and soil-to-plant concentration factors (CFs) and used
their analysis of tungsten soil-to-plant CFs to estimate a tungsten K, of 150 mL/g. Using this
relationship and a new tungsten CF determined in this review (see following section), a tungsten

K, = 30 is predicted.

Using the K, and site-specific data in a water and soil transport model, concentrations of tungsten in
soil and water can be calculated. These concentrations are then applied to Equations 4.1 and 4. 2 to
calculate the intake of tungsten.

4.3.3 Food Chain Pathway

Assessing human exposure through the ingestion of contaminated foodstuffs requires knowledge about
the transfer of tungsten from the environment to the food. Two factors representing the major transfer
pathways are presented: soil-plant CF and terrestrial animal biotransfer factor (BTF) (e.g., animal feed
to beef).
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4.3.3.1 Soil-Plant Concentration Factor

The uptake of tungsten into terrestrial plants such as vegetables, herbs, fruits, and forage grasses may
occur through root uptake or deposition on leaf, stem, or fruit surfaces from the air (e.g., through
resuspension of dusts). The root uptake of tungsten from soil into plants may be estimated by:

[C]plam = [C]soil * CFplant 4 (44)
where
[Clya = the concentration of tungsten in the edible part of the plant (mg/g),
[Cl..y = the concentration of tungsten in the root zone of the soil (mg/g, usually assumed to be
the top 15 cm of soil),
CF,.. = the concentration factor for tungsten in the edible portion of the plant (unitless).

It follows from Equation 4.4 that the tungsten CF is simply the ratio of tungsten concentration in the
edible plant part to that in soil. Estimates of CF for tungsten (Table 4.2) are derived from the studies
where tungsten uptake into plants has been measured experimentally in the laboratory or where
associated soils and plants have been sampled in field survey studies.

Once the concentration in the plant is calculated, the value is substituted into C; of Equation 4.1 to
obtain the mass intake from the human consumption of contaminated plants. This in turn is substituted
into Equation 4.2 to obtain the unit mass intake for further biokinetic and toxicological evaluations.

Three studies were found upon which to derive tungsten CFs. Individual “measurements” of the
tungsten CF ranged between 0.07 and 3.8. Based on a review and analysis of these three studies, a CF
for tungsten of 0.3 is now recommended. This value is approximately 35 times larger than the CF for
uranium reported by Baes et al (1984). The recommended tungsten CF value is also larger than the
value (0.045) reported by Baes et. al. (1984) by a factor of about eight and three times larger than the
value of 0.1 currently used by the International Atomic Energy Agency (IAEA) in performing dose
assessments.

A review and analysis of the basis for the tungsten CF value of 0.3 follows. Table 4.2 provides a
summary of the individual studies used in this analysis.

Baes et al. (1984) selected a tungsten CF value of 0.045 for use in a terrestrial transport model used
by the EPA in demonstrating compliance with the National Emissions Standards for Hazardous Air
Pollutants (NESHAPs) under the 1977 amendments to the Clean Air Act (CAA). Two of the
references reviewed here were available in 1984, but the tungsten CF derived from these references
was higher than the value of 0.018 previously used in performing dose assessments (Ng et al. 1968)
and was essentially equal to the CF for molybdenum—a tungsten analog. Baes et al. opted to estimate
a CF using an approach that took into account the position of tungsten on the periodic table and CFs
derived for elements in corresponding rows and groups. This approach predicted a lower CF (0.045)
than that derived from the experimental studies but satisfied expected tungsten behavior compared with
molybdenum. Upon further review of these two references and examination of an additional reference,
a soil-plant tungsten CF of 0.3 now appears more reasonable.
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Table 4.2. Tungsten CFs derived from a review of the literature

Soil Plant CF Comments Reference
0.89 0.18 0.20  Field study. Mean of 18 soils, Fu and Tabatabai 1988
representing the major cultivated
soils of Iowa. Mean of 22
agricultural plant samples. Plant and
soil samples are not necessarily
related to each other. Both soil and
plant concentrations on a dry weight
(mg/kg) basis. May include
contribution from resuspended dusts.
0.1 0.38 3.8 Pot Study. Study measuring '®*W in Wilson and Cline 1966
barley grown on three different soils
0.1 0.08 0.8 in pot study. Soil and plant values in
mCi/g on a dry weight basis. The CF
01 0.007 0.070  of 3.8 is from a fine sandy soil.
. Authors believe form taken up by
Geometric mean 0.60 plants to be WO,
13 0.3 0.23  Field study. The first value is Furr et al. 1978
clover/fly ash and the second is
6.4 25 0.39 clover/soil. All values in mg/g, dry
Geometric mean 0.30 weight.
Overall geometric 0.33  The geometric mean of the geometric

mean

means calculated for each study.

If one assumes a range of typical tungsten soil concentrations of 1.0 to 2.1 ppm (Ng et al. 1968;
Quinn and Brooks 1972; and Furr et al. 1966), one would predict typical tungsten concentrations in
terrestrial plants to vary between 0.3 and 0.6 ppm. Quinn and Brooks (1972) reported tungsten in 18
agricultural plants in New Zealand to range between 0 and 0.38 ppm. This range overlaps the range
predicted from typical soil concentrations using a CF of 0.3.

4.3.3.2 Terrestrial Animal (Livestock) Biotransfer Factor

The uptake of tungsten by livestock and its accumulation in livestock food products such as meat,
milk, pork, eggs, etc., may be estimated by:
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[Cloveemisc = [Clies * [Qliuy * BTFl e 4.5)

where
Coineat mitk = the concentration of tungsten in the food product from livestock (e.g., meat or
milk) (mg/g),
Creea = the tungsten concentration in animal feed (mg/g),
Qleea = the amount of feed consumed each day by the animal (kg/d),
BTF, ...« = the biotransfer factor for the food product (d/kg).

This simple model assumes that the concentrations of tungsten in the livestock are from the ingestion
of contaminated vegetation only. The concentrations in the livestock calculated using the BTFs are
substituted into C; in Equation 4.1 to determine the human mass intake of tungsten. The mass intakes
can be summed for each pathway to calculate the total mass intake. Table 4.3 provides a summary of
tungsten BTFs.

4.4 SUMMARY OF AVAILABLE TRANSFER DATA

Table 4.4 compares the transfer coefficients for tungsten determined in this brief review with those for
uranium. The uranium transfer coefficients used for this comparison were obtained as follows:

* Uranium soil-to-plant CF is taken from Baes et al. (1984).
¢ Uranium milk BTF is taken from Ng et al. (1977).

¢ Uranium beef BTF is taken from Baes et al. (1984).

¢ Uranium egg BTF is taken from Ng et al. (1988).

* Uranium K is taken from Baes et al. (1984).

Table 4.4 indicates that tungsten may be more mobile than uranium in the soil as evidenced by the
lower soil-water distribution coefficient, K, and the higher soil-to-plant concentration factor, CF.

These measurements have been made for naturally occurring tungsten and uranium, which are,
presumably in some chemical form, not metallic. The KEPs, once deposited into the environment,
must dissolve and undergo corrosion before becoming mobile in the environment. The relative rates
for corrosion of tungsten and DU penetration in the environment depend on the environmental
conditions and the particular alloys used. At this time, for anticipated types of alloys, the uranium is
expected to have a higher corrosion rate than tungsten for most environmental conditions. If these
values are validated by further testing, once tungsten undergoes corrosion it would be expected to
present a greater threat to surface water and groundwater contamination than uranium and have a
higher potential for uptake into fish; agricultural plants; and grasses, silages, and concentrates used as
livestock feeds. However, many tungsten alloys are expected to corrode much slower than DU.

On the other hand, with the possible exception of transfer from feed to beef, tungsten appears to have
about the same potential as uranium to transfer from feed to livestock as evidenced by the milk,
chicken, and egg BTFs. However measurements of both tungsten and uranium BTF are very few, and
there is a large degree of uncertainty regarding these transfer coefficients.
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Table 4.3. Tungsten BTFs derived from the literature

Food

BTF

Comment

Reference

Milk

Beef

Chicken

Egg

0.00021

0.037

0.3

Based on six unpublished
measurements by G. D.
Potter for six fallout sites.

Estimated from stable
tungsten concentrations
measured in unassociated
beef and feed.

Estimated from BTF,,; using
the chicken to beef BTF
ratio for molybdenum
reported by Ng et al.

Estimated from BTF,,.; using
the egg to chicken BTF ratio
for molybdenum reported by
Ng et al.

Ng et al. (1977)

Ng et al. (1982)

Ng et al. (1982)

Ng et al. (1982)

Although this data is very preliminary, tungsten appears to be more mobile than environmental
uranium. Comparing tungsten and DU as base materials for KEPs will require the development of a
better understanding of the rate of environmental transformation from the metallic forms to forms
available for uptake by plants and animals (CFs and BTFs) and for transport in groundwater. The
combination of these two types of data will allow better comparisons between tungsten and DU.
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Table 4.4. Comparison of tungsten and U transfer coefficients

Coefficient

Tungsten Uranium

Ratio
(tungsten/U)

Comment

Soil-to-plant CF

Milk BTF

Beef BTF

Chicken BTF

Egg BTF

Soil distribution K,

03 0.009

0.0002 0.0002

0.04 0.0002

03 1

30 450

33

200

03

0.07

Tungsten CF based on
three studies. Uranium CF
based on two studies.

Tungsten BTF based on six
measurements in one study.
Uranium BTF based on
two studies.

No direct measurements of
either tungsten or uranium
BTF. Tungsten estimated
from unassociated beef and
feed. Uranium based on
elemental systematic
assumptions.

Tungsten BTF estimated
based on beef BTF and
elemental systematics.
Uranium BTF based on
one study.

Tungsten BTF estimated
based on beef BTF and
elemental systematics.
Uranium BTF measured in
one study.

Tungsten K, estimated
from soil-to-plant CF.
Uranium K, measured in a
single study.
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5. FATE OF TUNGSTEN IN HUMANS

An assessment of potential health impacts to humans must include a consideration of the routes by
which humans are exposed to tungsten and DU in the environment. Intake, either by ingestion or by
inhalation, is the principle route of exposure; however, following such intakes it is necessary that the
material cross at least one epithelial layer before it has truly gained access to the interior of the body.
It is this physiological process and the various factors that control this biological transfer that preclude
the accurate assessment of toxicity based simply on intake or administered dose in laboratory studies.
While the magnitude of the intake depends on the concentration of tungsten or DU in the
environmental pathway and the extent to which humans make use of that pathway, only a fraction of
the intake will be transported across the epithelial layers of the respiratory tract or gastrointestinal (GI)
tract and gain access to the interior of the body. Once tungsten or DU has entered the blood it is

. systemic, and it will be distributed among the various organs and tissues of the body and may enter
into specific metabolic processes that might enable it to exhibit a toxic action.

The purpose of this section is to model the concentrations of tungsten in the tissues of the body
relative to an amount inhaled or ingested and to identify the key processes and variables (physical-
chemical, physiological, or metabolic) that control the resultant tissue levels. The approach used to
quantify the behavior of tungsten in the gastrointestinal and respiratory tract and within the systemic
regions embodies substantial physiological information as well as information specific to tungsten.

At the conclusion of this chapter, we present the results of using the tungsten and uranium biokinetic
models to estimate the body tissue content over time of each substance resulting from the lifetime
ingestion or inhalation of a unit mass of each element. The results suggest that tungsten much more
readily enters body tissues by either main route of environmental exposure, inhalation or ingestion. It
is estimated that tungsten is absorbed 25 times more readily by ingestion than DU and 4 times more
readily by inhalation than DU. Tungsten is also excreted at a faster rate than DU, but this appears to
be offset by the differences in absorption.

5.1 GASTROINTESTINAL TRACT

The model of the GI tract used in this report was developed by Eve (1956) and has been used by the
International Committee on Radiological Protection (ICRP) for several years (ICRP 1979 1995). The
model, shown in Fig. 5.1, divides the GI tract into four segments: stomach (St), small intestine (SI),
upper large intestine (ULI), and lower large intestine (LLI). Each segment of the tract is viewed as a
compartment whose contents clears into its successor compartment as illustrated in Fig. 5.1.

With the exception of a few chemicals, absorption can be considered to take place in the small
intestine. The magnitude of the absorption is simply the fraction of the ingested material that enters the
blood stream and is referred to here as the f;, parameter. The numerical values of f; are bounded by
zero, representing no absorption, and by one for total absorption of the ingested material. In practice,
values typically lie between 10~ and 1 as shown in Table 5.1.
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Fig. 5.1. Diagram of the GI tract model (ICRP 1979). Materials enter the GI tract either through
ingestion or the swallowing of material cleared from the respiratory tract. Absorption typically occurs from the
small intestine, the fraction of the intake that is absorbed is specified by the f; parameter. The coefficients A

denote the fractional rate of transfer of material between the compartments. The transfer coefficient from the
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Table 5.1. Fractional absorption
of selected elements

Element Value
Carbon 1.0
Potassium 1.0
Calcium 0.3
Iron 03
Iodine 1.0
Zinc 05
Tungsten 0.5
Uranium 0.02

The current f; value for tungsten in publications of the ICRP (ICRP 1981) is 0.3 for all compounds of
tungsten other than tungstic acid, for which a value of 0.01 is applied. We have reviewed the available
experimental information and found the experimental data to range between about 5 to 75%, with
absorption depending on the chemical form of tungsten ingested, the nature of the diet, and the age of
the subject. Most values are in the range of 30 to 60%. It is suggested that for this study, an f; value
of 50% be considered applicable to the tungsten in the diet (Appendix C). For reference it is noted that
the ICRP (1995) recently reviewed the f; data for uranium and used a value of 2% for dietary
uranium. Thus an ingestion intake of 100 units each of tungsten and uranium would result in 50 and 2
units, respectively, being absorbed since tungsten is absorbed 25 times more readily than uranium.
Based on this absorption process alone, one cannot rule out the potential for systemic toxicity from
ingested tungsten.

5.1.1 Response to a Unit Intake
The fractional amount of ingested tungsten present in the segments of the GI tract as a function of

time following a unit intake is shown in Fig. 5.2. This figure is based on the model of Fig. 5.1 and
uses an f, value of 0.5 for the ingested tungsten; that is, 50% is absorbed from the small intestine.

5.2 RESPIRATORY TRACT

Inhalation is a common route of exposure of humnans to potentially hazardous chemicals, particularly in
the workplace. An adult human inhales about 20 to 25 m® of air daily (Table 4.1), and chemicals
attached to particles in the air or in the vapor state have the opportunity to interact with about 70 m?
of respiratory tract surface capable of absorption.
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Fig. 5.2. Content of tungsten in various segments (St denotes stomach, SI the small intestine, ULI the
upper large intestine, and LLI the lower large intestine) of the GI tract as a function of time after the
ingestion of 1 unit. Absorption of tungsten was assumed to take place in the SI as characterized by an f] value

5.2.1 Respiratory Tract Model

Recently the ICRP (1994) introduced a new respiratory tract model that includes considerably greater
detail and physiological realism than previous models of the respiratory system. Based on the
anatomical and morphological considerations and the physical processes by which particles in the
inspired air moved through the airways, the ICRP separated the respiratory tract into four major
components. These components are (1) the extrathoracic region (ET), comprising the nose and mouth,
pharynx, and larynx; (2) the bronchial region (BB), consisting of the trachea and the bronchi; (3) the
bronchiolar region (bb), consisting of the bronchioles and terminal bronchioles; and (4) the alveolar-
interstitial region (A7), comprising the respiratory bronchioles and the alveolar ducts and sacs. The
purpose of this model is to determine the amount of inhaled material deposited in the lung and the
clearance of this material into the GI tract and its absorption directly from the airways into blood.

5.2.2 Deposition of Inhaled Particles

Inhaled particles and vapors deposit in the airways as a result of physical, anatomical, and
physiological processes associated with conditioning and cleansing the inspired air. Particles not
removed from the inspired air are available for deposition during the exhalation period in the
respiratory cycle. For typical aerosols the total deposition (during inhalation and exhalation) ranges
from about 30 to 100%. The deposition fractions for acrosols having lognormal particle size
distributions, with the geometric standard deviation taken to be a function of the median particle size
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(0,), ranges from 1 to 2.5 at median diameters of 0.0006 to 1 pm and above. Figure 5.3 shows the
fraction of the inhaled mass deposited in the airways of an adult for aerosols with mass median
aerodynamic diameters ranging from 0.1 to 100 um.

5.2.3 Clearance

Clearance of material from the region of deposition occurs through three pathways. Tungsten and DU
material deposited in the forward region of the nose (ET, region) is removed by extrinsic means such
as nose-blowing. In other regions, processes act in a competitive manner to transport the material into
the GI tract, to lymphatic tissues, and into blood. The physical transport processes are assumed to
occur at the same rate for all materials. Absorption into blood is, however, specific to various forms of
tungsten and DU. All regions absorb at the same rate, except ET;, where no absorption occurs.

Figure 5.4 shows pathways of transport of deposited particles in the compartment model of the
respiratory tract. The transfer coefficients shown are the reference values in units of d™! (per day).
Literature on human studies show that in the Al region there is a retention of about 80% at 50 days
and 50% at one year. In vivo and autopsy measurements, following accidental intakes, show that there
are some very long retention times in the lungs. This is represented by three A/ compartments, with
30% in the compartment clearing with a halftime of 30 d, 10% in the very long-term compartment
(half-time of 7000 d), and the balance in the remaining compartment with a 700-d halftime. The
observation from autopsy studies that the concentration in the lymph nodes is about 20 times that in
the lungs was used to determine the transfer from Al to LNp,.

- 10
S
3
g
g 100
E~1
8
3
[+
107!
102
10’ 10° 10! 10%

Mass Median Aerodynamic Diamter (um)

Fig. 5.3. Fractional deposition in each region of the respiratory tract for an adult as a function of the
mass median aerodynamic diameter (lognormal distribution of particle with a density of 3.0 g cm™ and
shape factor of 1.5).

5-5




-
Anterior ! Extrathoracic N .
Nasai ! ET, Envnronmerla_t:}
1 LLX S 16
Naso- : N 00 P : N
1
Ompt;arynﬂ : ’% -1_"_ ET, - ; Gl Tract ‘g
& ~-Sequestered = =~ = ~ =3 Surface F-—-——-
r—- NTiSSUR ——e——=w - Transport i
' 0.01 !
]
1 v 8 ™1 1
H i
| Jos . Y
; Dby bb bb.
Bronchiotes : N - e r.— :
: 0.0001 o.omt 02!
Aveciar ! 0.00002 Al, | Al | AlL_]
Interstitium ;| = (31 7 1
Wheracee _ __ _ _ _ __ ______________ ¥

Fig. 5.4. Schematic diagram of movement of deposited particles in the respiratory tract model.

5.2.4 Absorption

Ideally, the absorption rate of various forms of tungsten and DU should be determined from a study of
the material itself. Some default classifications for absorption are based on the relative rate of
absorption: Type F (relatively fast), Type M (moderately), and Type S (slowly). The default absorption

types are specified in terms of the f,, 5., and s, in Table 5.2. The absorption rates, expressed as
approximate halftimes, and their magnitude are as follows:

Type F: 100% absorbed by 10 minutes. There is a rapid absorption of almost all material
deposited in BB, bb, and Al and 50% of the material deposited in ET.,.
Type M: 10% absorbed at 10 minutes, 90% at 140 d. There is rapid absorption of about 10% of

the deposit in BB and bb and 5% of material deposited in ET,. About 70% of the deposit in Al
eventually reaches blood.

Table 5.2. Parameters of the default absorption types

Absorption type

Parameter F M S
Fraction dissolved rapidly, f, 1.0 0.1 0.001
Rapid dissolution rate, S,, d™' 100 100 100
Slow dissolution rate, S, d™* — 0.005 0.001




*  Type S: 0.1% at 10 minutes, 99.9 % at 7000 d. There is little absorption from ET, BB, or bb, and
about 20% of the deposited in A/ eventually reaches blood.

5.2.5 Response Per Unit Intake

In this study, the principal chemical form of tungsten modeled in the environment is the oxide. The
default absorption type applicable to the oxide is Type M. We have further assumed that the aerosol is

characterized by a mass median aerodynamic diameter of 5 pm. The form of DU oxide modeled in the
environment is also Type M.

As discussed previously, materials deposited in the airways are either absorbed, removed to the GI
tract—from which an additional fraction may be absorbed—or removed to lymphatic tissues.

Figure 5.5 shows the cumulative fractions of inhaled tungsten and uranium that are absorbed either
directly from the lung or absorbed within the GI tract following movement out of the respiratory tract
and being swallowed. As can be seen from the figure, the major absorption route for inhaled tungsten
is the GI tract. For DU, the major route of absorption is directly from the lung. Both Type M tungsten
and Type M DU in the environment have similar fractional absorptions directly from the lung. For
tungsten, about 28% of the inhaled mass is absorbed; while for uranium, the corresponding value is
7%. Inhaled tungsten is thus readily absorbed, although indirectly from the GI tract.

100 F
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Fig. 5.5. Absorption of tungsten and uranium following an acute intake of Type M material. The

absorption directly from the lung and following clearance of the inhaled material into the GI tract are indicated.
The inhaled aerosol was assumed to be characterized by a mass median aerodynamic diameter of 5 ym.
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5.3 SYSTEMIC TUNGSTEN

The behavior of tungsten that has been absorbed into the body is extensively reviewed in Appendix C.
The available biokinetic model for tungsten used in ICRP Publication 30 (1981) has the limitation that
it does not depict biologically realistic paths of movement of tungsten in the body and hence is of
limited utility in assessing potential toxicity. For this reason, a new biokinetic model for systemic
tungsten with a more realistic structure was developed for this study. The structure is similar to the
uranium biokinetic model developed by one of the authors (R.W. Leggett) for the ICRP (1995); see
also Leggett (1994). The reader should consult Appendix C for the detailed development of the model.

Because of the lack of information on tungsten absorption in humans, the model developed here is
based on experimental data on the biokinetics of radiotungsten in laboratory animals and information
on the kinetics of the chemical analog molybdenum or other physiological analogues of tungsten in
humans and laboratory animals. The sparse and heterogenous data are unified with a biologically
realistic model structure that incorporates information on the physiological processes that appear to
control the behavior of heavy metals in the skeleton.

5.4 TISSUE LEVELS FOLLOWING CHRONIC INTAKE

The biokinetic model computes the mass of tungsten and uranium in systemic tissues of the body at
times following an acute intake or as a consequence of chronic intakes. Environmental exposures
typically result in chronic intakes. The mass of tungsten and uranium in the kidney, liver, bone, and
other soft tissues of the body as a function of the duration of the chronic exposure are given in

Figs. 5.6 through 5.9 for a constant intake rate of 1 g/d by inhalation. The figures for ingestion exhibit
a similar pattern. The kidney and liver reach equilibrium (no further changes in time) with the intake
rate after a relatively short period of time. Equilibrium in the skeleton is not achieved by either
element nor by uranium in soft tissue. Table 5.3 summarizes the W and DU content of systemic
organs following a lifetime intake by inhalation and ingestion at a rate of 1 g d™.

5.5 SUMMARY AND CONCLUSIONS

This evaluation of the biokinetic behavior of tungsten in the body indicates that a substantial fraction
of inhaled or ingested tungsten in the Type M oxide form is absorbed and distributed among systemic
tissues of the body. The faster removal rate of tungsten from the systemic regions relative to uranium
is offset by the higher absorption from the respiratory and GI tracts. The absorption of tungsten,
whether inhaled or ingested, takes place within the small intestine as represented by the f, parameter.
In the evaluation presented here, we have used a value of 50% based on data for various experimental
animals which ranged from S to 75%. While considerable uncertainties are associated with the
biokinetic parameters, it is apparent that tungsten has a greater access to the systemic regions of the
body than uranium and that its distribution among these tissues is not negated by its higher excretion
rate. The analysis further indicates that with respect to issues of systemic toxicity, inhalation and
ingestion of tungsten oxide (Type M) result in similar fractional absorption of the intakes (28% and
50%, respectively). Intake of DU oxide (Type M), in contrast, results in much lower absorption both
by inhalation and ingestion (7% and 2%, respectively).
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Fig. 5.6. Content of tungsten and uranium in the kidneys of an adult human as a function of the
duration of chronic inhalation at a rate of 1 g d”\. An aerosol characterized by a mass median acrodynamic
diameter of 5 ym and absorption Type M was assumed.

The differential biokinetics suggests that, given equal rates of exposure to tungsten and DU, greater
amounts of tungsten will accumulate in body tissues. This is a consequence of tungsten’s higher
absorption through the GI and respiratory tracts. Differential biokinetics is only part of the overall
comparison for KEP alternatives. Plant and food uptake factors, which are different for tungsten and
DU, as discussed in Chapter 4, are important, but some uncertainty still exists for them. In addition,
we know that DU corrodes more rapidly in the environment than tungsten. Thus, the conversion of
uranium metal to an environmentally mobile uranium compound occurs more rapidly than for
tungsten. In the final analysis of comparative health impacts, this more rapid appearance of
environmentally mobile uranium compounds may more than offset the greater uptake characteristic of
tungsten identified in this chapter. When additional data are obtained, we will be able to better
quantify these relationships through a series of scenarto evaluations.
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Fig. 5.7. Content of tungsten and uranium in the liver of an adult human as a function of the
duration of chronic inhalation at a rate of 1 g d™. An aerosol characterized by a mass median aerodynamic
diameter of 5 um and absorption Type M was assumed.
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Fig. 5.8. Content of tungsten and uranium in soft tissues other than kidneys and liver of an adult
human as a function of the duration of chronic inhalation at a rate of 1 g d™\. An aerosol characterized by a
mass median aerodynamic diameter of 5 pm and absorption Type M was assumed.

Table 5.3. Tungsten and uranium content of body organs (g)
assuming chronic intake at a rate of 1 g/d

Tungsten Uranium
Organ Ingestion  Inhalation Ingestion Inhalation
Skeleton 30.8 174 4.98 17.3
Liver 1.31 0.712 0.146 0.508
Kidneys 1.57 0.852 0.0664 0.0232
Spleen 0.155 0.084 N/A N/A
Other 1.12 0.606 1.85 6.44
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Fig. 5.9. Content of tungsten and uranium in bone of an adult human as a function of the duration of
chronic inhalation at a rate of 1 g d'. An aerosol characterized by a mass median aerodynamic diameter of
5 um and absorption Type M was assumed.

5.6 REFERENCES

Eve, L. S. 1966. “A Review of the Physiology of the Gastrointestinal Tract in Relation to Radiation
Doses from Radioactive Materials,” Health Phys. 12, 131-161.

International Commission on Radiological Protection. 1973. Alkaline Earth Metabolism in Adult Man,
ICRP Publication 20, Pergamon Press, Oxford.

International Commission on Radiological Protection. 1994. Human Respiratory Tract Model for
Radiological Protection, ICRP Publication 66, Pergamon Press, Oxford.

International Commission on Radiological Protection. 1979. Limits for Intakes of Radionuclides by
Workers, Publication 30, Part 1, Pergamon Press, Oxford.

International Commission on Radiological Protection. 1981. Limits for Intakes of Radionuclides by
Workers, Publication 30, Part 3, Pergamon Press, Oxford.

International Commission on Radiological Protection. 1993. Age-Dependent Doses to Members of the
Public from Intake of Radionuclides, Part 2: ICRP Publication 67, Pergamon Press, Oxford.

5-12




International Commission on Radiological Protection. 1995. Age-Dependent Doses to Members of the
Public from Intake of Radionuclides, Part 3: ICRP Publication 69, Pergamon Press, Oxford.

Leggett, R. W. 1994. “Basis for the ICRP’s Age-Specific Biokinetic Model For Uranium,” Health
Physics 67, 589-610.







6. IMPLICATIONS OF TUNGSTEN TOXICITY FOR HUMANS

The goal of this chapter is to evaluate the potential of tungsten for producing biological responses in
humans from absorption of materials as described by the biokinetics in Chapter 5. The aim is to
characterize biological impacts to humans, develop an understanding of the uncertainties in impacts,
and then develop strategies for reducing those uncertainties.

Investigations discussed in this chapter include both noncancer and cancer effects. The noncancer
effects evaluated in detail are neurotoxicity, reproductive toxicity, teratogenesis, and metabolic effects.
Metabolic effects were found not to pose significant hazards in environmentally relevant scenarios.
Pulmonary toxicity has been reviewed previously for “hard metal” forms of tungsten, associated with
the production and use of cutting and grinding tools, and is not considered in this document. A
summary of studies for the remaining noncancer effects is displayed in Table 6.1.

6.1 NEUROTOXICITY
6.1.1 Quality and Quantity of Data

The literature, about both humans and animals, is sparse but suggestive of possible neurotoxic effects
of tungsten or tungsten compounds; a summary of the neurotoxicity studies is displayed in Table 6.1.
Studies of occupationally exposed workers whose exposure included cobalt, a known toxin from hard-
metal dusts, found persons with signs and symptoms such as loss of appetite, nausea, and an impaired
sense of smell; in one study, some also reported headaches and dizziness (Kaplun and Mezentseva
1959; Vengerskaya and Salikhodzhaev 1962). A small study was done recently on hard-metal workers
having pulmonary problems and reporting memory deficits (Jordan et al 1990). Testing demonstrated
significant deficits in verbal memory and attention. Unfortunately, these workers had also been
exposed to possible confounders, including cobalt, and an unidentified organic solvent. Organic
solvents themselves often demonstrate neurotoxicity.

A few animal studies have given indications of tungsten’s potential for neurotoxic effects. The two
main such studies are in the Russian literature (Nadeenko 1966; Idiatullina 1981) and suffer from a
lack of experimental detail included in the written accounts and in one case from certain ambiguities
or even conflicts in the details of results and conclusions that are reported. However, taken together,
the results that are described are of sufficient substance that they bear serious consideration. The main
indicators of neurotoxicity include behavioral changes, cholinesterase (ChE) activity depression,
decrements in conditioned learning and reflexes, and structural brain changes (lesions) as described
subsequently; more detailed descriptions of the evidence are presented in Appendix F.

6.1.2 Indicators of Neurotoxicity

Some of the indications of neurotoxicity in acute animal studies (single high-dose exposures) include
uncoordinated movements, trembling, sudden jumps, excitation, reduced motor tone, and even hind-
limb paralysis in some animals. Effects have been observed in several mammalian species. Subacute
experiments (about 30-d duration) in rats revealed dose-dependent blood ChE activity, inhibition in
response to oral (Nadeenko 1966) or inhalation (Idiatullina 1981) exposure to sodium tungstate. ChE
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Table 6.1. Evidence for tungsten’s possible noncancer toxicity

Endpoint No. main studies/species Lowest dose or exposure Indicators
at which effect observed
Neurotoxicity 3/human NA*® Loss of appetite, impaired
sense of smell, nausea,
headache, dizziness,
memory and attention
deficits
2rat 0.005 mg/kg bw* for 8 mo  Behavioral changes, ChE®
activity decreases,
impaired learning and
reflexes, brain lesions
Reproductive toxicity 3/rat 0.005 mg/kg bw for 8 mo Embryotoxicity; fetal W*
0.5 mg/m’ for 4 mo accumulation; decreased
sperm motility
18.4 mg W/kg bw; 120 pg
2/mouse 185W/kg bw Embryotoxicity; fetal and

Teratogenicity

4/in vitro chick limb bud;
hen and chick oviduct; rat
ovarian tissue

3/rat

1/mouse

1/in vitro chick limb bud

150 pMm;

0.2 mM;
1 mM

0.005 mg/kg bw/d for
8 mo

120 pg *Wikg bw

150 pm

maternal W accumulation,
relevant tissues

Inhibited chondrogenesis;
blocked progesterone
receptors; stimulated
adenyl cyclase activity

Decreased skeletal
ossification, defects in
brain, kidney, bladder

Fetal skeletal W
accumulation

Inhibited chondrogenesis

“Abbreviations: bw = body weight; ChE = cholinesterase; W = tungsten.

is an enzyme necessary for normal nerve transmission in many brain pathways as well as much of the
peripheral nervous system. Blood ChE depression is often a marker for depressed brain ChE and may
be associated with changes in brain function, resulting in effects on cognition, mood, and attention in

humans and animals.

Chronic low-dose oral sodium tungstate exposure has resulted in somewhat depressed blood ChE and
in dose-related adverse effects on conditioned learning in rats at doses of 0.05 and 0.5 mg/kg/d (50
and 500 pg/kg/d) for 7 months (Nadeenko 1966.) Biochemical changes in rat brain and structural
lesions in the cerebral cortex of rats (and possibly rabbits) were seen at the higher dose levels in this
study. Chronic oral exposure for 8 months to 0.005 mg/kg/d resulted in effects on reflex activity
(Nadeenko and Lenchenko 1977). The results of these long-term, low-dose oral exposures are bolstered
by observations reported by Idiatullina (1981) on effects resulting from inhalation exposures of rats,
even though the route of exposure is not as relevant to the scenario of concern as the oral route.
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Subchronic (4-month) sodium tungstate inhalation exposure to moderate doses also resulted in modest
decreases in blood ChE; the changes showed a step function rather than dose dependency (Idiatullina
1981). Lesions were also seen in the brains of these inhalation-exposed rats.

6.1.3 Evaluation of Significance

No studies of tungsten-induced developmental neurotoxicity in animals or humans have been located.
If tungsten exposure does indeed decrease ChE activity as suggested by long-term low-dose rat studies,
this suggests effects on the cholinergic pathways of the brain and could result in effects similar to
those seen in persons exposed to other ChE inhibitors such as organophosphate (OP) pesticides and OP
nerve agents. Exposure to such substances has been shown to result in difficulty with attention,
memory, depression, anxiety, irritability, language use, and other cognitive functions (Savage et al
1988; Metcalf and Holmes 1969; Levin, Rodnitzky, and Mick 1976; Sidell 1992). Links between
tungsten exposure and ChE action in humans have not been observed or scientifically established
under any exposure conditions including routine industry exposure, accidents, or administered
doses. There is no evidence of how much material would be required to produce a neurotoxic effect in
humans or whether such unknown quantities would be encountered as a result of military activity
involving KEP use. The evidence for neurotoxic effects is summarized in more detail in Appendix F
and has been critically reviewed by Munro, Ambrose, and Watson (1994).

Because of the differential biokinetics between tungsten and DU, equal exposure rates to tungsten and
DU will result in greater amounts of tungsten being accumulated in the systemic tissues. However,
equal exposure rates would probably not occur in a comparative environmental analysis because
uranium may be converted from a less soluble metallic form to a soluble chemical compound more
rapidly than tungsten. High resistance to corrosion and low rates of forming soluble tungsten would
tend to significantly limit the potential for long-term, low-dose exposure to tungsten. When additional
data on conversion rates and transport through the environment is obtained, we will be able to better
quantify comparative relationships through a series of scenario evaluations.

6.2 REPRODUCTIVE TOXICITY
6.2.1 Quality and Quantity of Data

The literature on reproductive effects is relatively sparse, but more studies in vivo and in vitro are
available than on neurotoxicity. No data on humans are available. Several Russian reports from the
laboratory of Nadeenko and colleagues detail long-term, low-dose rat studies on embryo survival and
development and one on tungsten levels in the fetuses. It is not entirely clear how many of the papers
give data on different experiments, but several experiments were performed and gave basically
consistent results. In addition, a Swedish group (Wide and colleagues) also studied tungsten as well as
other metals including molybdenum in mice; their results on embryotoxicity paralleled those of the
Russian investigators despite an entirely different experimental design (acute high-dose injection).
They also studied tungsten distribution in maternal, placental, and fetal tissue at various times after
injection on three different days of gestation. Their results confirm the Russian finding that tungsten
crosses the placenta and accumulates in fetal tissue. The results of these investigations are summarized
as follows in somewhat more detail; they are presented in full in Appendix F.
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6.2.2 Indicators of Reproductive Toxicity

Tungsten has been observed to have in vivo embryotoxic effects in mice exposed acutely (Wide 1984)
and rats given chronic peroral exposure (Nadeenko and Lenchenko 1977; Nadeenko et al 1977, 1978).
These investigators observed significantly increased death and resorption of embryos, both before and
after implantation. Wide, Danielsson, and Dencker (1986) showed that tungsten accumulates in fetal
tissue in a distribution study; autoradiographic analysis demonstrated preferential tungsten uptake in
fetal neural tissue on day 12 of gestation. These investigators also induced embryotoxic effects in
vitro, showing that tungsten inhibited cartilage formation in chick embryo limb bud cells at
concentrations equivalent to those causing increased fetal resorption in vivo (Wide, Danielsson, and
Dencker 1986).

In vitro studies show that tungstate has the potential to interfere with the pituitary-gonadal hormonal
control system via effects on ovarian adenyl cyclase. It may also interfere with progesterone support of
the uterine environment for pregnancy maintenance via blocking of progesterone receptors. The
distribution study of Wide, Danielsson, and Dencker (1986) revealed accumulation of tungsten in
ovarian follicles, pituitary, and placental tissues, as though it might be binding to receptor populations
involved with reproductive functions. Long-term exposure of mice to tungsten in drinking water was
shown to lower progesterone levels in pregnancy, although quantitative data were not reported (Wide,
Danielsson, and Dencker 1986).

Thus, rodent studies and in vitro experiments on enzyme systems and steroid hormone receptors
suggest strongly that tungsten has the potential to interfere with reproduction both by exerting direct
embryo- or fetotoxic effects and possibly also by disrupting maternal hormonal systems crucial to the
normal maintenance of pregnancy. Whether these effects extend to humans is not known.

Furthermore, one animal study suggests potential effects on male fertility. A study by Idiatullina
(1981) reported decreased sperm motility in rats (to about 90% of control value) in response to
subchronic inhalation exposure. The decreased motility was accompanied by “weakly expressed
hyperemic vessels” observed histologically in the testes, which was more pronounced in the 1.0 mg/m’
exposure group than in the 0.5 mg/m® group.

6.2.3 Evaluation of Significance

Although the number of studies is relatively small, taken together the in vivo and in vitro studies are
suggestive of a potential for long-term oral tungsten exposure at low-levels to exert an adverse effect
on mammalian reproduction, particularly on the female reproductive system. Neither the Russian nor
the Swedish studies give any information on dose-response relationships as only one dose was used in
any of their studies with the exception of one in vitro study. The in vitro portion of the Wide,
Danielsson, and Denker (1986) study demonstrated dose-related inhibition of chick limb bud cartilage
formation by tungstate.

Idiatullina’s (1981) observation of tungstate inhibition of sperm motility implies a possible threshold,
and the response appears to behave as a step function rather than showing dose-related increments. No
effect was seen at 0.1 mg/m®; the responses at 0.5 and 1.0 mg/m’® were 10 and 12% inhibition or
essentially equivalent.




Reproductive toxicity of the types observed in animal studies have the potential to affect all
individuals of reproductive age. At this point, the importance of reproductive toxicity in a comparative
assessment for humans cannot be determined. The data presented in this section must be confirmed,
and relative rates of conversion from metal to soluble chemical compounds must be determined for
DU and tungsten. The more important biological effects of tungsten may be offset by the fact that
uranium metal corrodes to an environmentally mobile form more rapidly than tungsten. This would
tend to significantly limit the potential for low-dose exposure to soluble tungsten. When additional
data are obtained, we will be able to better quantify these relationships through a series of scenario
evaluations.

6.3 TERATOGENESIS
6.3.1 Quantity and Quality of Data

The literature on developmental toxicity is more limited than that for reproductive effects but is
suggestive of tungsten exerting teratogenic effects on mammalian development. Although only one
group of Russian investigators reported teratogenic effects (Nadeenko and colleagues), they used an
environmentally relevant route of exposure (oral) and long-term, low-dose (0.005 mg/kg)
administration. The group performed several studies and obtained consistent results; the effects of
tungstate administration were compared to the effects of other metals, including molybdenum. The
reports omit some key experimental details, including identification of rat strain, but overall the
consistency of results is rather persuasive of an effect. A Swedish study in mice (Wide 1984) failed to
demonstrate any developmental toxicity although embryotoxicity was observed, as in the Russian
work. However, as detailed in the following, experimental and species differences may account for the
lack of concordance in results for this endpoint. These studies did not use graded doses, so no
information on possible dose-dependence of the effects can be derived from these studies. More
complete information is presented in Appendix F.

6.3.2 Indicators of Teratogenic Effects

Nadeenko and colleagues report consistently observing inhibiting effects on rat skeletal development as
a result of chronic low-dose oral exposure of the mother to tungstate (Nadeenko and Lenchenko 1977;
Nadeenko et al 1977, 1978), although Wide (1984) failed to see such an effect in an acute injection
experiment in mice. In the mouse experiment, sodium tungstate was injected only on day 3 or day 8 of
gestation (out of a 21-day gestation period). In Wide’s hands, molybdenum did delay skeletal
ossification, so the difference in tungsten's effect may be attributable to species differences or to the
differences in duration or timing of exposure with respect to the stage of embryonic development. As
documented previously, Wide's group later confirmed the Russian observation that tungsten does cross
the placenta and accumulate in the fetus (Wide, Danielsson, and Denker 1986). This study showed a
faintly observable late accumulation of labeled tungsten in the fetal skeleton and a preferential early
accumulation of tungsten in fetal neural tissue on day 12 of gestation.

The in vitro work of Wide, Danielsson, and Denker (1986) in which they report dose-dependent
inhibition of cartilage development in chick limb bud cultures is consistent either with a fetotoxic
effect or with the possibility that tungsten may induce the type of developmental abnormality (delayed
ossification) described by Nadeenko et al (1977, 1978) and Nadeenko and Lenchenko (1977).
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Nadeenko et al. (1978) also observed a few abnormalities of rat fetal brain, kidney, and bladder that
they considered were likely a result of their extremely low dose chronic tungstate exposure regimen.

6.3.3 Evaluation of Significance

Further work would be highly desirable to replicate the results of Nadeenko and colleagues; in the
absence of more data, it can only be said that the existing literature is suggestive of tungsten having
the potential to induce developmental abnormalities in mammals. The observation of neurotoxicity in
adult animals, brain abnormalities in rat fetuses in chronic experiments, and preferential early uptake
of tungsten by fetal neural tissue also raises the critically important issue of developmental
neurotoxicity, which has not been evaluated experimentally in any previous work.

At this point the importance of teratogenic effects in a comparative assessment cannot be determined.
The data presented in this section must be confirmed, and relative rates of conversion from metal to
soluble chemical compounds must be determined for DU and tungsten. The more important biological
effects of tungsten may be offset by the fact that uranium metal corrodes to an environmentally mobile
form more rapidly than tungsten. When additional data are obtained, we will be able to better quantify
these relationships through a series of scenario evaluations.

6.4 OTHER NONCANCER EFFECTS
6.4.1 Immunotoxicity

Searches were performed, but no studies were found relating to tungsten effects on the immune system
except as it has been used to stimulate inflammatory responses in the lung. It appears that no
systematic evaluation of potential immunotoxicity is likely to have been performed, particularly for
chronic low-dose systemic tungsten exposure. This is an area for which at least preliminary studies,
perhaps subacute high-dose experiments, should be considered.

6.4.2 Toxicity Enhancement

The toxicity of tungsten to macrophages is strongly enhanced by the presence of cobalt as in hard-
metal dusts. The effect is not caused by cobalt alone, as its toxicity is much less (see Appendix F).
These findings suggest that if development of tungsten as KEP material is pursued, tungsten toxicity
should be tested both alone and in combination with whatever substances are considered as
components of alloys. In vitro screening tests should be considered at least as a first stage of
evaluation.

6.5 METHODS FOR ESTIMATING THE CARCINOGENIC POTENTIAL OF TUNGSTEN
6.5.1 Why This Biological Endpoint?

A major consequence of society’s cancer concern is that all newly introduced substances must undergo
scrutiny. The potential use of tungsten as a substitute for DU in KEPs is no exception.
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However good DU is as a heavy armor penetrator, it does possess a unique characteristic within
materials of commerce—it is radioactive. The majority of DU is 2*U, and this isotope has a half-life
of 4.5 x 10° years. Such a long half-life means that the isotope is nearly stable. Nonetheless, it does
undergo radioactive decay emitting various rays and forming radioactive daughter elements.
Concurrent with the radioactive decay comes a potential for causing cancer if the isotope or its decay
products are deposited within a human body. This fact drives concern about the need to prevent the
spread of depleted uranium over practice ranges, other sites, and over equipment. Thus, the main
contrasting point of reference for any potential replacement for DU is whether or not the replacement
could cause cancer and how potent the new candidate could be in comparison with DU. The fact that
health impacts from DU result primarily from its chemical toxicity on the kidney takes a back seat to
the fear of cancer. Appendix D provides a balanced view of uranium exposure regulations and their
relationship to the degree of uranium enrichment in >5U.

A quick review of the available data for tungsten revealed that there are no classic cancer studies that
provide a statistically significant conclusion in either direction. The lone study that reported this
biological effect was inconclusive. However, the question can be examined less directly. The question
that we address in this study is modified from “is tungsten a carcinogen” to “if tungsten is found to
be a carcinogen, what would be its potency?” The potency question and the possible answer are
highly relevant but different from the cancer question that can be answered only by results from long-
term animal studies or epidemiological studies. The description and results of the relative potency
projection methodology follow. After that presentation, a practical comparison with DU is made.

6.5.2 Cancer Potency Based on Relative Potency Considerations

Starting with the fact that neither epidemiologically based nor laboratory-based cancer studies are
available for tungsten, it was necessary to use a relative potency methodology that had proven itself in
a variety of other situations. The relative potency approach is a data-intensive, assumption-free
approach. An estimate of the relative potency (RP) of hazard “H” compared with a well-studied
reference agent “R” can be obtained by comparing the doses (Dy and D) required to cause the same
level of response in a particular biological test model considered to be relevant to the disease of
interest. Then an estimate of the relative potency is:

RP = (D;/Dy) .

In this study, the sparse body of data on tungsten was assembled and evaluated using five different
reference compounds. (Explicit data are presented in Appendix G.) The reference compounds were
Benzo(a)pyrene, nicotine, cisplatin, aflatoxin, and cyclophosphamide. The use of a single reference
material or a collection of reference agents that were tested in only a few bioassays would not make
use of some tungsten data. The use of multiple reference agents ensured that all of the tungsten
bioassay data would be evaluated. Figure 6.1 contains plots of tungsten data compared with each of
the five reference agents as well as the combined plot for which all comparisons are normalized to the
standard reference agent, benzo(a)pyrene, which is defined as having a potency of 1.0. On the basis of
the very sparse data, evidence from the combined figure suggests that the potency of tungsten, if
determined to be a carcinogen, would be in the neighborhood of 0.04 relative to benzo(a)pyrene, with
one standard deviation going from 0.004 to 0.4. This calculation of potency is based on a very
preliminary analysis of a very sparse data set for tungsten. Consequently, the estimate may not have
the same reliability that has been obtained in the evaluation of other substances. It must be stressed
that a relative potency analysis does not demonstrate that tungsten is a carcinogen. What has been
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Fig. 6.1. Relative comparisons between tungsten and five reference compounds.

accomplished is that a preliminary value of potency is derived which in previous tests of other
substances has been found to be approximately correct when those materials were tested and found to
be carcinogens. The potential of tungsten for producing health effects in humans is only speculative at
this point.

6.5.3 Practical Application—Comparison of Tungsten and DU
With the previous qualifications in mind, the relative potency obtained for tungsten can be related to a
larger body of information in toxicology. This capability is one of the major strengths of the relative

potency concept since it is designed to build on previous information rather than to require all
supporting information to be developed de novo. Within the relative potency methodology, there is
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a way to incorporate the dose-response information developed from human epidemiology studies
(Jones, Owen, Trabalka, Barnthouse, and Easterly 1991). Risk coefficients, based on human
epidemiology and derived by the EPA Carcinogen Assessment Group (CAG), are used to estimate risk
for a compound which might, at some time in the future, become reclassified as a carcinogen. Risk
coefficients for beryllium oxide, chromium VI, acrylonitrile, nickel subsulfide, coke oven emissions,
nickel refinery dust, arsenic, benzene, cadmium, and benzidine were selected because (1) they reflect
the biological response of humans to hazardous agent exposures and (2) they do not seem to include
the inflated upper limits found in risk coefficients derived by the EPA based on animal experiments.
With slope factors adjusted to account for oral intake and from an analysis of RP and slopes for the 10
substances, an estimate of risk based on RP, and dose D, of any interviewing chemical becomes

Risk = 4.7 x RP; (mg/kg-d)"’ x D, (mg/kg-d) .

This risk factor is based on data that are normalized to the primary reference agent, benzo(a)pyrene.
Moreover, it is adjusted for a lifetime (70-year) exposure because the risk factor is based on EPA
slope factors for the previously listed human carcinogens. Results of the tungsten evaluation are
presented in the context of these epidemiologically derived risk factors in Fig. 6.2. If there were an
interest in maintaining a lifetime risk from continuous exposure at or below the 1 x 10™ level, the dose
rate of tungsten would need to be at or below

Dosey = 1 x 10%[4.7 x 0.04] = 1.9 x 10 mg/{kg-day} ,
Dosey = 1.9 pg/{kg-day} .

This might be contrasted with a similar dose from DU. Figure D.4 of Appendix D contains
information on the chronic ingestion levels of DU necessary to produce a particular radiation dose as a
function of the degree of uranium enrichment in the isotope **U. From this figure, it is seen that about
15 g of ingested DU results in approximately 1 rem of effective dose. Because there is a large
knowledge base relating radiation dose and fatal cancer risk, the relationship between the mass of
ingested DU and the resulting radiation dose forms the basis for a comparison between the cancer risk
from radiological effects of uranium and the potential chemical potency of tungsten to produce

cancer.

From ICRP 60 (1990), the presently best-accepted risk value for radiation is approximately 5 x 10™
per rem for a risk of fatal cancer. This relationship can be rewritten to solve for the mass of DU
ingested, which is associated with a lifetime fatal cancer risk of 1 x 10*:

1 x 10™ Risk = [5 x 10* Risk/rem] x [1 rem/15 grams] x X

and it follows that
X =3 grams .

In a 70-kg person this reduces to 0.043 g DU/(kg body weight). And to make the comparison more
exact, if the intake is over a 70-year lifetime, the daily dose rate is

Dosepy; = 1.7 pg/kg-day) .
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Log Y = 0.6011 + 0.7684 * Log X; R = 0.77

a.

a - Beryllium Oxide

b - Chromium VI

c - Acrylonitrile

d - Nickel Subsulfide

e - Coke Oven Emission
f - Nickel Refinery Dust
g - Arsenic

h - Benzene

i - Cadmium

j - Benzidine

3,

a

a

10"

Siope / (mg/kg/d) from EPA—CAG

.3 -2 =
' 10 1 W w0 ¢
RP from RASH
Fig. 6.2. Preliminary analysis of tungsten in the context of EPA epidemiologically derived risk factors.

This value is indistinguishable from the daily intake of tungsten, calculated above, which results in the
same lifetime cancer risk, should tungsten prove to be carcinogenic at some time in the future. This
analysis assumes both tungsten and DU are in environmentally mobile forms. The majority of cases of
tungsten and DU entering the environment will be as penetrator rounds. These are initially metallic
and relatively immobile in the environment. Mobility requires dissolution and corrosion. A preliminary
synthesis of literature information suggests that for most environmental conditions tungsten will
corrode at slower rates than DU. Consequently, proportionally less tungsten might be available for
movement through the environment.

This relative potency approach is based on an indirect set of comparisons using two reference risk
points. The first is the chemical risk based on a composite of slope factors for the epidemiologically
based studies on beryllium oxide, chromium VI, acrylonitrile, nickel subsulfide, coke oven emissions,
nickel refinery dust, arsenic, benzene, cadmium, and benzidine. These same materials have extensive
animal and cellular data that are used to provide a link with the fundamental reference,
benzo(a)pyrene. Relative potency methodology thus provides a link, by means of common bioassays,
between tungsten and benzo(a)pyrene and between benzo(a)pyrene and the ten materials listed
previously. The chemical side of the risk estimate then rests on the accuracy of the human risk
estimate based on epidemiological studies of those ten materials and the available data for tungsten.
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The second reference used in the example of tungsten and DU is the body of information that relates
cancer risk to radiation exposure. The risk measure for radiation exposure is derived from the most
extensively studied agent in human history—ionizing radiation. Although there are many things yet to
learn, it is most likely the relationship that will change the least during the next few decades.

6.6 Implications of Preliminary Findings

The full range of implications of the preceding analysis of the toxicological implications of tungsten
cannot be fully assessed within the toxicological framework alone. However, with respect to health
considerations, several key points can be identified.

1. It is important to understand that scientific awareness of the hazards of materials is changing. Not
many years ago, the general consensus held that ostensibly chemically inert substances were
nonhazardous to biological systems. But occupational exposures and the subsequent identification
of occupationally induced diseases have now shown that many substances can induce a spectrum
of toxicological effects including carcinogenesis. The chemically inert substances of current
concern include: asbestos, calcium, coal dust, copper, copper sulfate, fiberglass, gold, graphite,
iron and iron ore, platinum, quartz, sand, silica, silver, stainless steel, talc, tin, and teflon; a large
percentage of these materials have produced tumors in laboratory animals in one or more studies.

2. Only a small amount of data have been accumulated for tungsten. Work within this present effort
has demonstrated that disparate forms of information may be incorporated into a unified approach
that builds on and integrates with the vast world knowledge on effects of toxic agents on humans.
Very preliminary indications with regard to cancer are that if tungsten is found to be a carcinogen
in the future, it may be roughly equivalent in hazard per unit intake to depleted uranium via the
ingestion pathway. This serves to highlight the importance of understanding the corrosion
behavior of tungsten and DU. Furthermore, additional data are crucial to determining whether or
pot this preliminary toxicity indication will stand or whether the actual nature of tungsten is very
different. Two approaches might be followed: one involves the development of in vitro and in
vivo data, which can be matched with reference materials as depicted in Table 6.4; a second
approach involves the development of similar types of data for direct comparison of tungsten with
uranium.

3. Preliminary indications suggest that noncancer effects of tungsten may be of more importance
than the nephrotoxic effect of DU on renal tissue. Most of the tungsten information represents the
efforts of single investigators and thus confirmation or lack of confirmation of the noncancer data
is crucial.

6.7 SPECIFIC CONSIDERATIONS FOR DU IN LIGHT OF FINDINGS

There are numerous uncertainties or barriers associated with direct comparisons of the toxicological
effects of DU with those of tungsten. For tungsten, we have used bioassay test results to compute
relative potency or relative toxicity factors. Test data are very fragmentary, but the process gives a
reasonable idea of the toxicological potential of tungsten relative to a wide range of chemicals ranging
from compounds like ethyl alcohol and saccharine near the low end of the scale to compounds like
cadmium, aflatoxin B,, and 2,3,7,8-TCDD near the high end of the scale. This relative potency index
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also provides a means to estimate the potency of tungsten compounds to cause the same untoward
effects on a dose- and potency-adjusted basis as has been observed in epidemiological studies and test
animals for the reference compounds that have been studied extensively. Thus, although test data are
fragmentary and there is no assurance that tungsten will in and of its own intrinsic characteristics (i.e.,
in the absence of mixed-field environmental and occupational exposures) actually cause effects such as
cancer, we can estimate its potential to do so relative to that of better-studied compounds also tested in
common bioassays.

In marked contrast, radiological compounds have historically been analyzed and modeled almost
exclusively in terms of radiotoxicity. Traditionally, studies of the chemical toxicity component of
radioactive compounds, even those with a long half-life, have usually been ignored. Radioactive
substances are easy to study in terms of radiation dosimetry, transport, metabolism, and toxicological
endpoints. In contrast, such processes are expensive and difficult to study for stable compounds unless
they have radiotags. For absorption into the human body, metabolism, and distribution, most
compounds are studied individually. For radiological impact on human health, most effects are
modeled through the well-established concept of radiation dose. Those mathematical models are then
extrapolated to low doses, long times, and large human populations to produce theoretical risk
estimates.

However, at high doses in the acute exposure case, uranium has been associated with chemical renal
toxicity. That class of response is generally associated with finding a “no-effect” dose threshold below
which effects do not occur. For chronic toxicity associated with DU, expert committees have deduced
that the most important effect is also to the kidney. Thus, uranium has and continues to be managed in
terms of two theoretical considerations that address only limited aspects of its complete toxicological
profile.

Uranium has a molecular weight of 238.07, atomic number of 92, and a 21-9-2 outer electronic
configuration. Tungsten has a molecular weight of 180.95, atomic number of 74, and a 32-12-2 outer
electronic configuration. It seems reasonable that for consideration of relative toxicity, both substances
should be tested in exactly the same way in the same biological models. Thus, the comparison of
tungsten would be directly with the combined radiological and chemical aspects of DU. Currently, the
two aspects, radiological and chemical, are being “weighed” on different analytical scales in spite of
our attempts to improve the relative precision of hazard assessment for both substances. Future work
should be directed carefully to improve the accuracy in this aspect of the life-cycle analysis. Although
complex considerations of immunotoxicity, neurotoxicity, teratogenicity, and carcinogenesis are
difficult to delineate in full for any substance-—even benzene and especially the two substances treated
here—the experimental measurements that we recommend should permit relatively precise
characterization of broad toxicological foot prints for tungsten and DU.
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7. SIMULATION OF ENVIRONMENTAL EXPOSURE SCENARIO

The issue addressed in this report is the question “Is there any difference in environmental impacts
between tungsten and depleted uranium as used for armor penetrators?” Our approach in the previous
chapters has been to carry out, within the structural framework of mathematical modeling, a synthesis
of the information regarding the behavior of tungsten in the environment and in the body and to
couple that modeling with modeling of tungsten’s toxicological characteristics. We have not carried
out an evaluation of the relative release of these two contaminants, and thus the discussion herein is
not in absolute units.

Chapters 4 through 6 summarize the information regarding the fate of tungsten in the environment, in
man, and its potential toxicity. In this chapter, a preliminary exposure scenario is constructed to
estimate the potential effects on humans. To avoid the complexities of various release scenarios, an
equal mass of the two principal KEP materials is assumed to be deposited in the soil, and soluble
forms are generated at unequal rates for tungsten and DU. This rationale for the initial point of the
scenario comes from an interest in evaluating environmental impacts of the two alternatives on a
common test range and roughly approximating the unequal rates of formation of mobile forms that
might be expected to occur in the environment.

7.1 CHRONIC EXPOSURE SCENARIO

As metal, there will be essentially no uptake into plants and into the food chain. Movement through
the food chain takes place only after the metal is converted to a soluble chemical form and transported
in the soil water. With an equal mass of tungsten and DU deposited in the soil, the rate at which
solubilization of the materials occurs in the soil becomes important. These rates will determine the
relative concentrations of the materials that are available for plant uptake and movement within the
food chain, as discussed in Chapter 4. The ultimate exposure levels to people and potential health
impacts are directly proportional to the solubilization rates. The literature on relative dissolution in
weak acids found in soils is very sparse. However, some tungsten compounds are known to be very
corrosion resistant, while some uranium compounds are quite mobile in the environment. For
illustrative purposes, we will assume that DU is 100 times more soluble in the soil than tungsten.
Thus, if the quantity of uranium available for plant uptake is 100 times greater than tungsten, the
relative effects will be different than if uranium and tungsten dissolve/oxidize/transport at equal rates.
Because of the importance of the process in establishing the relative concentrations available for
transport in the environment, further information on the solubility of both materials in the environment
is needed. However, synthesis of some measurements documented in the literature suggest that this
relative rate between DU and tungsten may be as high as 1:100. This scenario is carried out with this
assumption and the inhalation and ingestion calculations as shown subsequently.

Inhalation—Airborne dust levels in a rural area are on the order of 107 kg m (10 g m™). The
concentration of tungsten and DU in the soil at 10 ppm results in intake rates of 2.2 x 10® g d”,
respectively, assuming that man takes air at a rate of 22 m’/d.

Ingestion—The uptake of tungsten and DU from the soil into vegetation may occur through root
uptake as discussed in Chapter 4. Concentration factors are used to relate the concentration of the
material in the edible portion of the plant to the concentration in soil. In Chapter 4, concentration
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factors of 0.3 and 0.009 were stated for tungsten and DU (see Table 4.4). We assume that the
solubilization of tungsten is one hundredth that of DU, and hence the soil concentration of 10 ppm
results in soluble concentrations of 0.1 and 10 ppm, respectively. Table 4.1 indicates a consumption
rate for vegetation of 190 kg y ! or about 0.52 kg d”'. Following Equation (4.1), the intake rate of
tungsten is given as

1 = Csoil CFplam Iplanr ’ (71)
where I is the rate of intake of tungsten in vegetation, C,,; 1s the concentration of soluble tungsten in
soil (0.1 ppm), CF,,,, is the concentration factor for tungsten, and I, is the rate of consumption of
vegetation. The CFPM is defined in terms of the dry weight of the vegetation while the consumption

rate T, is stated in terms of wet weight. We assume a wet to dry weight ratio of 4 to 1. The rate of
ingestion of tungsten in vegetation is thus

.
I

=C_,CF I

soil plan: “ plant

107 x 0.3 x 5204 ; (7.2)
39x10¢gd™

1

and for DU

1=C_,CF,6 I

soil plant ~ plant

= 107 x 0.009 x 520/4 . (7.3)
=12x 105 g d-

The intake of tungsten and DU in vegetation by livestock results in its accumulation in milk and meat
products. The equations used to evaluate this transfer are given in Chapter 4. The equation can be
written as

Cmea:,milk = Cplam Qfeed BTF meat,milk (74)
= Csoil CFplam Qfeed BTFmeat.milk ’

where Cmmlk is the concentration of the material in meat or milk, Cpm is the concentration in the

vegetation consumed by the animal, Qp,; is the rate the animal is fed vegetation, and BTF,,, ., is
the biotransfer factor for the animal product. All other quantities are as defined previously. See

Table 4.4 for the values of these parameters for tungsten and DU. Assuming the animals are fed
vegetation at a rate of 10 kg d"! and that the human intake of milk and meat are as stated in Table 4.1,
then the following ingestion rates of tungsten and DU are indicated:

tungsten: 1.8 x 10® g d* in milk and 2.1 x 10° g d* in meat
DU: 54 % 10® g d' in milk and 1.2 x 10° g d"' in meat
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The following total intake rates are estimated for this scenario:

tungsten: Inhalation: 2.2 x 107 g g
Ingestion: 6.0 x 10% g d,
DU: Inhalation: 2.2 x 10°® g d?

Ingestion: 1.2 x 10° g d?

Using the data of Table 5.4, the above intake rates would result in the following tissue levels of
tungsten and DU:

Table 7.1. Tungsten and depleted uranium levels
in the body resulting from chronic exposure
to 10.0 ppm of tungsten and DU in soil

Organ Tungsten (g) Uranium (g)
Skeleton 1.8 x 10* 6.0 x 10°
Liver 7.9 x 10°% 1.8 x 10
Kidneys 9.4 x 10 8.0 x 107
Spleen 9.3 x 107

Other Tissues 6.7 x 10 2.2 x 10°%

The tungsten levels in systemic tissues tend to be greater than the corresponding uranium values. This
is a result of the higher environmental uptake of mobile tungsten into plants and food chain animals
and its greater fractional absorption from the GI tract.

7.2 HUMAN HEALTH RESPONSES TO EXPOSURE SCENARIO

The scenario analysis has been based on equal amounts of DU and tungsten in the soil of a practice
range and a factor of 100 greater solubilization of DU in the soil. A single combined inhalation and
ingestion pathway was developed. Once in the mobile form, the primary factors in this scenario that
influence the movement of tungsten and DU within the food chain are the concentration factors going
from soil to plant, as discussed in Chapter 4, and then the GI tract absorption factor for human
ingestion, known as the f; factor, described in Chapter 5.

For both of these factors, tungsten is significantly more mobile than DU. That is, the plants and the GI
tract seem to be able to exclude uranium with greater efficiency than tungsten. But from preliminary
information collected from the literature, uranium becomes available for environmental movement at a
greater rate than tungsten. For this scenario, a difference of 100 times is assumed; environmental
mobilization data on anticipated alloys will be necessary to refine this and any future scenario. This
simple pathway analysis results in daily intake rates of 6.0 x 10 g/d for tungsten and 1.2 x 10 for
DU. For a 70-kg adult human, these figures are then converted to dose rates of 0.000085 mg/{kg-day}
for tungsten and 0.00017 mg/{kg-day} for DU. These daily doses are used in the following to assess
the impact of potential toxicities of tungsten and DU.
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7.2.1 Noncancer Toxicities

The traditional noncancer health impact of uranium is renal (kidney) toxicity as described in
Appendix D. Toxic effects on the kidneys are assumed to occur only when the uranium concentration
in the kidney tissue exceeds some threshold level. Since the early 1950s a concentration of 3 pg of
uranium per gram of kidney tissue has served as a primary guidance level for avoidance of chemical
toxicity. Recently, several reviewers and analysts have proposed that the longstanding chemical
guidance level for uranium be reduced, particularly for consideration of chronic exposure, as in the
case of the scenario under consideration. For long-term environmental exposures, the value used is
0.3 pg of uranium per gram of kidney tissue (as in Appendix D).

From Figure 4 of Appendix D, an annual intake of 5 g of DU results in a kidney concentration of
0.3 pg DU/g kidney tissue. An annual intake of 5 g reduces to a daily dose of 0.00019 mg/{kg-day}.
This is essentially the same value as the daily dose of DU that results from the scenario beginning
with 10 ppm DU in the soil, that is, 0.00017 mg/{kg-day}. Thus, this intake corresponds to a
conservative no-observed-adverse-effects-level (NOAEL) for renal toxicity.

Beginning with 10 ppm tungsten in the soil, the scenario results in a daily dose of 0.000085 mg/{kg-
day}. This is below the most sensitive health endpoints for laboratory animals identified in Chapter 6,
which are teratogenic and reproductive effects and possibly neurotoxicity. According to discussions in
Chapter 6, teratogenic, reproductive, and suggestions of neurotoxic effects can be induced by a chronic
tungsten administration of 0.005 mg/{kg-day} to laboratory animals. This dose rate is the lowest dose
rate tested in the laboratory studies for these endpoints. Thus, based on a preliminary analysis, and
using data from the literature, the scenario chosen will result in a dose of tungsten that is less than that
which induced the most sensitive noncancer health endpoints that are identified in the literature. The
present scenario would predict neither renal toxicity from the projected DU ingestion level nor
noncancer effects from ingestion of tungsten.

7.2.2 Potential for Cancer

As described in Chapter 6, the literature does not contain reports describing tungsten as either a
carcinogen or a noncarcinogen. A significant effort was expended within Phase I, to utilize the diverse
types of laboratory animal information, to estimate a potential cancer potency for tungsten. This
potential cancer potency could then be compared with the cancer potency of DU, which is based
entirely on calculated cancer risk from radiation dose. The work summarized in Chapter 6 defines the
approximate potency of tungsten if it were at some time in the future found to be a carcinogen. It is
with that potency projection that the potential cancer risk of tungsten is compared here with that of
uranium.

From discussions in Sect. 6.5, a daily tungsten dose of 0.000086 mg/{kg-day} could, if tungsten is
found to be a carcinogen, result in a lifetime cancer risk of 4.5 x 10°. The daily DU dose of

0.00017 mg/{kg-day} results in a lifetime cancer risk of 1.0 x 10°. This is about two times greater
than the risk estimated for tungsten. Thus, in this scenario beginning with 10 ppm of DU and tungsten
in the soil, we see that DU may result in a potential cancer risk about twice that of tungsten, should it
be found to be a carcinogen.
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7.3 SUMMARY

This analysis is based on equal amounts of tungsten and DU deposited in the soil of a test range. The
relative rate by which the two primary materials can transform from metal to an oxide or other
environmentally mobile form and move within the soil water is not known with certainty at this time.
Based on preliminary information collected from the literature, we assumed that DU converts to a
mobile state 100 times faster than tungsten. Analysis of this scenario indicates that both from the
standpoint of health effect endpoints, tungsten may pose a relatively lesser human hazard than DU.
However, that conclusion or one developed from alternative quantity/solubility assumptions cannot be
stated with certainty because the calculations are not based on experimental data for KEP materials. In
this analysis, the toxic effects of uranium were limited to the effects addressed in current federal
guidance for exposure to uranium, that is, the potential chemical toxicity of uranium to kidneys and
the potential carcinogenic effects of uranium from radioactivity. Although there is little information on
other, more subtle effects of uranium, the extant health effects data base for tungsten is much smaller
than that for DU.

Firm conclusions for any scenario cannot and should not be drawn with the present data. This scenario
has used all types of information gathered during the course of Phase I, but no element of this data
base has been sufficiently verified to support important decisions. Uncertainties exist on the relative
environmental mobility rates for tungsten and DU, on the relative uptake factors into the food chain,
the relative uptake factors once in the human body, and the relative toxic effects of noncancer and
cancer health effects. The work, however, demonstrates that a sufficiently detailed accounting of the
potential health impacts of tungsten with respect to DU have been constructed to support scenario
evaluations with better data. Specific areas that require augmented data have been identified and are
discussed in Chapter 8.







8. CONCLUSIONS, RECOMMENDATIONS, AND SUMMARY

Conclusions presented in this chapter reflect a phased approach to the program. This phased approach
is based on the premise that an analysis of a complex problem such as the life-cycle evaluation of
alternative materials for heavy armor KEPs must proceed along a critical path. We determined early on
that the critical path included basic knowledge about tungsten behavior in the environment. Given that
the program goals included the evaluation of environmental and health risks from alternative KEP
materials, we had to be in a position to evaluate those risks. If the data base for evaluation of those
risks were inadequate, this would have to be identified early in the program so that development of thé
data base could proceed in a timely fashion for adequate decision making in the life-cycle analysis.
Thus, this first year of the program focused much of the available resources on a critical analysis of
the extant relevant environmental and biological data using a simulation framework set up to analyze
relevant experimental data as they become available. This critical analysis has resulted in the assembly
of current knowledge abont the movement and distribution of tungsten in the environment, the human
body, and its potential effects on human health. Concurrently, we identified a number of important
areas where additional information is needed. The major conclusions of this first year’s work and
directions anticipated for future work follow.

8.1 CONCLUSIONS FROM ENVIRONMENTAL SIMULATION MODELING RESULTS

These conclusions focus on the major elements of the work in the preceding seven chapters. In
developing an analysis of the available data, all work was done from the perspective of how we would
be able to use our results in an environmental analysis. The elements of an environmental analysis are
essentially three:

1. How does a material behave in the environment as it moves from a point of introduction
into the environment toward an ultimate intake by humans?

2. How is the material retained and distributed within the human bedy once taken in?

3. What happens to the human who takes in the material under study?

The conclusions that follow that pattern are discussed as follows.
8.1.1 Environmental Pathways

The entire data base supporting the bioaccumulation and environmental transfer factors for tungsten
and uranium is quite small. From the information available, tungsten is shown to be relatively more
mobile in the soil than uranium. Tungsten is also more easily taken into plants than uranium. Soil-
water partition coefficients for tungsten and uranium suggest that uranium’s mobility to go from soil to
water is only about 7% of the mobility of tungsten. Moreover, a similar difference is indicated in the
movement of uranium and tungsten from soil to the edible parts of plants growing in soil contaminated
with these two elements. Assuming equal concentrations in the soil, tungsten uptake into piants may
be 33 times greater than that for uranium. Other differences in the transfer of these two elements
within the food chain are not so pronounced. Taken together, these findings suggest that gram for
gram, tungsten will move more extensively in the soil than uranium and that it will be found to be
more highly concentrated in plants than uranium, but differences in corrosion rates of the two metals
may influence the quantity of each that is available in the soil to be transported in the environment.
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8.1.2 Absorption, Retention, and Distribution Within the Human Body

Based on the modeling of the biokinetics of tungsten (Appendix C) and knowledge of uranium, a
better understanding of the differences in movement between tungsten and uranium has been
developed. At present, the most important information is that given an equal gram intake by ingestion,
Type M tungsten is absorbed by the GI tract about 25 times more efficiently than uranium. Very little
difference in retention is seen for the inhalation pathway, but inhaled tungsten is distributed differently
within the body than uranium. These results are preliminary and are based on the scattered data from
large animals and on data from rats when no other data were available. However, the rat may not be a
good model for humans.

8.1.3 Health Impacts

A variety of noncancer health impacts were identified from literature reports on animal and cellular
studies. Important impacts may involve neurotoxicity, reproductive toxicity and developmental toxicity,
or teratogenesis endpoints. Effects on some of these endpoints were produced using exposure levels
that may approximate environmental exposures.

With respect to possible cancer effects, no cancer studies were identified that designated tungsten as a
noncarcinogen or a carcinogen at a 95% statistical confidence level. On the basis of very sparse data,
if tungsten is found to be a carcinogen, its potency would be around 0.04 relative to benzo(a)pyrene.
In practical applications of comparing tungsten to DU, if an objective were to maintain a lifetime risk
from continuous exposure at or below 1 X 10™ level, the associated dose rates for tungsten and DU
must be: Dosey, = 1.9 pg/{kg-day} and Dose,; = 1.7 pg/(kg-day) or lower, respectively. The relative
potency projections suggest that gram for gram, tungsten and DU may be about equivalent in
toxicological potency when exposure is via the ingestion route. This analysis does not demonstrate that
tungsten is a carcinogen. The calculations are hypothetical and direct us to specific tests that are
needed to verify or dispel what may be fragile estimates of statistical parameters associated with
solubility, uptake, and risk from tungsten KEP fragments. These experiments and tests are outlined in
Section 8.3 following a brief summary of progress and accomplishments in this Phase I study.

8.1.4 Summary of Phase I Accomplishments

The conclusions and recommendations from this stady must be understood in the context of current
military and industrial operations. The initial toxicological assessment of tungsten was performed with
readily available data from the literature, instead of data developed for our analysis. Out of this

Phase I study, a significant number of new analyses were completed, new models were developed, and
new perspectives were achieved. They include:

* reevaluation and development of new, more reliable values for soil concentration and biotransfer
factors for tungsten;

»  assembly of values for environmentally significant factors necessary for quantitative analysis of
tungsten movement in soil and through the food chain;

* development of a physiologically based biokinetic model of tungsten absorption, distribution, and
elimination in humans;

*  selection of an improved value of the fractional GI absorption for tungsten;

*  comparison of biokinetics of tungsten and DU in humans based on acute exposure;

8-2




*  quantitative prediction of tissue content of tungsten and uranium given lifetime exposure by
inhalation and ingestion of daily unit intakes;

¢ identification of new, no-observed-adverse-effects tissue level for chronic renal toxicity of
uranium;

» identification of tungsten toxicity data for noncancer endpoints that warrant further experimental
evaluation as they may represent effects of more concern than DUs potential for renal toxicity;
and

* development of scenario methodology using quantitative environmental transfer factors, biokinetic
models of tungsten and DU, relative potency analysis results, and revised NOAEL tissue DU level
for renal toxicity to quantitatively compare movement of DU and tungsten from soil
contamination to human tissues and evaluate the comparative health impacts.

8.2 RECOMMENDATIONS FOR FOLLOW-UP EXPERIMENTS AND TESTS

Based on quantitative analyses of the available data, specific additional data are needed to reduce the
uncertainties in a comparative assessment of the environmental effects of tungsten and uranium.

8.2.1 Environmental Pathways

The most important environmental factors for tungsten relative to uranium are the relative corrosion
rates, the soil-to-water partition coefficients, plant uptake factors, and plant-to-animal transfer factors.
The present data base, however small, supports factors that consistently suggest that tungsten is
significantly more mobile and accessible to organisms than uranium. Because of the importance of
these factors in the calculations of contaminant transport to humans, targeted studies are recommended
to better document soil-to-water partition coefficients, plant uptake factors, and plant-to-animal transfer
factors.

8.2.2 Absorption, Retention, and Distribution Within the Human Body

Knowledge about absorption, retention, and distribution within the body are key factors in determining
the degree and type of toxicity of a toxic agent. With regard to inhalation, there has been only one
reasonably detailed study of the biokinetics of inhaled tungsten, and it involved only one
physiochemical form of tungsten. Further investigation leading to the identification of the
representative forms of airborne tungsten that may be encountered in environmental, occupational, or
military settings as needed. Additional information on the level of absorption of inhaled tungsten as
needed. Such information might be gained from easily accessible measurements such as urinary
excretion of tungsten in workers acutely exposed to tungsten in air.

Data on GI uptake of tungsten in different types of animals suggest that the fractional absorption can
vary substantially from one situation to another depending on a variety of factors including age. Our
data on GI absorption come from several animal species, but we have no human data. Because soft
tissues are indicated as potential sites for toxic action by tungsten, some effort is needed to resolve the
larger uncertainties in predictions of the systemic model that are associated with soft tissues.




Given the need to improve understanding of the biokinetics of tungsten in humans, it is recommended
that a two-pronged approach be used. First, build on the available data base for rats with future
experiments on rats and second, perform more limited parallel experiments on larger animals. If the
comparative data suggest that the rat is an inappropriate model for larger animals, then a better model
should be found.

8.2.3 Health Impacts

Because the commercial use of tungsten has been limited in the past, with most human exposures to
forms combined with cobalt, harmful effects that have been observed have been mostly attributed to
cobalt. Moreover, a few laboratory studies have been conducted, but those few have not yielded
alarming data for tungsten. Finally, many studies have been one of a kind. Consequently, we have
substantial uncertainty in the information available for evaluation of potential health impacts. From an
overall perspective, it is far more accurate to note that tungsten has been inadequately tested than to
conclude that tungsten is of low toxicity and a noncarcinogen.

8.2.3.1 Noncancer Endpoints

With noncancer toxicity, we have identified three classes of effects that are important for further
evaluation: neurotoxicity, reproductive toxicity, and teratogenicity. It is of high importance to
determine whether tungsten exposure has the potential to disrupt reproductive function in either the
female or male. Indicators of developmental toxicity, like other studies, consist mainly of unreplicated
works, although several experiments in the same laboratory gave consistent results on skeletal
teratogenicity. As with neurotoxicity and reproductive toxicity, the evidence for tungsten
developmental toxicity, if confirmed, would be of much greater significance than the kidney toxicity
associated with low-dose uranium exposure. Furthermore, combinations of tungsten and other materials
for potential alloys should be tested for increased toxicity in view of the enhanced toxicity seen with
tungsten-cobalt combinations in hard-metal alloys.

8.2.3.2 Cancer

Obtaining a better understanding of the potential for inducing cancer is an important follow-up to this
study. Analysis of its potential cancer potency put tungsten at about the same level as DU, gram for
gram, for ingestion. Relative to chemicals of commerce, tungsten seems to have the approximate
potency of the human carcinogens benzene, coke oven emissions, and nickel refinery dust. This
conclusion is derived from the results of a relative potency analysis that made use of various types of
data on measures of tungsten toxicity other than carcinogenicity. The potency derived is only a
measure of toxicological potency that would approximately define the potency of tungsten, if it were
determined to be a carcinogen in the future.

The data upon which the cancer potency evaluations are based are very limited. In the next phase of
this program, strengthening the basis for relative potency analysis and developing the data necessary to
to make direct comparisons between DU and tungsten are recommended. Performing biological
experiments with tungsten in a variety of biological tests can be done rather quickly and cost
effectively.

8-4




8.3 SPECIFIC CONSIDERATIONS FOR DU IN LIGHT OF FINDINGS

There are numerous uncertainties or barriers associated with direct comparisons of toxicological effects
from DU with those from tungsten. Exposure to tungsten is associated with a complex continuum of
response endpoints ranging from production of subcellular lesions, through enzymatic changes,
pathological harm to cells or tissues, to possible cancer and death from both acute and chronic toxicity.
Although radiotoxicity and chemical toxicity can both be analyzed on that same continuum, the two
disciplines have evolved independently, and measures of toxic injury cannot be treated realistically and
directly from the test data that are currently available. Currently, the two aspects, radiological and
chemical, are being “weighed” on different analytical scales. Future work should be directed carefully
to improve the accuracy and reduce uncertainties in comparing the chemical potency of tungsten and
DU for use in material life-cycle analysis.

8.4 PRIORITIES FOR FILLING DATA GAPS

Finally, we conclude that, although these analyses indicate that tungsten’s environmental behavior and
health effects may not be as benign as previously assumed, DU may also be less well studied than is
generally appreciated. Thus, although tungsten could be adopted as a base KEP material with
appropriate management procedures for some parts of the life cycle, the data on both tungsten and DU
are insufficient for purposes of choosing between them on an environmental basis. Gathering
additional environmental and toxicological data on both substances is essential to support informed
decision making. The most important data gaps in their order of importance for basic data collection
are as follows.

»  The relative rates of corrosion and formation of environmentally mobile compounds by tungsten
and DU. Is the rate of conversion into soluble form for tungsten KEP fragments 1/100th that of
bu?

»  Differences in tungsten and DU with respect to soil-to-water partition coefficients, plant uptake
factors, and plant-to-animal transfer factors. Is the plant concentration factor for mobile tungsten
emanating from KEP fragments 35 times larger than for DU?

¢ Identification of representative forms of airborne tungsten in environmental, occupational, and
military settings. What is the measured median aerodynamic diameter for tungsten and DU
aerosols from KEPs, and do these fall in the range of 0.1 to 100 um?

e  Chemical potency of DU compared to projections for tungsten developed in Phase I and direct
comparisons of the two materials in specific biological experiments. Are tungsten and DU about
equal in chemical potency, and is a dose of 1.9 ug/{kg-day} the appropriate level for maintaining
no-observed-adverse-effects from a lifetime of continuous exposure to tungsten? What is the
corresponding nonradiologically based dose for no observed effects from DU?

»  The toxicological effects of alloying materials in combination with tungsten and DU.

Will the presence of alloying materials in KEP rounds resuit in conditions favorable to
possible synergistic effects as observed with tungsten-cobalt combinations?
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»  Refined estimates of absorption of tungsten through inhaled and ingested pathways based on
predominant forms of DU and tungsten identified as mobile products of corrosion. Is the
predominant form of tungsten and DU associated with spent KEP rounds of type M solubility or
are the two materials different in solubility characteristics? Is absorption of tungsten originating
Jrom KEP fragments 50% greater than DU, or is a different value in the 5 to 75% range more
appropriate?

8.5 CONCLUSIONS FOR POLLUTION PREVENTION INITIATIVES

A significant fraction of the available data are suggestive of tungsten being active toxicologically at
environmentally relevant levels although perhaps less so than DU. This early observation must be
understood with respect to the wide range of hazards encountered in military and industrial
applications. Decisions about future use thus represent a balance between materials properties and life-
cycle costs. This work has begun the ground work to support an environmental material life-cycle
analysis of tungsten and has determined that if tungsten is chosen as a KEP material, it may require
management as a potential hazard particularly if alloys are toxicologically less benign. Exactly how the
treatment should be changed awaits the development of better data in light of other materials that
might serve its functions. Since the major “other” material is DU, it should be investigated in parallel
with data collection efforts for evaluating the material management life cycle of tungsten. Basic
research experiments and field tests are the next steps in addressing data gaps, improving parameter
estimates, and verifying potency projections that are presented in the preceding chapters of this report.
Better experimental data in tandem with the environmental modeling framework will provide the
KEP-user community with the information it needs to better incorporate environmental strategy into
mission performance.
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INTRODUCTION TO THE APPENDIXES

Assessing the environmental acceptability of high-performance alternatives to depleted uranium
penetrators involves many interrelated issues. The basic issues include (1) properties of the materials
for mission performance, (2) environmental mobility of materials introduced into air, land, and water,
(3) effects on plants and animals, and (4) life-cycle costs of managing the materials from cradle to
grave.

Within Phase I of this multiyear program, we concentrated on the most important unknowns in the
critical path for life-cycle assessment. They are: (1) environmental transport factors for tungsten,

(2) distribution of tungsten within the human body after an initial exposure, and (3) the toxic effects of
tungsten. The appendixes in this volume begin with a presentation of bibliographical references from
which selected data were collected for use in the simulation modeling and scenario analysis presented
in Volume 1. The simulation modeling framework and related topics are presented in Appendixes C
through G. In Appendix C, a biokinetics model for tungsten is defined by developing three submodel
components. These submodels include: (1) respiratory tract, (2) gastrointestinal tract, and (3) systemic
tungsten. Limits on intake of uranium based on radiological and chemical guidance are presented in
Appendix D. In Appendix E, the authors use the information from Appendixes C and D to compare
the biokinetics of tungsten and uranium in adult humans. Potential health effects and methods for
filling data gaps are discussed in Appendix F (“Noncancer Health Effects™) and Appendix G
(“Methods for Estimating Cancer Potency of Tungsten in Humans™). The next phase of this study will
involve basic research experiments and field tests to address the data gaps that are highlighted in these
appendixes.
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APPENDIX B. INDUSTRY AND INTERNATIONAL CONTACTS

In the course of this initial investigation many contacts were initiated with private industry, U.S.
military and civilian personnel, and international researchers in an attempt to located and identify data
bases, research completed and underway, and refereed articles related to the health and environmental
effects of tungsten.

B.1 International Contacts

Relevant articles were found from Australia, Japan, Sweden, the United Kingdom, and China. These
articles are included in the Bibliography (Appendix A). Repeated efforts were made to contact experts
on international research. The following contacts may be useful in future investigations:

¢ Fred Adler, Chief, International Technology Transfer (ITT) Branch, U.S. Army Research
Laboratory, AMSRL-TT-TI, 2800 Powder Mill Road, Adelphi, MD 20783-1197, Phone: (301)
394-1400, Fax: (301) 394-4795, E-mail: fadler@arl.mil

»  Ciril Baskovic, State Secretary for Science and Technology, Ministry of Science and Technology
of Solvenia, Phone: +386 61 1323 124, Fax: +386 61 1324 140

e  Olg Bodrov, Social Ecological Union of Russia, Molodezhnaya st. 22-87, 188537, Sosnovy Bor,
Russia, Phone: +7 (81269) 494 81

e  Prof. Rado Bohinc, Ph.D., Ministry of Science and Technology of Slovenia, Solvenska 50,
61000L jubljana, Slovenia, Phone: +386 61 1311 107, Fax: +386 61 1324 140

¢  De Xian Cao, Cancer Institute and Hospital, Chinese Academy of Medical Sciences, E-mail:
CAODX@bepc2.ihep.ac.cn

e  Zhi Fang Chai, Division of Nuclear Techniques Application, E-mail: CHAIZF@bepc2.ihep.ac.cn
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B.2 Industry Contacts

Following a review of progress in June 1995 with Dr. Robert Oswald, U.S. Army Corps of Engineers,
the staff followed recommendations and contacted General Electric Corporation to inquire about
possible studies and data related to tungsten use and worker exposure. As the attached exhibit
illustrates (see attached letter), no information on tungsten worker exposure or other environmental
data on tungsten are available from this source. In addition, contacts with Olin Corporation are
ongoing and may produce some information about DU test range cleanup. However, this information
has not been released and therefore is not available to include in this report.

The persons contacted at General Electric Corporation and Olin Corporation include:

General Electric Corporation (216) 266-2121:
Jay Pomeroy
AM. Zielinski
Brian Mayes
Teeve Barbella

Olin Corporation (813) 578-8100:
Edward Alber
Dennis Crabtree
Tom Wisley




GE Lighting

August 15, 1995

Charles R. Kerley, Ph.D.
Environmental Analysis and Assessment
Oak Ridge National Laboratory

P.O. Box 2008

Oak Ridge, TN 37831-6205

Dear Dr. Kerley,

I’m responding to your letter to Jay Pomeroy requesting information concerning any
health or animal studies databases, etc. that we might have concerning tungsten.

We have not conducted any animal or health studies for tungsten used at GE Lighting
facilities. While we have done air monitoring to determine exposures relevant to the
various recommended exposure limits, we have not done any epidemiological work, nor
have we compiled any reviews of the basic research other than those published by NIOSH.

Please feel free to contact me (216-266-3349) if you would like to discuss this in further
detail.

A. M Zielinski
Lighting Environment, Health
and Safety Department
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APPENDIX C. BIOKINETIC MODEL FOR TUNGSTEN

C.1 INTRODUCTION

Time-dependent tissue concentrations of a material taken into the human body generally are predicted
using a combination of three types of biokinetic models: a respiratory tract model that describes the
deposition of inhaled material and subsequent transfer to the gastrointestinal (GI) tract, blood, or the
environment; a GI tract model that describes the movement of ingested or endogenously secreted
material through the stomach and intestines and transfer to excreta or blood; and a systemic model that
describes the time-dependent distribution and excretion of absorbed material. This appendix describes
the respiratory, GI, and systemic biokinetic models for tungsten used in this report.

C.2 MODEL OF THE RESPIRATORY TRACT

Recently the International Commission on Radiological Protection (ICRP) introduced a new respiratory
tract model that involves considerably greater detail and physiological realism than previous models of
the respiratory system (ICRP 1994). The model structure is shown in Fig. C.1. The model divides the
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Fig. C.1. Diagram of the respiratory tract model (ICRP 1994).

respiratory system into extrathoracic (ET) and thoracic tissues. The airways of the ET region are
further divided into two categories: the anterior nasal passages in which deposits are removed by
extrinsic means such as nose blowing, and the posterior nasal passages including the nasopharynx,
oropharynx, and the larynx from which deposits are swallowed. The airways of the thorax include the
bronchi (BB compartments), bronchioles (bb compartments), and alveolar region (Al compartments).
Material deposited in the thoracic airways may be cleared into blood by absorption, to the GI tract by

mechanical processes (i.e., transported upward and swallowed), and to the regional lymph nodes via
lymphatic channels.
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The number of compartments in each region was chosen to allow duplication of the different kinetic
phases observed in experiments on humans and laboratory animals. In Fig. C.1, particle transport rate
constants shown beside the arrows are reference values in units of d'. Compartment numbers shown
in the lower right-hand corner of each compartment box are used to define clearance pathways. For
example, the particle transport rate from bb, to BB, is denoted m,,; transport along this path is
assumed to occur at the rate 2 d™'.

For a given inhaled compound, the mechanical clearances of particles indicated in Fig. C.1 are in
competition with dissolution rates and absorption to blood, which depend on the element and the
chemical and physical form in which it is inhaled. The ICRP plans to develop compound-specific
dissolution rates but at present provides only three default solubility types: Type F (fast dissolution
and a high level of absorption to blood), Type M (an intermediate rate of dissolution and an
intermediate level of absorption to blood), and Type S (slow dissolution and a low level of absorption
to blood). The user selects Type F, M, or S based on available experimental data on compounds of the
element of interest that are expected to be encountered in practice.

Experimental data on the fate of inhaled tungsten are limited. Best available quantitative information
on the deposition and subsequent kinetics of tungsten in the respiratory tract comes from a study on
dogs exposed to '*'WOQ, by inhalation (Aamodt 1975). The aerosol had an activity median
aerodynamic diameter (AMAD) of 0.7 pm with geometric standard deviation of 1.5. Retention and
excretion of "'W were measured over 165 d. An estimated 60% of inhaled activity was deposited in
the respiratory tract and perhaps half of this 60% was deposited in the lower portion of the
tracheobronchial region or the pulmonary region. External measurements over the lungs indicated that
roughly 70% of the deposited material was removed from the lungs with a half-time of 4 h, 20-25%
with a half-time of 20 h, and perhaps 5% with a half-time of 6.3 d. A small percentage may have been
retained in the lungs for a period of months. Of the amount leaving the lungs, an estimated 33% was
absorbed directly to blood and the remainder was probably transferred up the tracheobronchial tree and
subsequently swallowed. Results of an earlier ingestion experiment by the author indicated that about
one-fourth of the swallowed activity may be absorbed from the GI tract to blood.

Grande et al. (1990) studied the time course and distribution of tungsten-laden macrophages in the
hilar lymph nodes of the dog lung after experimental instillation of calcium tungstate into the left
apical bronchus. They sprayed a tungsten powder (CaWQ,) into the airway of a single lobe of the dog
lung to study the kinetics of particle translocation from the bronchoalveolar lining to hilar lymph
nodes and the sorting in lung lymph nodes of inhaled microcrystals. The transport of tungsten particles
to the regional lymph node took at least 24 h and reached its peak at day 7. Virtually all tungsten in
lymph nodes was located in macrophages.

De Sousa Pereira et al. (1992) studied pleural clearance of Ca tungstate particles in the dog by
scanning electron microscope and elemental microanalysis. Their results indicate that mesothelial cells
are involved in the clearance of particles present in the pleural space. The histological study of lung
parenchyma showed many macrophages loaded with tungsten particles.

A large amount of qualitative information but little quantitative data is available on workers exposed
by inhalation to various compounds of tungsten. There is evidence that some portion of tungsten
inhaled as hard metal dust remains in the lung tissue for an extended time (Sjogren et al. 1980, Cugell
et al. 1990, Edel et al. 1990). On the other hand, results of in vitro studies together with measurements
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of tungsten in hair, toenails, and urine of hard metal workers indicate that a substantial portion of
tungsten inhaled in the form of hard metal dust may be soluble and highly mobile (Edel et al. 1990).

Pezo et al. (1993) used intratracheal instillation of a calcium tungstate powder in mice to study the
inflammatory response of the lung to tungsten particles. Tungsten particles were found inside alveolar
macrophages throughout the 21-d study.

The above data on inhaled tungsten are not uniformly consistent with any one of the three default
solubility types provided in the ICRP’s respiratory tract model. Experimental data on dogs (Aamodt
1975, Grande et al. 1990, de Sousa Pereira et al. 1992) seem broadly consistent with Type M. Other
data indicate the possibility of long-term retention of a portion of inhaled tungsten in the lungs (Edel
et al. 1990, Peio et al. 1993), suggesting that forms of inhaled tungsten may be best represented by
Type S. In this report, inhaled tungsten is assigned to Type M. This was judged to be the more
cautious assumption because of the much higher level of absorption to blood associated with Type M
than with Type S.

C.3 MODEL OF THE GASTROINTESTINAL TRACT

The model of the GI tract used in this report was developed by Eve (1966) and has been used by the
ICRP for several years (ICRP 1979, 1995). The model, shown in Fig. C.2, divides the GI tract into
four segments: stomach (S), small intestine (SI), upper large intestine (ULI), and lower large intestine
(LLI), and depicts first-order transfer of material from one segment to the next. Material is assumed to
transfer from S to SI at the rate 24 d”', from SI to ULI at 6 d™*, from ULI to LLI at 1.85 d”, and from
LLI to feces at 1 d™.

Absorption of ingested material to blood is assumed to occur only in the small intestine. Absorption to
blood is described in terms of a fraction, f;, meaning that the fraction f; of ingested material is
absorbed from SI to blood and the fraction 1-f; moves from SI to ULI and eventually is excreted in
feces. The ICRP’s current f; value for tungsten (ICRP 1981) is 0.3 for all compounds of tungsten other
than tungstic acid, for which an f; value of 0.01 is applied (ICRP 1981). As discussed below, the more
cautious f; value of 0.5 has been selected for use in this report.

Johnson and coworkers (Johnson and Rajagopalan 1974; Johnson et al. 1974a, 1974b) concluded from
studies on rats that the systems for GI absorption and transport of the essential element molybdenum
are sufficiently non-specific to accept tungsten instead. Cardin and Mason (1976) found that the
maximum rate of transport of MoO,”” and WO,> through the small intestine of the rat, studied in vitro
using the everted sac technique, occurs in the lower ileum. Their results indicate that MoO,>, WO,”,
and SO, are readily transported across the lower ileum in the rat by a common transport system
subject to competitive inhibition. Because the normal dietary level of SO, is orders of magnitude
higher than that of MoO,> or WO, the extent of absorption of MoO,>~ or WO,>” may depend on the
luminal SO,> level. As with molybdenum ingested as molybdate, however, a substantial portion of
tungsten ingested as tungstate may be expected to be absorbed to blood under most conditions (Cardin
and Mason 1976).

In controlled balance studies lasting five days each, Wester (1974) determined total intake as well as
urinary and fecal excretion of tungsten and other nonessential elements in four healthy adult human
subjects who were kept on a constant diet. Two studies were performed on each subject, with dietary
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Fig. C.2. Diagram of the gastrointestinal tract model (ICRP 1979).

l )‘Sl =6 day-1
Ll
Ll

calcium varied in the two studies. The results of these studies allow a crude estimate of the GI uptake
of tungsten, based on the assumptions that the subjects were in tungsten balance, that diet is the
primary mode of intake of tungsten, and that daily urinary tungsten approximates daily absorbed
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tungsten. The results of these studies indicate that, as an average, about half of ingested tungsten was
absorbed to blood.

Dairy cows absorbed approximately 25% of tungsten after oral intake of '*'W-labeled tungstate
(Mullen et al. 1976). A similar level of absorption was determined in a beagle dog after intragastric
administration of a weakly acidic aqueous suspension of tungstic oxide (Aamodt 1975). In experiments
on rats, GI uptake of radiotungsten administered as tungstate appeared to be in the range 40-70%
(Ballou 1960, Fleshman et al. 1966, Kaye 1968), whereas uptake of radiotungsten administered as
tungstic acid was only about 1% (Ballou 1960). Experiments in which peccaries (pigs) ingested debris
from a nuclear explosion indicated GI uptake of 7-20% (Chertok and Lake 1971a, 1971b, 1971c).

Bell and Sneed (1970) studied the effects of ration and route of administration on the metabolism of
85W in swine and sheep. Growing swine absorbed at least 75% of orally administered '**W. Mature
sheep fed the same ration absorbed at least 44% but absorbed more than 65% of administered W
when dosed directly by tube into the abomasum. Gastrointestinal uptake of tungsten was reduced
substantially in sheep by diet high in roughage, perhaps due to adsorption of tracer levels of tungsten
to feed particles high in cellulose.

In four goats receiving Na,'®'WQO, by stomach tube, average absorption of '*'W was only about 5% of
the administered amount (Ekman et al. 1977). The goats’ diet was not described in detail but
apparently was high in roughage.

The high variability in reported f, values for tungsten is not surprising in view of the apparent
dependency of tungsten absorption on the age of the subject and the nature of the diet and its potential
dependency on species. Because several of the reported values for laboratory animals fall in the range
40-75%, and because the limited human data suggest a central value around 50%, the f; value of 0.3
used by the ICRP for most compounds of tungsten does not seem adequately cautious for application
to human populations. In this report, an f; value of 0.5 is applied to all compounds of tungsten. The
case of ingestion of tungstic acid is not considered.

C.4 MODEL OF SYSTEMIC TUNGSTEN
C.4.1 The Need for a New Systemic Biokinetic Model for Tungsten

The biokinetic model for tungsten recommended in ICRP Publication 30 (1981) appears to be the most
commonly used systemic model for this element. That model (Fig. C.3) was intended to provide
reasonable estimates of the integrated activity of radioisotopes of tungsten in different organs, based on
biokinetic data for laboratory animals. The model has the limitation that it does not depict biologically
realistic paths of movement of tungsten but assumes direct removal of tungsten from tissues to excreta.
Such a biologically unrealistic model structure hampers the analysis and unification of the available
biokinetic data on tungsten and physiologically related elements. For this reason, a new systemic
biokinetic model for tungsten with a more realistic structure was developed for use in this report.
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Fig. C.3. Diagram of the biokinetic model for systemic tungsten (ICRP 1981).

C.4.2 Data Used To Develop the Systemic Model for Tungsten

Information on the fate of absorbed tungsten in humans is limited and consists largely of reported
measurements of the concentration of tungsten in tissues, fluids, and excreta of chronically exposed
human subjects. These data are too sparse and inconsistent and the patterns of exposure to tungsten are
too poorly known to provide much insight into the biokinetics of absorbed tungsten.

The present biokinetic model for systemic tungsten in humans is based on experimental data on the
biokinetics of radiotungsten in laboratory animals and information on the kinetics of molybdenum or
other physiological analogues of tungsten in humans and laboratory animals. These data are unified
within a biologically realistic model structure that incorporates information on the physiological
processes that appear to control retention and translocation of heavy metals in the skeleton.

The best available information on the time-dependent distribution and excretion of systemic tungsten
in mammalian species comes from studies of: dogs receiving radiotungsten by inhalation or injection
(Aamodt 1973, 1975); immature swine exposed to radionuclides produced by a nuclear explosion
(Chertok and Lake 1971a, 1971b, 1971c); rodents administered radiotungsten by different routes (Scott
1952, Wase 1956, Ballou 1960, Fleshman et al. 1966, Kaye 1968, Ando et al. 1989); and various farm
animals (sheep, pigs, cows, goats) receiving radiotungsten by injection or ingestion (Bell and Sneed
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1970, Mullen et al. 1976, Ekman et al. 1977). The most detailed data are for rats, but it must be
considered that rats are often poor laboratory models for man with regard to quantitative biokinetics of
absorbed or intravenously injected substances. The most easily interpreted data for larger animals are
for dogs (Aamodt 1973, 1975), goats (Ekman et al. 1977), pigs (Bell and Sneed 1970; Chertok and
Lake 1971a, 1971b, 1971c), and sheep (Bell and Sneed 1970). Little use was made of data on cows
(Mullen et al. 1976) because of difficulties in unfolding biokinetic information from the data and
because cows show substantial qualitative differences from more “human-like” animals with regard to
the biokinetics of molybdenum, a close physiological analogue of tungsten (Bell et al. 1964, Bell and
Sneed 1966). Where species differences in the metabolism of tungsten are indicated, data on dogs,
pigs, goats, and sheep were given higher weight in the selection of model parameter values than data
on rodents or cows,

Indirect information on the biokinetics of tungsten can also be gained from human and animal data on
chemical and physiological analogues of tungsten. For example, there are some similarities in the
biological behavior of tungsten and the essential elements molybdenum and phosphorus, probably due
to similar tendencies of these elements to form oxyanion compounds in physiological systems. It has
been found, for example, that tungstate or molybdate can substitute for phosphate in bone (Fleshman
et al. 1966).

Overall, molybdenum appears to be the closest physiological analogue of tungsten. Tungsten often is
used as an experimental analogue of molybdenum because it is the element most chemically similar to
molybdenum, is the best known biological antagonist of molybdenum, and is the only agent capable of
producing experimental molybdenum deficiency in animals by preventing incorporation of
molybdenum into certain enzymes (Cardin and Mason 1976). On the other hand, there appear to be
some important kinetic differences between tungsten and molybdenum. For example, the liver appears
to be an important repository for molybdenum (ICRP 1993) but accumulates a comparatively small
fraction of absorbed tungsten (Chertok and Lake 1971a, 1971b, 1971c; Aamodt 1975, Ekman et al.
1977). Another limitation in using molybdenum as a biokinetic surrogate for tungsten is that, despite
the considerable attention that has been given to molybdenum metabolism, it has been difficult to
determine “typical” biokinetics of molybdenum due to species differences in molybdenum metabolism
(Bell et al. 1964, Rosoff and Spencer 1973) and a high variability in molybdenum retention in humans
(Turnlund et al. 1995). With regard to development of a biokinetic model for tungsten, data on
molybdenum may be most useful as an indicator of the potentially high variability of tungsten
metabolism and as a guide to selection of animal models for tungsten metabolism in man.

C.4.3 An Overview of the Systemic Model

A schematic diagram of the model structure is given in Fig. C.4. The structure is essentially the same
as that applied to uranium in ICRP Publication 69 (1995). Although the chemistry and the biological
interactions of tungsten differ markedly from those of uranium, the biokinetics of tungsten is similar to
that of uranium in the following respects: the main repositories in the body are the same for the two
elements; both tungsten and uranium are excreted primarily in urine; most tungsten or uranium
reaching blood is excreted in the first 24 h; and at times remote from exposure, most tungsten or
uranium in the body is found in the skeleton. Some important differences in the biokinetics of tungsten
and uranium are that: tungsten is absorbed to a greater extent than uranium from the GI tract; absorbed
tungsten is initially excreted at a faster rate than uranium; and tungsten has lower skeletal uptake than
uranium.
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Fig. C.4. Diagram of the biokinetic model for systemic tungsten used in this report.

As in the ICRP’s recently adopted model for uranium (ICRP 1995), transport of tungsten between
compartments is assumed to follow first-order kinetics. Parameter values are expressed as transfer rates
(d™) between compartments because software packages for implementing compartmental models
usually require transfer rates as input. The term transfer rate, as used here, indicates fractional transfer
per unit time from one compartment to another. The “total transfer rate” from a compartment refers to
the sum of transfer rates from that compartment to all destinations. Most of the derived transfer rates
in this model are secondary values calculated from selected “removal half-times” and “deposition
fractions.” The “removal half-time” from a compartment refers here to the biological half-time that one
would observe, theoretically, if outflow from that compartment continued while feeds from all other
compartments were stopped. The removal half-time as used here generally is shorter than the apparent
half-time (i.e., the externally viewed half-time of disappearance) because the latter reflects any
feedback of material to a compartment. The “deposition fractions” in this mode! are used to describe
the division of tungsten “leaving the circulation,” meaning tungsten that leaves plasma but does not
enter the rapidly exchanging extravascular fluids (represented in this model by compartment STO).
Deposition fractions are used mainly to translate experimental data into model transfer rates. These
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fractions are approximately the portions of intravenously injected tungsten that can be found in the
compartments at 1 d after injection.

As discussed later, the total transfer rate from plasma is set at 16.64 d!, corresponding to a removal
half-time of 1 h, and the rapidly exchanging extracellular fluid compartment STO is assigned 30% of
instantaneous outflow from plasma. Therefore, the rate at which tungsten leaves the circulation, as
defined here, is 0.70 x 16.64 d' = 11.648 d'. The transfer rate corresponding to a given deposition
fraction is calculated relative to the rate of 11.648 d™' rather than the total transfer rate from plasma of
16.64 d™'. For example, a deposition fraction of 0.04 for the compartment called Liver 1 (Fig. C.4)
would mean that this compartment receives 4% of tungsten leaving the circulation, and the transfer
rate from plasma to Liver 1 would be 0.04 x 11.648 d™' = 0.46592 d™'. Although the tungsten content
of red blood cells (RBC) is actually part of circulating tungsten, it is convenient to assign a deposition
fraction to RBC and hence to include the relatively minor uptake of tungsten by RBC as part of
tungsten “leaving the circulation.”

Transfer rates corresponding to the paths of movement indicated in Fig. C.4 are summarized in

Table 1. These transfer rates apply to a reference adult. The derivation of these transfer rates is
described in the following paragraphs. For expository purposes, the transfer rates are divided into
groups describing: (1) circulating tungsten; (2) uptake and retention in the kidneys and urinary
excretion; (3) fecal excretion; (4) uptake and retention in the liver; (4) uptake and retention in the
spleen; (5) uptake and retention in remaining soft tissues; and (6) uptake and retention in the skeleton.

C.4.4 Transfer Rates Describing Circulating Tungsten

Data on laboratory animals administered radiotungsten indicate an initially rapid clearance of tungsten
from blood but retention of a few tenths of a percent of the administered amount in blood for a period
of days (Ballou 1960; Durbin 1957, 1960; Chertok and Lake 1971a, 1971b, 1971c; Aamodt 1973;
Mullen et al. 1976; Ekman et al. 1977; Mason et al. 1989; Ando et al. 1989). The high rate of
clearance from blood soon after injection may be attributed to a high rate of filtration by the kidneys,
together with rapid diffusion from plasma into extravascular fluids. The slower clearance at later times
may be due in part to return of tungsten from extravascular spaces to blood and in part to binding to
nondiffusible constituents of blood such as RBC and plasma proteins.

After intravenous injection of '*'W as sodium tungstate into beagles, about 70% of the injected ¥'W
was removed from blood with a half-time of 35 min, 25% with a half-time of 70 min, and most of the
remainder with a half-time of 5 h (Aamodt 1973). In goats injected intravenously with Na,"*'WOQ,, an
estimated 84% of activity was removed from blood with a half-time of 2 h, 15.35% was removed with
a half-time of 9 h, and 0.65% was removed with a half-time of 63 h (Ekman et al. 1977). Experiments
with cows receiving radiotungsten as tungstate by oral or intravenous administration yielded variable
results concerning the residence time of tungsten in blood but generally indicate initially rapid
clearance of tungsten from blood and a small component of retention associated with a half-time of
several days (Mullen et al. 1976). After intravenous injection of W as tungstate into a sheep, about
25% of injected activity remained in blood after 0.5 h and about 10% remained after 2 h (Mason et al.
1989). Data on rats (Durbin 1957, 1960; Ballou 1960; Ando et al. 1989) indicate that biood contained
substantially less than 1% of the administered dose of W at times > 1 d after exposure. Tissue analysis
of young Yorkshire pigs exposed in metabolic cages to radioactive fallout at various distances from a
denotation (Chertok and Lake 1971a, 1971b, 1971c) suggest that blood may have contained 10% or
more of total-body radiotungsten at 3 d after exposure.
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Experimental results concerning the distribution of tungsten between plasma and RBC are variable,
perhaps reflecting some species differences in the affinity of tungsten for RBC. In beagles receiving
BlW as sodium tungstate by intravenous injection, the ratio of the concentration of **W in plasma to
that in RBC averaged about 3 during the first 24 h, and there was no clear trend toward accumulation
of activity in RBC during that period (Aamodt 1973). In goats receiving Na,'*'WO, by intravenous
administration, steady-state conditions between plasma and RBC were reached at about 6 h after
injection, at which time the RBC contained 10% of '*'W in blood (Ekman et al. 1977). During
multiple oral intakes of '®'W by lactating cows, the concentration of '*'W was higher in whole blood
than in serum, and *'W appeared to have been incorporated into non-serum components of blood
shortly after absorption (Mullen et al. 1976). In cows receiving multiple oral administrations of 1By,
the concentration of '®'W was about the same in blood as in serum and reached a near steady-state
condition during the second day after the beginning of intake. In cows receiving intravenous injections,
the concentration of 'W was about the same in whole blood as in serum and declined with a
half-time of about 5 h.

Higher RBC-to-plasma activity ratios for radiotungsten have been determined in rodents than in larger
animals. During the period 0.5-72 h after intragastric administration of '¥’W as tungstate to rats, Kaye
(1968) observed a gradual accumulation of W in RBC. The concentration of '¥W in RBC was
estimated to be about 9 times higher than that of plasma at 3 d after administration. In mice, a
RBC-to-plasma ratio of about 14 was determined at 3-4 d after intraperitoneal injection of W as
tungstate (Wase 1956).

In this model, three compartments are used to describe the kinetics of circulating tungsten: (1) blood
plasma, (2) RBC, and (3) a rapid-turnover soft-tissue compartment representing extracellular fluids.
The rapid-turnover soft-tissue compartment, called STO, is used to depict an early build-up of tungsten
in extravascular spaces followed by relatively rapid feedback to blood.

The total transfer rate from plasma to all destinations is set at 16.64 d™!, corresponding to a removal
half-time of 1 h. This is intended as an effective rate over the first few hours after injection and is
based mainly on data on dogs (Aamodt 1973) and goats (Ekman et al. 1977). This effective rate
probably understates the actual rate of removal from plasma immediately after introduction of tungsten
to blood (Aamodt 1973).

Data on uptake and removal of tungsten by soft tissues during the first day after administration are
available only for rats (Scott 1952, Ando et al. 1989). Transfer rates for STO derived earlier for
uranium (Leggett 1994, ICRP 1995) are reasonably consistent with these data and are used in the
model for tungsten. Specifically, the rapid-turnover soft-tissue compartment STO is assumed to receive
30% of tungsten leaving plasma and to return tungsten to plasma with a removal half-time of 2 h. The
resulting transfer rate from plasma to STO is 0.3 x 16.64 d™' or 4.992 d™, and the transfer rate from
STO to plasma is 0.693/(2 h) = 8.32 d. The transfer rate from plasma to all destinations other than
STO (i.e., the rate at which tungsten “leaves the circulation™) is 0.7 x 16.64 d”' = 11.648.

Transfer rates for RBC have been set mainly for broad consistency with data on dogs (Aamodt 1973)
and goats (Ekman et al. 1977). The RBC compartment is assigned a deposition fraction of 0.005 and a
removal half-time of 2 d. The corresponding transfer rate from plasma to RBC is 0.005 x 11.648 d™' =
0.05824 d'. The transfer rate from RBC to plasma is In(2)/2 = 0.34657 d".
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C.4.5 Transfer Rates Describing Renal Retention and Urinary Excretion

A substantial portion of tungsten leaving plasma is filtered by the kidneys and ultimately excreted in
urine. The rate of urinary excretion may depend on the concentrations of other Group VI oxyanions in
the glomerular filtrate (e.g., sulphate and molybdate), because these ions apparently compete for
binding sites on a common transport system responsible for uptake in the renal tubular epithelium and
reabsorption to blood (Ryan et al. 1987, Mason et al. 1989). In view of the close physiological
similarities of tungstate and molybdate, it seems likely that a portion of filtered tungstate is reabsorbed
to blood. However, some remains bound for at least a few hours or days in the renal tubules. At 3 h
after intravenous injection of radioisotopes of tungsten and molybdenum into rats, renal retention was
considerably greater for tungsten than for molybdenum (Ando et al. 1989).

Experimental data on laboratory animals indicate that a major portion of injected or absorbed tungsten
is rapidly excreted in urine. In experiments with rats, urinary excretion accounted for about 75% of
injected or absorbed radiotungsten during the first 3 h after administration and more than 85% after

. 24 h (Durbin 1957, 1960; Fleshman et al. 1966; Kaye 1968; Ando et al. 1989). Goats injected
intravenously with ®'W-labeled sodium tungstate excreted about 78% of the administered '*'W in urine
during the first day and about 88% after 8 d (Ekman et al. 1977). Beagle dogs injected with
181W-labeled sodium tungstate excreted about 91% of administered '*'W in urine during the first day
and excreted a substantial portion of the remaining 9% in urine over the next few days (Aamodt

1973). Lactating cows injected with "W as sodium tungstate excreted about 68% of administered '*'W
in urine during the first 92 h after administration (Mullen et al. 1976).

A sheep injected intravenously with W as tungstate excreted about 67% of the dosage in urine in the
first 6 h following administration, more than 90% in the first 24 h, and virtually 100% in the first 2 d
(Mason et al. 1989). Considerably lower rates of urinary excretion of **W were observed in sheep
injected with 'W-trithiotungstate or **W-tetrathiotungstate (Mason et al. 1989). In animals injected
with '*W-trithiotungstate, urinary excretion accounted for roughly half of injected W in the first 2 d
after administration and 70-85% in the first 5 d after administration. Animals injected with
18W-tetrathiotungstate excreted less than 25% of injected *W in the first 2 d and less than 50% in the
first 5 d after administration.

Data on the retention of tungsten in the kidneys of laboratory animals at times = 3 h after
administration are summarized in Fig. C.5 (Durbin 1960, Ballou 1960, Fleshman et al. 1966, Kaye
1968, Bell and Sneed 1970, Chertok and Lake 1971b, Aamodt 1975, Ekman et al. 1977, Ando et al.
1989). The data indicate that a few percent of filtered tungsten is deposited in the kidneys and that
most of the deposited material is removed within several hours or a few days. It appears that a small
portion of the deposited tungsten, representing at most a few tenths of a percent of absorbed or
injected tungsten, is tenaciously retained in the kidneys of larger animals. Renal retention is
considerably lower in rats than in larger animals.

In this model the kidneys are viewed as consisting of two compartments, called “urinary path” and
“other kidney tissue.” The urinary path compartment is used to depict rapid build-up and decline of
filtered tungsten in the kidneys, presumably corresponding to attachment to and loss from the brush-
border membranes of epithelial cells of the renal tubules. The other kidney tissue compartment is used
to depict long-term retention of tungsten in the kidneys. A portion of tungsten filtered at the
glomerulus is assigned to the urinary path compartment and the rest is assigned to bladder urine.
Tungsten leaving the urinary path compartment is assigned to bladder urine. The other kidney tissue
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Fig. C.5. Data on retention of tungsten in kidneys of laboratory animals (Durbin 1960, Ballou 1960,
Fleshman et al. 1966, Kaye 1968, Bell and Sneed 1970, Chertok and Lake 1971b, Aamodt 1875, Ekman et
al. 1977, Ando et al. 1989) and predictions of the present model for the case of intravenous injection of
tungsten into a typical adult human.

compartment is assumed to exchange tungsten with the nutritive blood supply, i.e., with the plasma
compartment.

It is assumed that 75% of tungsten leaving the circulation passes directly into the urinary bladder
contents and that 5% deposits in the kidneys. Data on renal uptake and retention of tungsten in larger
animals (Fig. C.5) are reproduced reasonably well by assuming that, of the 5% depositing in the
kidneys, 4.5% deposits in the urinary path compartment and is removed to urine with a half-time of
0.5 d, and the remaining 0.5% deposits in other kidney tissue and is removed to plasma with a
half-time of 1 y. Therefore, the transfer rate from plasma to bladder urine is 0.75 x 11.648 d'=
8.7360 d”', from plasma to the urinary path compartment is 0.045 x 11.648 d™ = 0.52416 d', from
plasma to the other kidney tissue compartment is 0.005 x 11.648 d™' = 0.05824 d’, from the urinary
path compartment to urinary bladder contents is In(2)/0.5 = 1.3863 d™', and from the other kidney
tissue compartment to plasma is In(2)/365 = 0.00190 d".
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C.4.6 Transfer Rates Describing Fecal Excretion

As is the case for molybdenum, endogenous fecal excretion appears to be a relatively minor excretion
pathway for injected or absorbed tungsten. For example, the following ratios of urinary to fecal
excretion of radiotungsten have been determined in experimental studies on laboratory animals: 13,
during the first 2 d after intraperitoneal injection of W as sodium tungstate into rats (Fleshman et al.
1966); 15, in the first 8 d after intravenous injection of *'W-labeled sodium tungstate into goats
(Ekman et al. 1977); 38, in the first 10 d after intravenous injection of '®'W-labeled sodium tungstate
into beagle dogs (Aamodt 1973); and 68, in the first 92 h after injection of *’W as sodium tungstate
into cows (Mullen et al. 1976). Experimental data for sheep also suggest that fecal excretion is a
relatively minor excretion pathway for injected or absorbed tungsten (Bell and Sneed 1970, Mason et
al. 1989), although precise urinary-to-fecal excretion ratios cannot be calculated from the reported data.

The pathways by which systemic tungsten is transferred to the intestines have not been determined.
Limited data on goats suggest that biliary secretion may not have been the main pathway of
. endogenous fecal excretion of tungsten in these animals (Ekman et al. 1977).

In this model, a small amount of fecal excretion of tungsten is depicted. For simplicity, it is assumed
that there is direct transfer of tungsten from the circulation to the content of the large intestine. Thus,
the model depicts only net endogenous fecal excretion of tungsten, because there is likely to be some
transfer of systemic tungsten to the small intestine and subsequent reabsorption to blood. Of tungsten
leaving the circulation, 5% is assumed to transfer directly to the contents of the upper large intestine
(ULI). Therefore, the transfer rate from plasma to the contents of the ULI is 0.05 x 11.648 d™' =
0.5824 d'.

C.4.7 Transfer Rates Describing Hepatic Retention

Some uptake and retention of tungsten by the liver may be expected because of the close chemical and
physiological resemblance of this element to molybdenum, which is involved in the production of
some enzymes in the liver. In particular, molybdenum is a constituent of xanthine oxidase, an enzyme
involved in the production of uric acid. In experimental studies on humans as well as laboratory
animals, a substantial portion of the total-body content of administered isotopes of molybdenum were
found in the liver during the first several days or weeks after intake.

Experimental data on uptake and retention of tungsten in the liver of laboratory animals are
summarized in Fig. C.6 (Durbin 1960, Ballou 1960, Fleshman et al. 1966, Kaye 1968, Aamodt 1975,
Ekman et al. 1977, Ando et al. 1989). It appears that the concentration of tungsten is higher in the
liver than in most other soft tissues but that the liver is a much less important repository for tungsten
than for molybdenum.

In this model the liver is viewed as consisting of two compartments, called Liver 1 and Liver 2. Liver
1 is used to describe the short-term kinetics of tungsten in the liver and Liver 2 is used to describe
long-term kinetics. Tungsten is assumed to move from plasma into Liver 1. Outflow from Liver 1 is
divided between plasma and Liver 2. Outflow from Liver 2 is assigned to plasma. This qualitative
model of the liver has been applied by the ICRP to several nonessential elements and is based on the
observation that such elements may enter hepatocytes by the same mechanisms used for essential
elements but may later be transferred to, and tenaciously retained in, reticuloendothelial cells of the
liver.
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Fig. C.6. Data on retention of tungsten in livers of laboratory animals (Durbin 1960, Ballou 1960,
Fleshman et al. 1966, Kaye 1968, Ekman et al. 1977, Ando et al. 1989) and predictions of the present
model for the case of intravenous injection of tungsten into a typical adult human.

Experimental data on large laboratory animals exposed to tungsten (Fig. C.6) are reproduced
reasonably well by assuming that: 4% of tungsten leaving the circulation deposits in Liver 1; tungsten
is removed from Liver 1 with a half-time of 2 d, with 90% of outflow returning to plasma and 10%
depositing in Liver 2; and the removal half-time from Liver 2 is 1 y. The resulting transfer rate from
plasma to Liver 1 is 0.04 x 11.648 d™' = 0.46592 d™, from Liver 1 to plasma is 0.9 X In(2)/(2 d) =
0.31192 d7, from Liver 1 to Liver 2 is 0.1 X In(2)/(2 d) = 0.034657 d°*, and from Liver 2 to plasma is
In(2)/(365 d) = 0.00190 d'.

C.4.8 Transfer Rates Describing Retention in the Spleen

Experimental data on uptake and retention of tungsten by the spleen are highly variable, perhaps
reflecting species differences in the functions of the spleen as well as differences in the chemical and
physical properties of administered tungsten. In most studies, however, the concentration of tungsten in
spleen at times remote from exposure has been higher than the average for all soft tissues (Ballou
1960; Fleshman 1966; Kaye 1968; Chertok and Lake 1971a, 1971b, 1971c; Kollmer et al. 1972;
Aamodt 1975; Mullen et al. 1976; Ekman et al. 1977). Therefore, the spleen is included as a separate
compartment in this model.




Transfer rates for the spleen are based mainly on comparative data for tungsten retention in the spleen
and liver of larger laboratory animals. In pigs (Chertok and Lake 1971a, 1971b, 1971c) and goats
(Ekman et al. 1977), the concentration of tungsten in spleen was slightly less than that in liver during
the first few days after exposure to radiotungstate. In dogs (Aamodt 1975), the concentration of
tungsten in spleen was similar to that in liver at 5 mo after inhalation of radiotungstate (Aamodt
1975). In this model it is assumed that the spleen receives 0.05% of tungsten leaving the circulation
and that tungsten is removed from the spleen to blood with a half-time of 1 y. Therefore, the transfer
rate from plasma to spleen is 0.0005 x 11.648 d™' = 0.005824 d™', and the transfer rate from spleen to
plasma is In(2)/365 d = 0.00190 d™'. With these assumptions, the predicted concentration of tungsten in
the spleen of a reference adult human averages about 0.5 times that in the liver during the first week
and slightly exceeds that in the liver after a few weeks.

C.4.9 Transfer Rates Describing Retention in Remaining Soft Tissues

Limited experimental data on laboratory animals (Ballou 1960; Fleshman 1966; Kaye 1968; Chertok
and Lake 1971a, 1971b, 1971c; Kollmer et al. 1972; Aamodt 1975; Mullen et al. 1976; Ekman et al.
1977; Ando et al. 1989) indicate that the pattern of uptake and loss of tungsten by the massive soft
tissues (defined here to mean soft tissues other than liver, kidneys, and spleen) is qualitatively similar
to that for other metals, including uranium. That is, the massive soft tissues appear to accumulate a
substantial portion of systemically deposited tungsten soon after introduction of tungsten to blood but
lose most of the initial burden within a period of hours. Thereafter, there is a slower loss of most of
the remaining tungsten over a period of days or weeks, and retention of a small fraction of material in
some tissue components for a period of months or years. For example, animal data indicate relatively
tenacious retention of tungsten in skin and some accumulation in hair (Kaye 1968, Mullen et al. 1976).
Also, binding of tungsten and molybdenum to collagen has been observed (Bibr et al. 1987). Limited
data on occupationally exposed humans indicate some accumulation of tungsten in nails and hair
(Nicolaou et al. 1987).

The soft-tissue compartment STO is used in this model to depict the rapid accumulation and early loss
of tungsten in massive soft tissues. Two other soft-tissue compartments, ST1 and ST2, are used to
describe intermediate and slow turnover, respectively, in the massive soft tissues.

Transfer rates for STO were given earlier. Compartment ST1 is assigned the percentage of tungsten left
over after other deposition fractions in the model have been assigned, amounting to 2.25% of tungsten
leaving the circulation. The removal half-time from ST1 to plasma is assumed to be 10 d.
Compartment ST2 is assigned 0.2% of tungsten leaving the circulation and is assumed to lose this in
excreta (in the form of hair, nails, and desquamated skin) with a half-time of 1 year. Therefore, the
transfer rate from plasma to ST1 is 0.0225 x 11.648 d™' = 0.26208 d™'; from ST1 to plasma is In(2)/10
d = 0.0693 d'; from plasma to ST2 is 0.002 x 11.648 d' = 0.023296 d™; and from ST2 to plasma is
In(2)/365 d = 0.00190 d'.

C.4.10 Transfer Rates Describing Uptake, Translocation, and Retention in the Skeleton

Results of experimental studies on laboratory animals indicate that a few percent of absorbed tungsten
deposits in bone, at least a few tenths of a percent of the absorbed amount is retained for an extended
period, and accumulation of tungsten is greater in growing than in mature bone (Fleshman et al. 1966,
Kaye 1968, Aamodt 1975, Mullen et al. 1976, Ando et al. 1989). Similarities in the behavior of

tungstate, molybdate, and phosphate in biological systems have been observed, and it seems likely that
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uptake and retention of tungsten by bone are due to substitution of tungstate for phosphate (Fleshman
et al. 1966).

Phosphate and calcium are major components of bone mineral and exhibit broadly similar kinetic
behavior in bone, despite their diametrically opposite chemical properties (Parfitt and Kleerekoper
1980). Rapid uptake of phosphate or calcium occurs on all bone surfaces. In both cases there is
considerable variability in the initial concentration between different bones and between different
surfaces, and both radiophosphorus and radiocalcium tend to accumulate in hot spots in forming bone.
The fraction of the total mineral which is exchangeable may be about the same for phosphate as for
calcium. Although phosphate ions can leave bone without calcium ions by heterionic exchange for
citrate or carbonate, such loss appears to occur on a small scale. It seems reasonable to assume that the
process of bone remodeling removes phosphate and calcium from bone at the same rate.

Based on these considerations, a generic bone model structure originally developed for application to
calcium-like elements (Leggett 1992, 1993; ICRP 1993) is applied here to tungsten. Although the
deposition fraction for bone is based on tungsten-specific information, the kinetics of tungsten after
deposition in bone is assumed to be the same as that for calcium.

The model structure is an updated version of the alkaline earth model for adult man described in ICRP
Publication 20 (1973). In this model, bone is divided into four primary parts: cortical surface, cortical
volume, trabecular surface, and trabecular volume. The rapidly exchangeable material in bone is
assumed to reside on bone surfaces, meaning endosteal and periosteal surfaces of cortical bone,
surfaces of haversian and Volkmann canals, surfaces of resorption cavities, and surfaces of trabecular
bone. Bone surfaces do not include the surfaces of lacunae or canaliculi and should not be confused
with the surfaces of the sub-microscopic bone crystals. The more slowly exchangeable material in
bone is assumed to reside in bone volume. Long-term loss from bone is associated primarily with bone
resorption. In contrast to the ICRP’s earlier model for alkaline earth elements, redeposition of material
removed from bone compartments is treated explicitly, and material is assumed to be removed from all
bone compartments by first-order processes.

In the generic model for calcium-like elements, cortical and trabecular bone volume are each viewed
as consisting of two pools, referred to as the “exchangeable” and “nonexchangeable” pools (EXCH
and NONEXCH in Fig. C.4). The exchangeable bone volume pool is used to account for most of the
loss of elements from bone volume that occurs during the first few months after injection. Elements
moving from bone surfaces to bone volume are assumed to enter the exchangeable pool and to leave
this pool with an element-specific half-time (a few weeks or months). Part of the material leaving
exchangeable bone volume is assumed to return to rapidly exchanging bone surfaces and part is
assigned to the nonexchangeable bone volume, from which it is assumed to be removed to plasma
only by bone resorption. The rate of removal from nonexchangeable bone volume is equated with the
rate of bone turnover and is independent of the element considered.

Data on retention of tungsten in bone of laboratory animals are summarized in Fig. C.7 (Durbin 1960,
Ballou 1960, Fleshman et al. 1966, Kaye 1968, Aamodt 1975, Ekman et al. 1977, Ando et al. 1989).
The deposition data for rats and the retention data for larger animals, including semi-quantitative data
on cows (Mullen et al. 1976) not shown in Fig. C.7, are reproduced reasonably well by using a
deposition fraction of 0.08 for skeleton and assuming that the skeletal kinetics of tungsten is otherwise
the same as that of calcium (Leggett 1992, ICRP 1993).
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Fig. C.7. Data on retention of tungsten in bone of laboratory animals (Durbin 1960, Ballou 1960,
Fleshman et al. 1966, Kaye 1968, Aamodt 1975, Ekman et al. 1977, Ando et al. 1989) and predictions of
the present model for the case of intravenous injection of tungsten into a typical adult human.

Based on the model for calcium, the ratio of the deposition fractions for trabecular and cortical
surfaces is assumed to be 1.25 for mature adults. This is consistent with limited data on the initial
division of tungsten between trabecular and cortical bone (Ekman et al. 1977). The resulting transfer
rate from plasma to trabecular bone surfaces is 1.25/2.25 x 0.08 x 11.648 d' = 0.51769 d™! and from
plasma to cortical surfaces is 1.0/2.25 x 0.08 x 11.648 d™! = 0.41415 d™*.

Based on the calcium model, the removal half-time of tungsten from bone surfaces to all destinations
(plasma and bone volume) is assumed to be 1 d. Of tungsten leaving either cortical or trabecular bone
surfaces, 5/6 is assumed to return to plasma and 1/6 is assumed to move to the corresponding
exchangeable bone volume compartment. The transfer rate from cortical or trabecular surfaces to
plasma is (5/6) x In(2)/(1 d) = 0.57762 d™', and the transfer rate from cortical or trabecular bone
surfaces to exchangeable bone volume is (1/6) x In(2)/(1 d) = 0.11552 d™'. The removal half-time
assigned to each exchangeable bone volume compartment is 100 d, with 60% of outflow assigned to
the corresponding nonexchangeable bone volume compartment and 40% to the corresponding bone
surface compartment. Therefore, the transfer rate from trabecular or cortical exchangeable bone volume
to the corresponding bone surface compartment is 0.4 x In(2)/100 d = 0.002773 d™, and the transfer
rate from the trabecular or cortical exchangeable bone volume to the corresponding nonexchangeable
bone volume compartment is 0.6 x In(2)/100 d = 0.004159 d*. Removal from nonexchangeable bone
to plasma is assumed to occur at the rate of bone turnover, which varies with age and is different for
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cortical and trabecular bone. For the average adult, the bone turnover rate is assumed to be 0.03 y™' for
cortical bone and 0.18 y™' for trabecular bone (ICRP 1989, 1993). Thus, transfer rates from
nonexchangeable bone volume to plasma are 8.21 x 10 d™! for cortical bone and 4.93 x 10~ d™' for
trabecular bone.

C.5 RECOMMENDATIONS FOR FURTHER RESEARCH

Three types of biokinetic models are used to predict the fate of inhaled or ingested tungsten in
humans: a respiratory tract model that describes the deposition of inhaled tungsten and subsequent
transfer to blood, the GI tract, or the environment; a GI tract model that describes the movement of
ingested or endogenously secreted tungsten through the segments of the GI tract and transfer to blood
or excreta; and a systemic model that describes the time-dependent distribution and excretion of
absorbed tungsten. Due to the paucity of direct quantitative information on the biokinetics of tungsten
in humans, parameter values for these models are based on two sources of indirect information: data
on laboratory animals exposed to tungsten, and data on humans or laboratory animals exposed to
physiological analogues of tungsten. The biokinetics of internally deposited tungsten has been studied
in several different types of animals, including rats, mice, dogs, goats, pigs, sheep, cows, and mice.
Because tungsten bears a close physiological resemblance to molybdenum and appears to mimic the
behavior of phosphorus in bone to some extent, biokinetic data on these two extensively studied
essential elements also provide some insight into the potential biokinetics of the nonessential element
tungsten.

Additional experimental data are needed on several aspects of the biokinetics of tungsten, but there is
a particular need for improved information on the biological fate of inhaled tungsten. Retention and
absorption of inhaled tungsten have been investigated in detail only in one study, which involved
inhalation of a single physico-chemical form of tungsten by dogs. It is not evident that the results of
that study are representative of the behavior of forms of airborne tungsten that may be encountered by
humans in environmental, occupational, or military settings. Experience with more frequently studied
elements indicate that enormous differences in respiratory-tract kinetics, including fractional absorption
of inhaled material to blood, can occur for different physical or chemical forms of the same element.
There is a need to derive a wider range of experimental data on the biological fate of inhaled tungsten,
using various physical and chemical forms of tungsten and additional large animal species. While
inhalation experiments involving human subjects may not be feasible, it may be possible to gather
better quantitative information from occupationally exposed persons than has been gathered to this
point. For example, some information on the level of absorption of inhaled tungsten might be gained
from bioassay measurements, particularly measurements of urinary excretion of tungsten, in workers
acutely exposed to elevated levels of tungsten in air.

Data on GI uptake of tungsten in different types of animals suggest that, as an average, perhaps a one-
fourth to one-half of tungsten ingested in relatively soluble form is absorbed to blood. These data also
indicate that fractional absorption can vary substantially from one situation to another, depending on
such factors as the form of tungsten ingested, the nature of the diet, and the age of subject.
Observations of GI uptake of tungsten in human consist of a single balance study in which
measurements of urinary excretion of this element was compared with its level of intake in food. The
results of this study suggest that roughly one-half of ingested tungsten is absorbed to blood. When
conducted under closely controlled conditions over an extended period, such balance studies provide a
useful, safe, and acceptable means of studying absorption of elements in humans. However, the
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previous balance study involved a large number of elements, and attention to tungsten was too limited
and the study period was too short to provide much confidence that derived absorption values for
tungsten are typical. It would be useful to conduct a more detailed balance study on human subjects
that is designed specifically for investigation of GI uptake of tungsten.

Although based mainly on information on laboratory animals, the derived systemic biokinetic model
for tungsten is expected to provide reasonable first estimates of the time-dependent distribution of
absorbed tungsten in humans, particularly in the skeleton. This is because: (1) the data used to derive
systemic transfer rates were mainly for animals that have usually proven to be reasonably “human-
like” with regard to biokinetics of absorbed metals (e.g., dogs and pigs); (2) data on the behavior of
physiological analogues of tungsten in humans were available to serve as a broad indicator of tungsten
biokinetics in humans; and (3) the model was developed within a biologically realistic framework that
allowed data on tungstate retention in animal bone to be supplemented or replaced by quantitative
human data on bone physiology.

Unfortunately, some of the larger uncertainties in predictions of the systemic biokinetic model are
associated with soft tissues such as brain, testes, uterus, and fetus that are indicated by animal data as
potential sites of toxic action of tungsten. Due to the paucity, inconsistency, or doubtful applicability
to humans of biokinetic data for such organs, all soft tissues other than liver, kidneys, and spleen were
assigned in the present biokinetic model to a single pool in which tungsten was assumed to be
uniformly distributed. Clearly, more definitive experimental data on tungsten uptake and retention by
laboratory animals are needed for soft tissues that appear to be most susceptible to toxic effects of this
element. In addition, information on the steady-state distribution of tungsten in humans might be
obtained from autopsy measurements of tungsten in human tissues. A limited amount of data on
tungsten in human tissues or fluids is already available, but the data are too scattered to be of use in
constructing a reasonable steady-state distribution. Moreover, the reliability of older data on trace-
element concentrations in human tissues is questionable due to insensitivity of measurement techniques
and, in many cases, lack of appreciation by researchers of the high potential for trace-element
contamination of tissue samples.

Given the need for further experimental data on the biokinetics of tungsten in laboratory animals, the
question arises as to the most useful animal model for man. The rat apparently is a poor model of
tungsten biokinetics in larger animals and hence cannot be considered a reliable model of tungsten
biokinetics in humans. On the other hand, the development of risk estimates for humans exposed to
tungsten requires not only knowledge of the biokinetics of tungsten in humans but also knowledge of
its biokinetics in the laboratory animals in which toxic effects of tungsten have been observed. This is
because the tissue concentrations of tungsten often have not been measured in toxicity studies but must
be estimated from information on the administered dosage. Because most of the available data on toxic
effects of tungsten are for rats, it would be useful to have more detailed information on the time-
dependent distribution and retention of tungsten in rats. In addition, to improve the model of tungsten
biokinetics in humans, it would also be useful to have more detailed information on the time-
dependent distribution and retention of tungsten in larger and more human-like animals.

In addition to improvement of biokinetic data for large animals, it would be useful to further
investigate toxic effects of tungsten in animals other than rats. Clearly there are advantages in using
the rat as a laboratory model for man, such as its relatively low cost, availability, and ease of handling.
In addition, the toxicological database for tungsten as well as most other xenobiotics in rats provides a
much better benchmark for interpretation of new results than is available for other types of laboratory
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animals. Thus, in a sense, the use of the rat as a laboratory model is self-perpetuating. On the other
hand, there are many qualitative differences between rats and humans that limit our confidence in
pharmacological and toxicological data on these animals. With regard to factors affecting the
distribution, retention, and possibly the toxic effects of xenobiotics, rats generally have lower protein
binding, higher biliary secretion, higher urinary concentrations, and lower urinary excretion of
contaminants than do humans. Rats are obligatory nose breathers, which results in passage of the entire
inhaled dose through the upper respiratory tract, while humans may breathe through the nose or
mouth. Rats have numerous flora in the stomach and proximal small intestine, while humans have
little or none. The skeletons of rats have somewhat different vasculature, modes of ossification, and
patterns of development from those of humans and, unlike the human skeleton, the rat skeleton
continues to grow throughout adulthood. Because of these and many other qualitative differences
between rats and man, data for rats often are given less weight in development of biokinetic models
for man than data on larger mammals such as monkeys, dogs, or pigs that show fewer and generally
less striking anatomical and physiological differences from humans.

With regard to the biokinetics of tungsten, the initial distribution of absorbed tungsten may be similar
in rats and larger animals, but rats appear to excrete tungsten at a much higher rate than do larger
animals. In the development of a biokinetic model for humans, data for all species were considered in
selection of parameter values that determine the initial distribution of tungsten, but only data for larger
animals were used to derive parameter values controlling the rate of loss of tungsten from the body.

Species differences in the biokinetics of a substance do not necessarily imply corresponding species
differences in toxicity per unit tissue concentration but do raise a cautionary flag in that regard.
Differences in biokinetics of a substance could reflect qualitative differences in the behavior of that
substance, such as differences in membrane transport or protein binding. Such qualitative differences
could well result in differences in toxicity per unit tissue concentration. On the other hand, observed
species differences in biokinetics of a substance may often reflect only quantitative differences in the
rates of qualitatively similar phenomena, which seems less likely to be associated with differences in
susceptibility to toxic effects of a substance.

Given the pros and cons of the rat as a toxicological model for tungsten in man, it may be prudent to
use a two-pronged approached to further experiments on toxicity of tungsten, i.e., build on the
available database for rats with further experiments on rats but at the same time perform more limited
parallel experiments on larger animals. If the comparative data suggest that the rat is an inappropriate
toxicological model for larger animals, then a better model should be found.
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APPENDIX D. COMPARISON OF LIMITS ON INTAKE OF URANIUM
BASED ON RADIOLOGICAL AND CHEMICAL GUIDANCE

D.1 INTRODUCTION

There are two hazards associated with intake of uranium: chemical interference with normal renal
function; and radiogenic injury to lungs, bone, and other tissues. The relative significance of the
chemical and radiological hazards depends on the mixture of uranium isotopes and the chemical form
of uranium taken into the body. Chemical toxicity generally has been considered the overriding hazard
for fairly soluble uranium compounds with nearly naturally occurring isotopic mixtures, based on
studies with experimental animals (Wrenn et al. 1985). The radiogenic risk increases with the level of
25 enrichment due mainly to an associated increase in the percentage of 2*U, which has a much
higher specific activity than U and ?*U. Also, for the case of inhalation of insoluble uranium
compounds, the radiation dose to the lungs could become the prevailing consideration even for natural
or depleted uranium due to an increased residence time in the lungs and a decreased level of
absorption to blood compared with soluble compounds.

The purpose of this appendix is to compare radiological and chemical limits on intake of uranium for
different modes of intake, solubility levels, and isotopic mixtures of uranium (including depleted
uranium). The limits on intake considered here are for occupational exposures, but conclusions
concerning the relative importance of radiological and chemical limits should also apply to
non-occupational exposures. This is because limits on non-occupational exposure to uranium generally
are derived by applying an additional safety factor to derived limits on occupational exposure, and it
seems reasonable to apply the same safety factor whether considering radiological or chemical hazards
of uranium.

The derived limits on intake of uranium are based on the following:

1. the ICRP’s current guidance on occupational exposures to radiation (ICRP 1991);

2. longstanding guidance on occupational exposure to uranium as a chemical hazard to the kidneys
(ICRP 1959), with modifications for consideration of chronic exposures based on current
information;

3. the ICRP’s new respiratory tract model (ICRP 1994);

4. the ICRP’s gastrointestinal tract model (ICRP 1979), with an updated GI uptake factor for soluble
uranium (ICRP 1995);

5. arelatively detailed version of the ICRP’s new systemic biokinetic model for uranium (Leggett
1994);

6. estimates of typical mass ratios of *U and *U in depleted, natural, and enriched uranium.

D.2 PRIMARY GUIDANCE FOR PROTECTION AGAINST CHEMICAL AND
RADIOLOGICAL TOXICITY OF URANIUM
D.2.1 Primary Guidance for Uranium as a Radiological Hazard

To place all ionizing radiations on a common scale with regard to their potential health detriment, the
ICRP uses quantities called the equivalent dose and the effective dose. The equivalent dose is the
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absorbed dose averaged over an organ or tissue and multiplied by a radiation weighting factor that
reflects the relative biological effectiveness of the type and energy of radiation causing the dose. The
effective dose takes into account that the relationship between equivalent dose and the probability of
radiogenic effects depends on the organ or tissue irradiated. The effective dose is a weighted sum of
equivalent doses to radiosensitive tissues, with the tissue weighting factor representing the relative
contribution of that tissue to the total detriment for the case of uniform irradiation of the whole body.

The ICRP’s current primary guidance on occupational exposures to radiation (ICRP 1991) provides for
some exceptional cases but essentially limits the effective dose (50-y integral) to 0.02 Sv from intakes
over a one-year period. This radiological guidance level will be applied throughout this analysis.

D.2.2 Primary Guidance for Uranium as a Chemical Hazard

Exposure guidelines for uranium as a chemical hazard generally have been based on a permissible
concentration in kidney, which appears to be the organ most susceptible to chemical effects of this
element (Voegtlin and Hodge 1953, Spoor and Hursh 1973, Stopps and Todd 1982). Toxic effects on
the kidneys are assumed to occur only when the renal uranium concentration exceeds some threshold
level.

Since the early 1950s a concentration of 3 pg U per g kidney has served as a primary guidance level
for avoidance of chemical toxicity in workers exposed to uranium (Voegtlin and Hodge 1953, Spoor
and Hursh 1973, Stopps and Todd 1982). According to Spoor and Hursh (1973), this level represents a
committee’s judgment based primarily on results of animal experiments conducted in the 1940°s. There
have been several cases in which adult humans experienced renal concentrations estimated to exceed

3 ug g’ for periods of up to a few days, without showing long-term adverse health effects. Thus, there
is some evidence that the longstanding guidance level of 3 pg U g™! kidney may be suitable for
consideration of acute exposures. On the other hand, there are no case studies on human subjects who
have chronically experienced renal uranium concentrations exceeding 3 g g”', or even one-tenth of
that level, and there is no basis for assuming that the threshold level for renal toxicity is the same for
chronic exposures as for acute exposures (Leggett 1989, Foulkes 1990). Moreover, results of animal
studies suggest that mild renal injury may occasionally occur in chronically exposed animals at renal
uranium concentrations of a few tenths of a microgram per gram kidney (Leggett 1989, Foulkes 1990).

Recently, several reviewers and analysts have proposed that the longstanding chemical guidance level
for uranium be reduced, particularly for consideration of chronic exposures (Morrow et al. 1982,
Wrenn et al. 1985, Morrow 1984, Sula et al. 1989, Leggett 1989, SuLu and Zhao 1990, Foulkes
1990). The recently proposed guidance values are in the range 0.25-1.0 ug U g™ kidney.

In the present analysis, we apply a value of 0.3 pg U g™ kidney as the primary guidance level for
prevention of chemical toxicity from chronic intake of uranium by a worker. For consideration of
acute intake, we apply the older guidance level of 3 pg U g™’ kidney. In effect, the renal uranium
concentration would be allowed to exceed 0.3 pg g™ by up to an order of magnitude for short periods,
but intake would be limited so that the estimated steady-state concentration would not exceed

03 ugg.
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D.2.3 A Common Unit for Comparison of Chemical and Radiological Limits

For the purpose of reducing radiological and chemical guidance to common terms, guidelines for
intake of uranium are expressed here in terms of an Annual Limit on Intake or ALI (with the
exception of acute intakes, as described later). For brevity, intake limits based on primary guidance for
uranium as a radiological hazard are called radiological ALIs, and those based on primary guidance for
uranium as a chemical toxin are called chemical ALJs. The ALJ for a given uranium isotope or
isotopic mixture is defined as the minimum of the radiological and chemical ALIs. For purposes of
comparison with chemical ALIs, radiological ALIs are converted from activity (Bq) to mass (g).

The radiological ALI for a uranium isotope or mixture of uranium isotopes is defined as the amount of
activity which, if taken in during a one-year period, would yield the limiting effective dose of 0.02 Sv.
For all practical purposes, the radiological ALI is independent of the pattern of intake during the year.
For example, the ALI could be taken in during a one-day period or at a constant rate over 365 d.
Thus, there is no need to distinguish between a radiological limit on chronic intake and a radiological
limit on acute intake.

The situation is more complicated with regard to chemical guidance, in that a given mass of uranium
that does not violate the limit of 0.3 pg U g™' kidney if inhaled or ingested over a one-year period
might yield a transient renal uranium concentration exceeding 3 pg g™ if inhaled or ingested acutely.
Thus, a “Limit on Acute Intake (LAI)” as well as an ALI should be set to avoid chemical effects of
uranium on the kidneys.

According to the biokinetic model for uranium applied in this paper (Leggett 1994, ICRP 1995), the
renal uranium concentration in a constantly exposed adult subject will increase continually with time
until a “steady-state” or “asymptotic” concentration is virtually attained. The chemical ALI for a
uranium isotope or mixture of uranium isotopes is the annual intake of uranium corresponding to a
steady-state concentration of 0.3 pg g™, assuming a constant intake rate. The chemical limit on acute
inhalation or ingestion is the mass of acutely inhaled or ingested uranium that corresponds to an
estimated peak renal uranium concentration of 3 pug g™'. Thus, for comparison of chemical and
radiological limits on acute intake, we will use the term “Limit on Acute Intake™ because the term
“Annual Limit on Intake” would apply only to the radiological limit.

D.3 UPDATED BIOKINETIC MODELS
D.3.1 Respiratory Tract Model

The ICRP’s new respiratory tract model (ICRP 1994), described in Appendix C, is applied here. All
three default absorption types (F, M, and S, indicating fast, moderate, and slow absorption to blood,
respectively) are considered. Inhaled particles are assumed in this analysis to have an activity median
aerodynamic diameter (AMAD) of 5 um.

D.3.2 Gastrointestinal Tract Model
The ICRP’s gastrointestinal tract, described in Appendix C, is applied here. An f, value of 0.02 is

applied to soluble forms of uranium (ICRP 1995) and a value of 0.002 is applied to relatively
insoluble forms (ICRP 1979). For consideration of inhaled material moving from the lungs to the GI
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tract, an f, value of 0.02 is applied to absorption Types F and M and a value of 0.002 is applied to
Type S. :

D.3.3 Biokinetic Model for Systemic Uranium

The ICRP has recently adopted a new, physiologically descriptive, age-specific biokinetic model for
uranium (Leggett 1994, ICRP 1995). Two versions of the model are available (Leggett 1994), differing
mainly in the level of detail regarding kinetics of uranium in the blood and the kidneys. The two
versions yield virtually identical estimates of effective dose and, for chronic intake scenarios, similar
predictions of organ contents for times > 1 d after the beginning of exposure. The more detailed
version of the model is applied here because it is expected to yield better estimates of the peak renal
uranium concentration after acute intake of uranium.

The structure of the relatively detailed model is shown in Fig. D.1, and transfer rates for the reference
adult are given in Table D.1.
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Fig. D.1. Diagram of the biokinetic model for systemic uranium (Leggett 1994).




Table D.1. Transfer rates (d) for the systemic biokinetic model for tungsten

Plasma to STO 4.9920E+00
Plasma to RBC 5.8240E-02
Plasma to urinary bladder 8.7364E+00
Plasma to kidneys 1 5.2416E-01
Plasma to kidneys 2 5.8240E-02
Plasma to ULI cont 5.8240E-01
Plasma to spleen 5.8240E-03
Plasma to liver 1 4.6592E-01
Plasma to ST1 2.6208E-01
Plasma to ST2 2.3296E-02
Plasma to T bone surf 5.1769E-01
Plasma to C bone surf 4.1415E-01
STO to plasma 8.3200E+00
RBC to plasma 3.4657E-01
Kidneys 1 to UB cont 1.3863E+00
Kidneys 2 to plasma 1.9000E-03
Liver 1 to plasma 3.1192E-01
Liver 1 to liver 2 3.4657E-02
ST1 to plasma 6.9315E-02
ST2 to excreta 1.9000E-03
Spleen to plasma 1.9000E-03
T bone surf to plasma 5.7800E-01
T bone surf to exch T bone vol 1.1600E-01
C bone surf to plasma 5.7800E-01
C bone surf to exch C bone vol 1.1600E-01
Liver 2 to plasma 1.9000E-03
Nonexch T bone vol to plasma 4.9300E-04
Nonexch C bone vol to plasma 8.2100E-05
Exch T bone vol to T bone surf 2.7730E-03
Exch T bone vol to nonexch T bone vol 4.1590E-03
Exch C bone vol to C bone surf 2.7730E-03

Exch C bone vol to nonexch C bone vol 4.1590E-03




D.4 TYPICAL MASS RATIOS OF *U AND *U IN DEPLETED, NATURAL, AND
ENRICHED URANIUM

In this analysis, natural uranium is assumed to contain 0.0057% **U and 0.72% *°U by mass. Isotopic
ratios used here for depleted and enriched uranium are intended to be representative of end products of
the gaseous diffusion technique and may not be applicable to other separation techniques. For
example, the gaseous diffusion technique leaves substantial quantities of 2*U in ?**U-enriched uranium,
while the laser isotopic separation technique proposed for future enrichment facilities is expected to
separate only *°U, leaving **U with the depleted uranium (Rich et al. 1988).

Depleted uranium is assumed to contain 0.25% 2*U and 0.0005% ‘U by mass (Rich et al. 1988). The
ratio of ?*U to 2*U in uranium enriched by the gaseous diffusion method can vary by 50% or more
for a given level of ?*U. In this paper, the U content is based on the equation %**U = 0.0015 +
0.0058E + 0.000054E?, where E = %***U by mass. This equation agrees within a few percent with a
commonly applied model of the total specific activity in enriched uranium (Rich et al. 1988) and
reproduces the isotopic ratios of natural uranium given above.

D.5 RESULTS: COMPARISON OF RADIOLOGICAL AND CHEMICAL LIMITS ON
INTAKE OF URANIUM

Results of the analysis are summarized in Figs. D.2. through D.5. Comparisons of radiological and
chemical limits on intake for the cases of chronic and acute inhalation of uranium are made in

Figs. D.2 and D.3, respectively. Comparisons for the cases of chronic and acute ingestion are made in
Figs. D.4 and D.5, respectively.

In these figures, the labels “Rad” and “Chem” refer to limits on intake based on radiological and
chemical guidance, respectively. In Figs. D.2 and D.3, the labels “Rad: X” and “Chem: X” (X =F, M,
or S) refer to radiological and chemical limits, respectively, for inhalation of uranium of absorption
type X. For a given exposure mode (inhalation or ingestion), form of uranium (Type F, M, or S for
inhalation and soluble or insoluble for ingestion), and isotopic mixture (based on per cent **U by
weight), the limit on intake is determined by the lower of the points on the curves labeled “Rad” and
“Chem.” For example, the limit on chronic inhalation of depleted uranium of Type F is determined by
chemical guidance, because the solid curve labeled “Chem: F” in Fig. D.2 is below the solid curve
labeled “Rad: F” at the point 0.25 on the x-axis.

For the case of chronic inhalation (Fig. D.2), chemical guidance is limiting for depleted or natural
uranium of Type F and M, while radiological guidance prevails for Type F and M material at
enrichment levels exceeding about 42% and 3.5%, respectively. For Type S material, radiological
guidance is limiting at all isotopic ratios due to the high radiation dose delivered to the lungs by
tenaciously retained material.

In the case of acute inhalation (Fig. D.3), chemical guidance is limiting for all isotopic mixtures of the
rapidly absorbed Type F material. For the more slowly absorbed Type M material, chemical guidance
is limiting at enrichment levels below about 7% but is less restrictive than radiological guidance at
higher enrichment levels. As in the case of chronic inhalation, radiological guidance is limiting at all
isotopic ratios of the slowly absorbed Type S material.
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Fig. D.2. Comparison of limits on intake of uranium by chronic inhalation based on radiological (Rad)
and chemical (Chem) guidance for different isotopic mixtures and absorption types (F is fast, M is
moderate, and S is slow absorption). Calculations are based on a particle size of 5 pum (AMAD).

For either chronic or acute ingestion (Figs. D.4 and D.5, respectively), chemical guidance is limiting
for both soluble or insoluble forms of uranium except at relatively high levels of 2°U enrichment.

Recall that the analysis for inhaled materials was based on a particle size (AMAD) of 5 um. Chemical
as well as radiological limits vary to some extent with particle size, as do the specific levels of
enrichment at which radiological guidance becomes the limiting factor. However, the general
conclusions drawn above concerning the relative importance of chemical and radiological limits are
actually fairly independent of particle size, at least within the range of particle sizes commonly
observed in occupational or environmental settings. For example, for either 1-pum or 5-pum particles
(AMAD), chemical guidance is limiting for all isotopic mixtures of Type F material, and radiological
guidance is limiting for all isotopic ratios of Type S material. For Type M material, chemical guidance
is limiting at enrichment levels below about 3% for 1-um particles and at enrichment levels below
about 7% for 5-um particles, while radiological guidance is limiting at higher enrichment levels.
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APPENDIX E. COMPARISON OF THE BIOKINETICS OF
TUNGSTEN AND URANIUM IN ADULT HUMANS

Comparisons were made of the biokinetics of tungsten and uranium in adult humans, based on the
biokinetic models described in this report. These models include the current respiratory and
gastrointestinal tract models of the International Commission on Radiological Protection (Appendix C),
a new systemic biokinetic model for tungsten (Appendix C), and a recently developed systemic
biokinetic model for uranium (Appendix D). The following exposure cases were considered:

1. injection of tungsten and uranium into blood, corresponding roughly to the case of rapid
absorption of these elements from a wound;

2. inhalation of relatively soluble, moderately soluble, or relatively insoluble forms of tungsten and
uranium, assuming a particle size (activity median aerodynamic diameter or AMAD) of 5 pym;

3. ingestion of relatively soluble forms of tungsten and uranium.

Acute rather than chronic intakes were considered in all cases to facilitate comparison of the time-
dependent behaviors of these two elements in the body. The comparisons focused mainly on the time-
dependent retention of these elements in skeleton and kidneys. For the injection case, comparisons
were also made for liver and for the collective remaining soft tissues.

It should be kept in mind that the systemic biokinetic model for uranium was based on a relatively
large amount of experimental, occupational, and environmental data on humans as well as data on
other species, while the model for tungsten was based entirely on animal data. Therefore, more
confidence can be placed in the predictions for uranium than in those for tungsten.

Comparisons for the injection case (Figs. E.1 through E.4) indicate broadly similar behavior of
tungsten and uranium atoms that reach the systemic circulation. The rate of urinary excretion is high
for both elements, with the result that a relatively small portion of injected or absorbed material
remains after one day.

Uranium in the form of the uranyl ion is expected to replace calcium at some locations in bone crystal,
while tungsten in the form of tungstate is expected to replace phosphate. Similarities in the fate of
calcium and phosphate in bone may result in broad similarities in the fates of uranium and tungsten in
bone. Greater uptake of uranium than tungsten by bone (Fig. E.1) may result from greater competition
for tungsten by the kidneys; that is, urinary clearance from plasma is greater for tungsten than for
uranium, leaving less tungsten than uranium available for deposition in bone. The pattern of removal
of tungsten from bone may differ slightly from that of uranium in the first few weeks after uptake, but
long-term removal of both elements by bone is expected to be determined by bone turnover rates.
Thus, the bone retention curves for tungsten and uranium should be nearly paraliel after a few weeks
or months (Fig. E.1).

Results of animal studies indicate an initially high concentration of uranium in the kidneys due to
attachment of filtered uranium to the walls of the renal tubules. Animal studies also show an elevated
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Fig. E.1. Comparison of content of tungsten and uranium in the skeleton of an adult human as a
function of time after injection (e.g., puncture wound, with rapid absorption to blood), as predicted by the
biokinetic models used in this report.
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concentration of tungsten in the kidneys at early times but lower than that observed for uranium

(Fig. E.2). Within a few days after uptake to blood, a major portion of uranium deposited in the renal
tubules is removed to the tubular lumen and is subsequently removed in urine. The smaller amount of
tungsten deposited in the kidneys may be lost more slowly, resulting in temporarily greater retention of
tungsten than uranium in the kidneys by a few weeks after injection (Fig. E.2).

The models predict that the concentration in kidneys, liver, and remaining tissues declines faster for
tungsten than for uranium at times remote from injection (Figs. E.2 through E.4). Predictions
concerning long-term retention of tungsten in soft tissues are highly uncertain, however, because the
underlying data are sparse and physiological considerations are of little help in this case. By contrast,
there is reasonably strong evidence that a small portion of absorbed uranium is tenaciously retained in
soft tissues.

Predictions of the percent of intake of tungsten and uranium in bone and kidneys as a function of time
after inhalation of these elements are shown in Figs. E.5 through E.10. Predictions for Type F material
are shown in Figs. E.5 and E.6, for Type M material in Figs. E.7 and E.8, and for Type S material in
Figs. E.9 and E.10. The retention curves for bone and kidneys in Figs. E.5 through E.10 differ in
magnitude from those for the injection case (Figs. E.1 and E.2) because of the decreased fractions of
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Fig. E.2. Comparison of content of tungsten and uranium in kidneys of an adult human as a function
of time after injection (e.g., puncture wound, with rapid absorption to blood), as predicted by the
biokinetic models used in this report.

intake reaching blood in the case of inhalation. In addition, the retention curves for the cases of
inhalation of Type M and S material differ in shape to some extent from the curves for the injection
case due to a delay in absorption of material from the lungs to blood.

For a particle size of 5 pm (AMAD), the respiratory tract model predicts that the fraction of inhaled
material that is eventually absorbed to blood is approximately 0.28 + (0.2 x f,) for Type F, 0.06 +
(0.42 x f,) for Type M, and 0.007 + (0.48 x f,) for Type S, where f, is the absorption fraction for
material moving from the lungs to the GI tract. An f, value of 0.5 was used here for tungsten of Type
F or M, and a value of 0.02 was used for uranium of Type F or M. The f, value for Type S was
assumed to be 10% of the value for Type F or M, i.e., 0.05 for tungsten and 0.002 for uranium. Based
on these f, values, the fractions of inhaled tungsten and uranium that eventually reach blood are,
respectively, 0.38 and 0.28 for Type F, 0.27 and 0.07 for Type M, and 0.03 and 0.008 for Type S.
With regard to relative amounts of tungsten and uranium that would be accumulated in systemic
tissues, the net result is that the greater urinary excretion rate for tungsten would be offset to some
extent by a greater fractional absorption of inhaled tungsten to blood, particularly for Type M and
Type S materials. Also, for Type M and S materials, a substantial portion of tungsten that reaches
blood would enter via absorption from the GI tract and would enter the systemic circulation earlier
than uranium, which would be absorbed mainly from the lungs.
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Fig. E.3. Comparison of content of tungsten and uranium in the liver of an adult human as a function
of time after injection (e.g., puncture wound, with rapid absorption to blood), as predicted by the
biokinetic models used in this report.

In the case of ingestion of soluble tungsten and uranium (Figs. E.11 and E.12), the amount (percent of
intake) of tungsten retained in systemic tissues is predicted to be much greater than that of uranium at
early times due to the 25-fold higher GI uptake fraction assumed for tungsten than uranium (0.5 versus
0.02). Because absorption from the GI tract is assumed to occur in the first few hours after ingestion,
the shapes of the retention curves for bone and kidneys (Figs. E.11 and E.12, respectively) are the
same as those predicted for the injection case (Figs. E.1 and E.2, respectively).
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assumed.
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Fig. E.6. Comparison of content of tungsten and uranium in the kidneys of an adult human as a
function of time after inhalation of type F material (fast absorption to blood), as predicted by the
biokinetic models used in this report. A particle size of 5 m (activity median aerodynamic diameter) is
assumed.
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Fig. E.7. Comparison of content of tungsten and uranium in the skeleton of an adult human as a
function of time after inhalation of type M material (moderate absorption to blood), as predicted by the

biokinetic models used in this report. A particle size of 5 um (activity median aerodynamic diameter) is
assumed.
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Fig. E.8. Comparison of content of tungsten and uranium in the kidneys of an adult human as a
function of time after inhalation of type M material (moderate absorption to blood), as predicted by the
biokinetic models used in this report. A particle size of 5 pm (activity median aerodynamic diameter) is
assumed.
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Fig. E.9. Comparison of content of tungsten and uranium in the skeleton of an adult human as a
function of time after inhalation of type S material (slow absorption to blood), as predicted by the
biokinetic models used in this report. A particle size of 5 um (activity median aerodynamic diameter) is
assumed.
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function of time after inhalation of type S material (slow absorption to blood), as predicted by the
biokinetic models used in this report. A particle size of 5 pm (activity median aerodynamic diameter) is
assumed.
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Fig. E.11. Comparison of content f tungsten and uranium in the skeleton of an adult human as a
function of time after ingestion of soluble material, as predicted by the biokinetic models used in this
report.

E-14




7 Ingested U or W in kidneys

O

0.01

0.001

L

0.0001

—— Uranium

----- Tungsten

‘.
----------------
-
-
~~.
S~
-~

1

IELLRALE! | IR BRI L R UL

0 100 1000
Time affer ingestion (d)

10000

Fig. E.12. Comparison of content of tungsten and uranium in the kidneys of an adult human as a
function of time after injection of soluble material, as predicted by the biokinetic models used in this

report.

E-15







APPENDIX F

NONCANCER HEALTH EFFECTS

N. B. Munro and E. K. Bowman







APPENDIX F. NONCANCER HEALTH EFFECTS

F.1 ACUTE TOXICITY
F.1.1 Workplace Standards

Available information on the regulations and guidelines for workplace exposures in the U.S.A. to
tungsten is listed in Table F.1. The permitted levels reflect the low acute toxicity of tungsten and the
low uptake of insoluble forms, as well as an assumption of low chronic toxicity. The 5 mg/m?
guideline for insoluble forms is, in fact, equivalent to that for nuisance dust.

Table F.1. Regulations and guidelines for workplace exposures to soluble and
insoluble forms of tungsten

Tungsten, soluble  Tungsten, insoluble

Agency Description forms, me/m® forms, mg/m’
OSHA TLV (contaminants in 1 5
construction, shipyards)”
ACGIH TLV-8 hr TWA®? 1 5
TLV-STEL® 3 10
NIOSH Recommended exposure limit;* NA 5
15-min exposure limit NA 10
NIOSH IDLH concentration’ None established  None established
“OSHA 1995.
*ACGIH 1994,

‘ACGIH 1986.
‘IDLH = immediately dangerous to life or health (Ludwig, Cairelli, and Whalen

1994).

F.1.2 Description of Acute Effects

Table F.2 contains a summary of acute toxicity data from animal testing for four tungsten compounds.
These data illustrate the relatively low acute toxicity of the more soluble tungsten compounds in
animals. It is easy to see why tungsten has been viewed as relatively inert and assumptions might be
made regarding low chronic toxicity. However, for purposes of this analysis, no assumptions were
made and the literature was reviewed critically to see if it supports such a view. It should be born in
mind that the approach to toxicology has changed considerably over the past 25 or 30 years from an
emphasis on overt acute toxicity to more concern for more subtle chronic effects. Of chronic toxicity
endpoints, an appreciation has been developing in the past several years that carcinogenicity may not
be the most sensitive endpoint, but rather reproductive and developmental toxicity endpoints and
neurotoxicity may be significantly more sensitive for at least some classes of toxicants.




Table F.2. Acute toxicity data for several tungsten compounds

Species Tungsten oxide, Sodium tungstate =~ Ammonium-p-tungstate, phospshﬁznrzstate,
oral LDy, mg/kg oral LDy, mg/kg oral LD, mg/kg oral LD,, mg/kg
Mouse NA® 240 £ 13.5° NA 700.0 + 79°
Rat 8407 1190 + 129.5° 11,300° 1600.0 + 201°
Rabbit NA 875° NA NA
Guinea pig NA 1152% " NA NA

“Abbreviations: LDy, = dose of substance causing death in 50% of population; NA = not available.

*Nadeenko 1966.

‘RTECS (April 1994): ATHA J. 30:470 (1969).

“Increase in dose up to 2500 mg/kg did not increase the percentage of deaths; RTECs (April 1994)
lists oral LD, as 1059 mg/kg, based on data reported in Nadeenko (1966).

F.2. CHRONIC TOXICITY

The goal of this section is to characterize the potential noncarcinogenic impacts on people as a result
of exposure to tungsten. There will not be any simulations in this Appendix, only an attempt to define
cause and effect. The most that could be expected is to say that a body burden of x pg/kg of tungsten
has no effect and that above this threshold, the dose response function is described by some function
f(x). Realistically, we find that the data set available in the literature is very sparse. Thus we will
probably not be able to give final answers for almost any biological endpoint that we are investigating.
Our investigations include both cancer and non-cancer endpoints. The cancer endpoint is discussed in
Appendix G. The non-cancer endpoints dealt with in some detail are neurotoxicity, reproductive
toxicity, developmental toxicity, effects on glucose metabolism and storage, and inhibition of the
enzymes xanthine oxidase and sulfite oxidase.

Tungsten compounds and tungsten mixture alloys are strongly implicated by animal experiments and
human experience with pulmonary disease, disability, and in the case of hard metal disease, death. The
evidence has been reviewed in NIOSH 1977 and Danisi 1991. Recent animal experiments show that
tungsten particles and insoluble calcium tungstate powder are stimuli for a strong inflammatory
response in the lung ( Grande et al 1990; Aguas, Grande and Carvalho 1991; Pereira and Grande
1992; Peao, Aguas, and Grande 1992; Peao et al 1993). However, in view of the implication of the
role of cobalt in most of the human experience, the pulmonary disease endpoint is not considered
further in this review. Yet it should be kept in mind that recent in vitro experiments with macrophages
point to enhanced toxicity from the combination of cobalt and tungsten carbide in hard metal, not just
from cobalt or tungsten (Lison and Lauwerys 1990, 1991, 1992, 1993, 1994). Thus, eventually the
combinations of tungsten with alloy candidates will need to be considered with respect to combined
toxicity.

Table F.3 contains a partial listing of various chronic effects observed in animal experimentation. This
review focuses on those endpoints of more concern for possible human health effects from long-term,
low-dose exposure, primarily from ingestion exposure. Three sensitive endpoints of most concern have
been identified. Neurotoxicity is identified from the animal literature by disturbances of conditioned
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Table F.3. Partial list of chronic toxicity data for tungsten

Species/ Route Dose Expo sure Tissue Endpoints observed Reference
compound duration level
Rat/Na 1P 0.5 ug 100 d NA“ Brain, liver Capilna et
tungstate glutaminase; brain al 1963
glutamic acid
Rats/Na Per oral 100, 50, 25, Subacute Not Growth, blood ChE? Nadeenko
tungstate 10 mg/kg ?d reported 1966
Rabbits/Na  Per oral 100, 50, 25, Subacute  Not Growth, SH* groups Nadeenko
tungstate 10 mg/kg (?4d) reported in whole blood and 1966
serum, glycogen-
forming system of
liver etc.
Rats/Na Perorat 0.5, 0.05, 7 month Measured Blood ChE, Nadeenko
tungstate 0.005 mg/kg but not conditioned reflexes; 1966
reported SH groups of brain,
liver
Rabbits/Na  Per oral 5,05, 0.05, 8 month Measured Blood alkaline Nadeenko
tungstate 0.005 mg/kg but not phosphatase; SH 1966

reported groups, glycogen-
forming capacity of
liver; response to
galactose loading;
UGI® microscopic
damage

“Abbreviations: IP = intraperitoneal; NA = not available; ChE = cholinesterase; SH = sulfhydryl
groups; UGI = upper gastrointestinal tract.

learning, reflex activity indices, brain histopathology, and decreases in blood cholinesterase. These
effects have been obtained with chronic oral exposure to extremely low doses of sodium tungstate and
with subchronic inhalation exposure to moderately low air concentrations (approximately 0.5 mg/m3).
It is considered that this airborne concentration would be difficult to achieve in most environmental
situations. Reproductive toxicity is indicated by observations of embryo death and also a sperm
motility study. The latter used the same inhalation concentrations as above.

Effects on certain enzymes were also evaluated. We have obtained a perspective on xanthine and
sulfite oxidase inhibition and glucose metabolism from a combination of literature data on tungsten
and molybdenum for small mammals and other information on humans. At this time, very abnormal
and unrealistic conditions appear to be required, in terms of trace element and/or sulfite concentrations
in foods or water, before adverse effects due to sulfite oxidase inhibition could be induced.

Searches were performed, but no studies were located that dealt with effects on immune system
function, especially from chronic low-dose exposure. It is not clear whether adequate observations
have been made with modern techniques to rule out immunotoxicity, as negative data are seldom
reported in the literature.
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F.2.1 Neurotoxicity
F.2.1.1 Human Evidence

Kaplun and Mezentseva (1959) evaluated health effects of exposure to dusts from the production of
hard metal. Medical examination of a group of 247 workers exposed to mixed dusts containing
tungsten and cobalt yielded 117 individuals with some damage to the upper respiratory tract; they
complained of loss of appetite, nausea, and coughing. Of these 117 workers, a significant fraction
(undefined) also had hypotension, unspecified blood changes, or an impaired sense of smell.

Vengerskaya and Salikhodzhaev (1962) also evaluated workers exposed to aerosols containing
tungsten, cobalt and their compounds in a hard-metal plant. Eighty-eight out of 178 workers (52 men,
126 women) studied complained of dyspnea, coughing, pounding of the heart, headache, dizziness,
nausea, loss of appetite, and impaired sense of smell. Tungsten was measured in blood and urine.
Mean tungsten concentrations ranged from 0.8 to 1.1 mg % in 45 workers and 0.6-1.1 mg/liter in
urine of 40 workers; it was not measurable in the blood of 11 subjects or in the urine of 7 subjects.

Several of the reported symptoms suggestive of neurotoxicity are common to both of these studies,
including loss of appetite, nausea, and impaired sense of smell. Additionally, some workers studied by
Vengerskaya and Salikhodzhaev (1962) reported dizziness and headache which also may be related to
neurotoxicity.

Jordan et al (1990) evaluated a small group of 12 hard-metal workers having pulmonary problems and
reporting memory deficits. They tested these individuals with the Wechsler Memory Scale-Revised and
found statistically significant deficits in verbal memory (P< 0.001) and attention (P <0.01), but no
effect on visual-spatial memory or delayed memory. These workers had been exposed to hard metal
consisting mainly of tungsten carbide and cobalt; the exposure had been both to dust and to a mist
form with an unidentified organic solvent as vehicle.

F.2.1.2 Animal Evidence

Karantassis (1924) observed shortness of breath, loss of appetite, colic (gastrointestinal pain?),
trembling, uncoordinated movements, and sudden jumps in guinea pigs exposed by gastric intubation
or injection to acutely lethal doses of tungstate. The latter three signs are suggestive of neurotoxicity.
Nadeenko (1966) also reported reactions suggestive of neurotoxicity in 300 albino mice and 40 white
rats given acutely toxic doses of tungsten compounds. The animals showed a brief period of excitation,
then a period of motor inhibition in which they sat with arched backs and displayed reduced motor
tone. Some mice developed hind leg paralysis. These experiments were designed to determine the LD,
doses of sodium tungstate, sodium phosphotungstate, and tungstic anhydride (WO;). The results of
these and subsequently discussed studies giving evidence of neurotoxicity are presented in Table F.4.

In subacute experiments in albino rats and rabbits, Nadeenko (1966) exposed the animals orally to
sodium tungstate at doses of 100, 50, 25, and 10 mg/kg body weight (frequency of dosing was
unspecified, but probably daily), presumably in drinking water for an unspecified period of time
(probably not more than 30 d). Blood cholinesterase (ChE) was monitored in the rats only; it was
decreased at all doses tested but quantitative effects were not reported. These doses were sufficient to
retard growth in all rat groups.




Table F.4. Neurotoxicity of tungsten and its compounds in animals

Species/

Exposure

Route Dose . Endpoints observed References
compound duration
Guinea Gavage 0.78 g/kg body  Acute (1 d) Loss of appetite, Karantassis 1924
pig/sodium wt (2 Ss); trembling,
tungstate 1.3gkg (18) uncoordinated
movements, sudden
jumps, death
Guinea Injection 0.75-0.84 g/lkg  Acute (1 d) Loss of appetite, Karantassis 1924
pig/sodium body wt (3 Ss); trembling,
tungstate 2.5-2.7 glkg uncoordinated
body wt (2 Ss) movements, sudden
jumps, death
Rat/sodium  Oral 10, 25, 50, Subacute (not  Blood ChE’ decreased Nadeenko 1966
tungstate 100 mg/kg specified in d)  at all doses
Rat/sodium  Oral 0.005, 0.05, 7-8 months Blood ChE decreased at Nadeenko 1966
tungstate 0.5 mg/kg 0.5 mg/kg dose after
4 month; decreased at
0.05 mg/kg in
8th month
Rat/sodivm  Oral 0.005, 0.05, 7 months Conditioned learning Nadeenko 1966
tungstate 0.5 mg/kg decreased at 0.5 mg/kg
and at 0.05 mg/kg
(dose-dependent
effects); no effects at
© 0.005 mg/kg
Rat, rabbit  Oral 0.005, 0.05, 7-8 months Histopathologically Nadeenko 1966
(D/sodium 0.5 mg/kg observed cerebral
tungstate cortex lesions at
sacrifice at 5,
0.5 mg/kg, none at
0.005 mg/kg
Rat/sodium  Oral 0.00s, 0.05, 7 months Decreased SH® group Nadeenko 1966
tungstate 0.5 mg/kg content of brain tissue
at 0.5 mg/kg
Rat/sodium  Oral 0.005 mg/kg 8 months Reflex activity Nadeenko and
tungstate Lenchenko 1977;
(assumed) Rat/sodium
tungstate
Inhalation 10, 20,
100, 600 mg/m®
30 d Decreased

ChE at all doses,
behavior effects at
100, 600 mg/m’
Idiatullina 1981




Table F.4 (continued)

Rat/sodiom  Inhalation 0.1, 0.5, 4 months Decreased ChE at 0.5, Idiatullina 1981
tungstate 1.0 mg/m? 1.0 mg/m®;
histopathologically
observed moderate
diffuse sclerosis in
brain at sacrifice
Rat/sodium IP 0.5 pg/d; 100 d Increased brain Capilna et al 1963
tungstate estimated 2 X glutaminase activity; no
10 mg/kg/d effect on brain glutamic
acid levels
Cat/tungstic  Direct 0.02 mL One Focal EEG® seizure Kusske, Wyler and
acid gel applicatio application activity Ward 1974
n to brain
surface
Rat, cat, Direct 0.01 mL One Focal EEG seizure Black, Abraham
monkey/ applicatio application activity and Ward 1967
tungstic n to brain
acid gel surface

“Abbreviations: ChE = cholinesterase; SH = sulfhydryl groups; EEG = electroencephalogram.

Nadeenko (1966) then pursued chronic oral exposures of rats and rabbits to sodium tungstate and
again reported results in rats indicative of neurotoxicity. Rats were given 0.5, 0.05, and 0.005 mg/kg
body weight for 7 months (frequency of dosing unspecified, but assumed probably to be daily); while
no control group is mentioned in the text, a figure showing effects on blood ChE includes data for a
control group. Neither the rat strain nor number of rats per group is reported; in the rabbit
experiments, 7 animals per group were exposed for 8 months to doses of 5, 0.5, 0.05, and 0.005
mg/kg at an unspecified frequency. The vehicle is not explicitly identified but the context suggests that
all doses were given via drinking water.

Blood ChE levels were slightly depressed (to 80-85% of control level) at the higher dose levels after
prolonged periods of exposure (4 months at S mg/kg; 8 months at 0.5 mg/kg). Neither text nor figure
specify whether ChE was monitored in rats or rabbits or both; the figure is ambiguous, showing data
for an 8-month exposure period and high dose group of 5 mg/kg, which were only supposed to have
been present in the rabbit experiment. However, the figure legend indicates that results were obtained
during reflex extinction, a procedure carried out according to the text only in the rat experiments.

Further and more convincing evidence of neurotoxic effects of low-dose tungstate exposure was
accrued by Nadeenko (1966) in the course of studying CNS function by means of conditioned reflex
learning in rats. Dose-dependent effects on several aspects of conditioning resulted and are presented
graphically; no statistically significant effects were observed at the 0.005 mg/kg dose level.

Histopathological examination of tissue from animals treated with 5 and 0.5 mg/kg for 8 months
revealed morphological alterations in the cerebral cortex, while no effects were seen at 0.005 mg/kg.
No details regarding the lesion are presented, nor is it clear whether brain lesions were observed in
both rabbits and rats, although the wording in the text is suggestive of both species showing effects.
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At sacrifice, the SH group content of rat brain and liver tissue was determined. Brain SH group
content was significantly reduced only in the highest dose group (0.5 mg/kg); in liver, SH group
content was lower in both the 0.5 and 0.05 mg/kg dose groups.

The tungsten content of several tissues from the chronically exposed animals was determined at the
time of sacrifice, but, unfortunately, no quantitative presentation is made of the distribution data.
Tungsten was also detected in the blood and organs of the control animals, but again, no quantitative
data are presented. The 0.005 mg/kg dose resulted in an increased content only in the blood and
intestine, while 0.05 mg/kg caused a statistically significant increase as well in the other organs and
tissues evaluated (liver, femur, and kidneys). The greatest increases were seen in the highest dose
groups, as expected. In the absence of quantitative data, it is not possible to link the effects indicative
of neurotoxicity with the biokinetic model presented above.

A later study by Nadeenko and Lenchenko (1977) reports the results of chronically exposing rats
perorally to low levels of tungsten and three other elements, molybdenum, copper, and arsenic
separately and in various combinations. Many endpoints were observed including blood ChE activity
and some type of undefined reflex activity. It appears that an §-month treatment of rats with tungsten
alone at 0.005 mg/kg had a significantly deleterious effect on reflex activity, changing one index of
reflex activity by 35%; molybdenum (0.025 mg/kg) alone changed it by 19%, while tungsten and
molybdenum together at these concentrations appear to have offset each other, changing the index by
only 3%. Blood ChE showed short-term changes at the beginning and the end of exposure in animals
given a combination of tungsten and copper (0.005 mg/kg each). A statistically significant effect of
tungsten alone on blood ChE was not observed. However, blood ChE was less variable and closer to
control values in animals exposed to combinations of these elements than those exposed to the
substances separately.

A later inhalation study on male rats (Idiatullina 1981) involving an acute/subacute phase and also
subchronic (4 month or 17 week) exposures to sodium tungstate as fine powder also showed ChE
depression both at high air levels (acute/subacute exposure to 10, 20, 100, and 600 mg/m®) and at low
levels (0.5 and 1.0 mg/m® for 4 months). In the subchronic study, blood ChE was depressed to 75%
and 78% of control level at 1.0 mg/m® and 0.5 mg/m’, respectively. Only at 0.1 mg/m® was there no
effect seen. No data are reported on the extent of depression in the acute experiment but rather on the
duration of exposure needed to produce a statistically significant depression; these values ranged from
18 h for 600 mg/m’ to 720 h for 10 mg/m’. Behavioral effects (muzzle scratching and increased
activity, interpreted by the author as anxiety manifestations) appeared at 100 and 600 mg/m’.
Histological examination of tissue from chronically-exposed rats (2/15 per group) revealed moderate
diffuse sclerosis in the brains (as well as heart and lungs) of the animals exposed to 1.0 mg/m®, with
less evident changes at 0.5 mg/m® and no changes observed at 0.1 mg/m’.

Another line of investigation suggestive of possible neurotoxic effects was pursued by Capilna et al
(1963) who exposed rats to daily 0.5 pg intraperitoneal (IP) injections of ammonium molybdate or
sodium tungstate for 100 days. The strain, age, weight, and gender of the rats are not specified. Thus a
dose in mg/kg cannot be calculated for comparison with other studies such as those of Nadeenko
(1966); if the animals were adults weighing around 250 g, the dose would be estimated at 2 x 107
mg/kg/d, an extremely low dose. Even with 100 days of exposure, the total dose would have been only
0.0002 mg/kg. Brain and liver glutaminase activity and brain glutamic acid levels were assayed in
unexposed control animals and treated animals at 40, 60, 80, and 100 days “following poisoning” (it is
not clear whether this means after the onset of treatment or after the cessation of 100 days of
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exposure). Effects on enzyme activity levels showed progressively increasing effects with increasing
duration of time, suggesting that the treatment groups were sacrificed at times following the onset of
treatment.

Tungsten treatment activated brain glutaminase activity in contrast to molybdenum which inhibited it
(Capilna et al 1963). Brain glutamic acid levels remained unchanged by tungstate, suggesting a
concurrent activation of glutamic acid oxidation. Brain glutamic acid concentration was significantly
depressed by molybdate exposure in conjunction with the inhibition of glutaminase activity. Liver
glutaminase activity was decreased both by tungstate and molybdate treatment; this may have been
effected by the metals binding either SH groups or carboxylic acid groups on the enzyme molecules.
The elevation of brain glutaminase activity would be expected to result in increased ammonia levels
although these were not measured in this study. No functional or behavioral observations were
reported to indicate whether there were observable correlates of the metal exposures.

A further possible indicator of neurotoxic effects of tungsten in at least one form is the use of direct

. application of pure tungstic acid gel to the cortex of experimental animals to induce focal epileptic or
seizure activity. This use is reviewed by Kusske, Wyler, and Ward (1974), while details of the
methods are presented by Black, Abraham and Ward (1967). The latter group points out that only one
of three forms of tungstic acid is biologically active, the colloidal form. The monohydrate is insoluble
in water and biologically inert; the hydrous form is slightly soluble in water but also biologically inert.
Phosphotungstic acid, a protein precipitating agent, is also not effective in inducing seizure activity,
according to these authors. The seizure activity induced by 0.01 mL tungstic acid gel is usually
temporary and is accompanied by histologically verifiable spherical necrotic lesions of about 2.8 mm
diameter (Black, Abraham and Ward 1967). Whether this effect of tungsten has any relevance to
environmental exposures is open to question in view of the specificity of the form and method of
application required to produce the epileptogenic effect.

F.2.1.3 Relationship to Biokinetic Model

Distribution data from rodent studies (e.g., Kaye 1968) permit the estimation of rat brain tungsten
levels from the doses and exposure times employed by Nadeenko (1966) and Nadeenko and
Lenchenko (1977). Assuming an oral intake of 1 mg W/rat/d, the brain tissue levels are estimated to
be 0.00005 mg W/g tissue after 30 d, 0.00010 mg W/g after 4 mo, 0.00014 mg W/g after 7 mo, and
0.00014 mg W/g after 8 mo. The uncertainty in each estimate is at least a factor of two, and probably
greater for the exposure durations of more than 30. Table F.5 shows the corresponding estimates of rat
brain tissue content for the dose levels and exposure times employed by Nadeenko (1966).

Estimation of tissue levels from the inhalation study of Idiatullina (1981) is more difficult as only a
study in dogs is available as a basis for estimating the rate of absorption of tungsten from lungs to
blood (Aamodt 1975), but a unit intake of tungsten is estimated to resuit in about half the brain level
achieved by oral exposure (inhalation of 1 mg W/d/rat might yield 0.00002-0.00003 mg W/g brain
tissue at 30 d exposure). The uncertainty in this estimate is probably more than a factor of two.

Estimates are shown in Table F.6 of the tissue levels of tungsten in the human soft tissue remainder
(those soft tissues not explicitly modeled in the biokinetic model developed in Appendix C) for several
durations of ingestion exposure. The brain and gonads are included in the remainder tissues. The level
of uncertainty is considered to be high, at least a factor of ten for this average tissue level estimate. It
would be even higher for individual tissues, particularly the brain, as the blood-brain barrier may affect-
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Table F.5. Levels of tungsten in rat tissues resulting from unit ingestion exposure

1 0.00005 0.000025 0.00000025
4 0.00010 0.00005 0.0000005
7 0.00014 0.00007 0.0000007
8 0.00014 0.00007 0.0000007

“Estimation of W accumulation supplied by R. W. Leggett, based on distribution data from rat
studies. Uncertainty at least a factor of two.

Table F.6. Levels of tungsten in human soft tissnes resulting from unit ingestion exposure

Exposure duration, Units tungsten in t?tal Units tungsten/e®
month remainder tissue
1 0475 0.00000475
4 0.75 0.0000075
7 0.93 0.0000093
8 099 - 0.0000099

“Calculation supplied by R. W. Leggett, based on biokinetic model presented in Appendix C.

bAssumes mass of “remainder” soft tissue = 50 kg for 70 kg person; GI uptake factor = 0.5 as in
biokinetic model (see Appendix C). Uncertainty at least a factor of 10, probably more for brain tissue
due to possible effects on uptake by blood-brain barrier.

the uptake by the brain considerably. No autopsy data are available for humans against which to
validate these estimates; they would be of great value.

F.2.1.4 Evaluation of Significance and Identification of Data Gaps

Two studies of workers exposed to hard metal dust report signs and symptoms suggestive of CNS
effects (Kaplun and Mezentseva 1959; Vengerskaya and Salikhodzhaev 1962). In both studies, workers
were found who complained of loss of appetite, loss of the sense of smell, and nausea. In the second
study, dizziness and headache were also reported. Unfortunately, interpretation of these studies is
difficult because the hard metal dusts contained not only tungsten but also cobalt and possibly small
amounts of other metals.

A small recent study of hard metal workers who complained of memory problems and also had
pulmonary complaints confirmed specific verbal memory and attention deficits upon testing (Jordan
et al 1990). Like those above, this study is also confounded by the presence of cobalt and possibly
other metals in the dusts to which the workers were exposed. An important additional confounder is
the use of an organic solvent (unspecified) in the mists to which they were also exposed. Many
organic solvents are known or suspected neurotoxicants. Thus the role of tungsten cannot be clearly
defined and further study would be needed to elucidate the causal agent(s) for these effects. For those
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workers with compromised pulmonary function, chronically low brain oxygen levels cannot be
excluded as causing or contributing to impaired brain function. No measures of arterial pO, were
presented in any of these human studies.

Animal studies, particularly those of Nadeenko (1966), Nadeenko and Lenchenko (1977), and
Idiatullina (1981) taken together, are somewhat more convincing in terms of suggesting that tungsten,
particularly as sodium tungstate, may have a neurotoxic effect, even at low doses in long-term
exposure by an environmentally relevant route (oral dosing). Nadeenko (1966) observed a decrease in
blood ChE activity at all doses (10, 25, 50, and 100 mg/kg, presumably per day) in rats in a subacute
study of unspecified duration. No quantitative ChE results of the subchronic study were presented. He
also reported a slight ChE decrease (to 80-85% of control level) at the higher doses of sodium
tungstate (0.05, 0.5 mg/kg) administered in a chronic study (7-8 months). The rats given the doses
resulting in Jowered blood ChE also showed dose-dependent decrements in several aspects of
conditioned learning. The lowest dose, 0.005 mg/kg, had no effect on blood ChE or on learning over
the period of study. Furthermore, the higher two dose groups showed histologically-observed cerebral
cortex lesions at necropsy as well as lower brain tissue content of SH groups at the 0.5 mg/kg dose
level. While the text is not clear, it appears that chronically-exposed rabbits in the higher dose groups
also may have had cerebral cortex lesions at sacrifice.

In the later Nadeenko and Lenchenko (1977) study, 0.005 mg/kg tungsten perorally for 8 months had
an effect on reflex activity (type of reflexes not specified) and a possible, though not statistically
significant, effect on blood ChE activity.

The effects of oral tungstate exposure on ChE depression and brain microstructure are corroborated by
the effects produced by inhalation exposure of rats to high (acute/subacute study) and low levels
(subchronic study) (Idiatullina 1981). Depression of blood ChE to 75-78% of control levels was
observed in the 4-month study. Diffuse sclerosis was seen on histopathological evaluation of the brains
of these animals. Effects on behavior were observed at the highest tungsten air levels; these were
interpreted by the author as indicating anxiety; to this reviewer, they suggest an aversive response to
possible irritation of nasal passages.

If long-term, low-dose exposure to tungsten compounds does indeed affect the cholinergic pathways of
the brain as suggested by the Nadeenko and Idiatullina studies, effects on mood and mental function
might be expected as shown by studies of workers exposed to anticholinesterase insecticides and also
workers and volunteers exposed to organophosphate (OP) nerve agents. For example, Savage et al
(1988) evaluated 100 workers who had at least one documented exposure to OP insecticides resulting
in signs and symptoms of acute systemic toxicity. These episodes had occurred on average nine years
prior to evaluation by Savage and colleagues. The group evidenced mild but statistically significant
deficits in various measures of mental function on standardized tests, showed adverse effects on mood
and behavior (increased irritability, confusion, and tendency to withdrawal) as evaluated by relatives,
and themselves perceived difficulty with memory, thinking ability, and use of language.
Organophosphate insecticides tend to be stored in body fat and released slowly over long periods of
time, thus mimicking somewhat a long-term, low dose environmental exposure.

Metcalf and Holmes (1969) evaluated workers exposed to OPs including insecticides and nerve agents.
They found memory, concentration, and sleep disturbances as well as minor motor coordination
deficits and subtle EEG changes in the “highly exposed” as compared to the “minimally exposed”
worker groups.
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Levin, Rodnitzky, and Mick (1976) compared two subgroups of workers (24 Ss total) having potential
organophosphate insecticide exposure but no signs or symptoms of systemic toxicity with a control
group for indications of anxiety and depression. They found that the group of commercial insecticide
applicators showed elevated levels of anxiety (tension, restlessness, anxiety, and sleep disturbance) and
plasma ChE at 70% of the control group level. Exposed farmers neither had depressed plasma ChE nor
elevated scores for anxiety or depression. RBC-ChE was not depressed in either group.

Acute experimental exposure of volunteers to agent VX, a potent OP nerve agent, in doses sufficient
to lower blood and RBC-ChE, has been shown to have transient effects on mental function and mood
as documented by Bowers, Goodman, and Sim (1964) and Sidell and Groff (1974). The former group
tested VX [identified only by them as EA-1701, but this code is equivalent to VX (Krackow 1956)] in
93 volunteers exposed percutaneously to the agent. In both studies, effects on mental function were
evident with blood ChE depressed to 10 to 40% of control or baseline activity levels. Two subjects in
the Bowers, Goodman and Sim (1964) study evidenced CNS effects with ChE depression only at 81 to
100% of baseline, and a few more at the intermediate 41 to 80% level.

Acute accidental exposure to the OP nerve agent GB has also resulted in both transient and prolonged
psychological changes [as reviewed by Munro, Ambrose, and Watson (1994)]. These include
depression, insomnia, and excessive dreaming. Occupationally exposed workers have shown similar
signs and symptoms after low-level G-agent exposures as well as nervousness, drowsiness, mood
changes, weakness and easy fatigability, with effects persisting more than 3 days in some cases
(Brown 1948; Craig and Cornblath 1953).

From personal observation, Sidell (1992) considers mild psychological disturbances to occur not
uncommonly in persons with few or no physical signs of nerve agent exposure. He describes the
effects as beginning hours to a day after exposure and persisting variably from days to many weeks.
The changes characteristically include forgetfulness and slowed thought processes, and may also
include irritability or impairment of judgement, comprehension, or communication ability.

Overall, these reports suggest that changes in mood and mental function associated with acute
anticholinesterase exposure [and presumably concomitant excess acetylcholine (ACh) accumulation in
the CNS] are more likely to be observed after acute exposure sufficient to lower blood ChE to the
10-40% of baseline range, but also are seen in a few individuals with depression only to the 81-100%
of baseline range, or that range corresponding to the depression induced by tungsten exposure in
animal studies.

Thus, if chronic tungsten exposure does have an anticholinesterase effect, causing an accumulation of
ACh in the CNS, effects of the type observed by Jordan et al (1990) on attention and memory would
be consistent with the responses seen in humans exposed to OP anticholinesterase compounds.

The issue as to whether long-term, low-dose exposure of humans to tungsten causes any type of
neurotoxicity is of considerable importance to resolve. It is of major significance in view of the
potential consequences for interpersonal relationships, academic potential, and employment from even
fairly subtle effects on mood, memory, attention, and cognitive functions.

Neurotoxicity is considered to be potentially of much more significance than the possibility for minor
nephrotoxic effects of uranium on kidney function from long-term, very low dose exposure in view of
the very large functional reserve (> 1 kidney) in persons of normal kidney function. Neurotoxicity has -
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the potential to affect all exposed individuals, while nephrotoxic effects would be of significance only
to the small minonity of individuals lacking a kidney or with significantly compromised kidney
function. '

Furthermore, neurotoxicity including effects on learning, memory, and attention in adult individuals
raises the question of possible developmental neurotoxicity if individuals are exposed in utero and/or
during postnatal stages of brain development. Children with compromised ability to attend
appropriately and having short-term memory deficits commonly associated with Attention Deficit
Disorder are widely recognized to have significant difficulties in their school, home, and social
environments. These difficulties typically persist and have adverse consequences for later academic
achievement and performance in the workplace as well as interpersonal relationships. No studies of
developmental neurotoxicity in animals or humans have been located. Recommendations are discussed
in the section below on developmental toxicity.

F.2.1.5 Tentative Dose-Response Relationship

Studies on rats by Nadeenko (1966) revealed a dose-dependent effect of long-term, low-dose sodium
tungstate exposure on several aspects of conditioned learning, with a possible threshold, as no effect
was seen at the 0.005 mg/kg body weight dose level. Blood ChE activity was lowered, not with a
dose-response effect in terms of degree of inhibition, but with respect to the time required to reach the
maximum effect. Again, an apparent threshold was demonstrated, as no effect was observed at the
0.005 mg/kg dose, at least during the 7 or 8 month period of exposure and observation. Furthermore,
no brain lesions were seen in the lowest dose group at sacrifice.

However, in a later study, Nadeenko and Lenchenko (1977) reported significantly adverse effects on
certain undefined indices of reflex activity in rats exposed orally to 0.005 mg/kg tungsten for

8 months. Thus, if there is a true threshold for neurotoxic effects, it may be at a yet lower dose.
Idiatullina (1981) demonstrated a dose-dependent relationship between duration of inhalation exposure
to sodium tungstate and the attainment of a statistically significant depression of blood ChE in an
acute/subacute study; the degree of ChE lowering was not reported. In a subchronic portion of the
study, Idiatullina did not observe a dose response effect on ChE activity, but rather a step function
type of response. In this phase of the study, 0.1 mg/m® for 4 months gave no effect, while 0.5 and

1.0 mg/m® both resulted in about the same degree of activity inhibition (78 and 75% of control
activity, respectively).

F.2.1.6 Research Recommendations

It would be of considerable interest to determine whether long-term exposure of workers to tungsten or
tungsten carbide compounds without concomitant cobalt or organic solvent exposure results in
lowering of blood or RBC-ChE. Tests of memory and mental function together with assessment of
mood changes would also be most useful. Such human populations may not be available. Prior to
initiating human studies, or as an alternative, it would seem prudent to determine whether the animal
results on blood ChE activity, learning, behavior, and brain histopathology can be replicated and to
determine the corresponding tungsten tissue distribution quantitatively.

An initial subacute study in rats is recommended at sodium tungstate dose levels corresponding to

those used in the Nadeenko (1966) subacute rat study, or 100, 50, 25, and 10 mg/kg in drinking water.
Effects on blood and brain ChE, behavior, learning, and tissue W distribution should be monitored. If
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effects on ChE activity and/or the other endpoints are observed, then a low-dose chronic study similar
to that reported by Nadeenko (1966) would be warranted. Dose levels of 1, 0.5, 0.05, and 0.005 mg/kg
would be desirable. Tissue and blood levels of tungsten would be essential to obtain at the time of
sacrifice.

If significant effects are observed in a rat study, especially on learning endpoints, consideration of
studying neurotoxicity endpoints in a larger, nonrodent, species would be warranted.

F.2.2 Reproductive Toxicity
F.2.2.1 Description of Effects

Nadeenko et al (1977) reported pre- and postimplantation embryotoxic effects on rats resulting from
chronic (8 mo) oral tungsten exposure at 0.005 mg/kg as well as molybdenum at 0.025 mg/kg (see
Table F.7). The form of tungsten is not specified, but is assume to have been sodium tungstate as in
Nadeendo (1966); it is further assumed that the compound was given in drinking water. Nadeenko and
Lenchenko (1977) exposed rats orally for 8 months to tungsten, molybdenum, arsenic, and copper in
various combinations at three dose levels and separately as follows: tungsten (0.005 mg/kg),
molybdenum (0.025 mg/kg), arsenic (0.0025 mg/kg), and copper (0.005 mg/kg). They found that
tungsten significantly increased the preimplantation embryonic death rate while arsenic significantly
increased postimplantation embryolethality. A combination of all four metals at the same
concentrations listed above increased preimplantation embryolethality to an essentially identical extent
as tungsten alone. This information has important implications for future investigations of tungsten in
conjunction with possible alloying elements. These dates suggest that not only is there no synergism,
but there is also no evidence of additive effects.

Nadeenko et al (1978) presented in a more detailed way some of the same data as in Nadeenko and
Lenchenko (1977) on increased preimplantation embryonic lethality after administering 0.005 mg/kg
tungsten perorally to adult female rats for 7 months including through pregnancy. The authors
speculated that the effect was attributable to direct embryotoxic effects, as tungsten was found at
increased concentration in the fetuses (but not the placentas) at doses causing the observed effects.

In contrast, Chiang et al (1981 Abstract) found no embryotoxic effects in products of conception of
female Wistar rats made sulfite oxidase-deficient by exposure to a high tungsten/low molybdenum
regimen for 4 weeks followed by sulfite in drinking water for 3 weeks prior to mating and throughout
the 3 weeks of pregnancy. No effects were seen on litter size, number of resorptions, or mean pup
weight. The differences from Nadeenko’s observations may be attributable to strain differences, the
substantial difference in duration of tungsten exposure, or other differences in experimental design.

Wide (1984) injected some groups of mice on the 3rd and others on the 8th day of pregnancy with
sodium tungstate, 0.1 mL of 25 mM in saline via tail vein (equivalent to 18.4 mg/kg as W), and found
that injection on day 8 significantly increased the number of fetal resorptions. No effects were seen on
skeletal ossification or any other aspects of fetal development as evaluated at sacrifice on day 17 of
pregnancy. Tungsten on day 3 did not interfere with implantation or subsequent development. The
author noted that it was not possible to determine whether the increased fetal lethality was a result of
direct fetal effects or whether tungsten disrupted the maternal environment responsible for supporting
the pregnancy.
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Table F.7. Reproductive toxicity of tungsten

Species/ Route Dose Expos‘ure Tissue level Endpoints References
compound duration observed
Mouse/ Ive 0.1 mL of 1injec @ d3, NA® Increased fetal Wide 1984
sodium 25 mM sol’'n 1 injec @ d 8 resorption
tungstate (18.4 mg Wikg)
Mouse/ v A. 120 pg 1 injec @ d 12, Det'nin dam, Transfer to Wide et al 1986
sodium BwWikg 1 injec @ d 17 fetuses; 1 h, placenta and
tungstate 4 h post- fetus
B. 120 pg injection
Wikg + 20 mg
cold W/kg
Rat/sodium Oral 0.005 mg/kg Chronic, 197 = Embryotoxicity; Nadeenko and
tungstate 8 months 0.2 ug% in transfer to fetus Lenchenko 1977
fetus
Rat/sodium Oral 0.005 mg/kg Chronic, NA Preimplantation = Nadeenko et al 1978
tungstate 7 months embryotoxicity
Rat/sodium Inhalation 1.0 mg/m’; Subchronic; NA Decreased Idiatullina 1981
tungstate 0.5 mg/m® 4 months sperm motility
Mouse/ Oral NA Chronic NA Decreased blood Wide et al 1986
sodium progesterone in
tungstate pregnant female
Laying Oral 1 g tungsten’kg Subchronic; NA Decreased egg Nell et al 1981 Chick
hen/ feed 5 months production; embryo limb bud cell
tungsten decreased egg culture/sodium
(E) weight, yolk tungstate In vitro 0,
(Y) weight, Y:E 75, 150, 200,
weight ratio 250 uMS d Same as
medium Decreased
cartiledge formation in
limb bud cells Wide
et al 1986
Rat ovary/ In vitro 0-10 mM 20 min NA Biphasic effect = Hwang and Ryan 1981
sodium on adenyl
tungstate cyclase function
Hen In vitro 020 mM NA NA Blocking of Murakami,
oviduct steroid binding  Quattrociocchi et al
progesteron by receptor 1982
e receptors/
sodium
tungstate
Chick In vitro 0-10 mM NA NA Blocking of Murakami, Szocik
oviduct receptor et al 1982
progesteron activation;
e receptors/ blocking of
sodium activated
tungstate receptor binding

to DNA

“Abbreviations: IV = intravenous; NA = not available.
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In a later study, Wide, Danielsson, and Denker (1986) also observed fetal uptake of '**W after acute
injection of pregnant mice, substantiating the evidence from Nadeenko’s laboratory that tungsten
crosses the placenta. Fetal uptake was low on Day 8 of gestation, increasing substantially by Day 12.
Autoradiographic data showed selective uptake by fetal nervous system tissue 4 h after injection on
Day 12 of gestation.

Wide, Danielsson and Dencker (1986) also observed that tungstate inhibited cartilage formation in
chick limb bud mesenchymal cultures in a dose-related manner. The inhibition was observed at
concentrations (150-200 uM) generally equivalent to those in vivo at 1 h after dosing with IV sodium
tungstate, 20 mg/kg, on day 12 of gestation (100 uM). These lines of evidence suggest that tungsten
could indeed have direct fetotoxic effects. However, the maternal pituitary and ovaries as well as other
organs both accumulated and retained tungsten; thus, effects on the maternal pituitary-ovarian-placental
endocrine functions necessary for support of pregnancy are also a possibility.

This is especially plausible in view of earlier work showing biphasic effects of tungstate on a key
enzyme, adenyl cyclase, that is involved in mediating pituitary gonadotrophic hormone control of
ovarian function (Hwang and Ryan 1981). Sodium tungstate was found to stimulate rat ovarian adenyl
cyclase irn vitro maximally at concentrations between 0.5 and 1 mM; higher concentrations were
inhibitory. It also activated adenyl cyclase in several other rat tissues. Wide’s group cited unpublished
observations from their laboratory that may relate to this potential for tungsten’s disruption of ovarian
function; they observed a significant decrease in circulating progesterone levels in pregnant mice that
had been exposed chronically to tungsten via drinking water (Wide, Danielsson and Dencker 1986).
Furthermore, radiotungsten was observed by autoradiography to accumulate in ovarian follicles but not
corpora lutea of pregnant mice injected on Day 8 of gestation with '*W (Wide, Danielsson, and
Denker 1986). It was also seen to accumulate in placental structures and the pituitary gland.

It is not known to what extent avian and rat ovarian function are comparable hormonally, but Nell

et al (1981) found that chronic oral exposure of laying hens to tungsten in the diet reduced egg
production by 50%. Hatchability of those eggs produced was not affected, although mean egg weight,
fresh yolk weight, and the ratio of yolk to egg weight were significantly lessened.

Others have found that sodium tungstate blocks the activation of progesterone receptors and also the
binding of activated progesterone receptors to DNA in hen and chick oviduct preparations (Murakami,
Quattrociocchi, Szocik, et al 1982; Murakami, Szocik et al 1982). Thus, tungsten also appears to have
the potential to interfere with the action of progesterone on its target tissue where it is needed to
establish conditions necessary for maintenance of pregnancy.

Tungsten may have deleterious effects as well on male reproductive potential. Idiatullina (1981)
exposed rats subchronically (17 weeks) via inhalation to sodium tungstate powder and observed a
modest decrease in sperm motility at exposure levels of 1.0 and 0.5 mg/m® but not at 0.1 mg/m’. Five
out of 15 rats per group were evaluated. No dose response relationship was observed; the motility was
88% and 90% of control at 1.0 and 0.5 mg/m’ respectively. No effects were observed on the “acidic
and osmotic resistance” of the spermatozoa.

Tungsten also has the potential to cause testicular atrophy and loss of spermatogenesis indirectly by
inhibiting sulfite oxidase activity. This was shown in 21-week exposures of Sprague-Dawley rats to
sodium tungstate in drinking water concomitant with feeding a molybdenum-deficient diet (Gunnison
et al 1987). The testicular damage was attributed to endogenous sulfite; it was seen in 17% of animals
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given 400 ppm and 90% of animals given 800 ppm tungstate. Neither testes weight nor degenerative
changes showed any reversal during a 4-week recovery period. According to Gunnison et al (1987),
98-99% of sulfite oxidase activity must be absent before endogenous sulfite levels increase to
detectable levels in rat blood. This is achievable only with extremely abnormal levels of Mo and W in
the diet and thus is not relevant to the exposure scenarios of interest in this evaluation.

F.2.2.2 Relation to Biokinetic Model

As noted above, the distribution study of Wide, Danielsson, and Denker (1986) included a high-dose
group given, in addition to 120 pg "**W/kg, a nearly identical IV dose (20 mg W/kg) of unlabelled
sodium tungstate as that (18.4 mg W/kg) shown by Wide (1984) to cause increased fetal resorptions
when administered on Day 8 of gestation. The high-dose group was exposed, however, on Day 12 of
gestation, so the results may not be entirely equivalent (the fetal concentration would be expected to
be higher on Day 12 than on Day 8 if the increasing trend seen from Day 12 to Day 17 can be
extrapolated backwards). At one hour after administration on Day 12, the concentration of '**W in the
fetus was essentially the same (104%) as in the low-dose experiment, 107 + 5.93 ng/g tissue. Four
hours after injection, the fetal ®*W concentration had fallen to 88% of 41.4 ng/g tissue or 36.4 ng/g.

Placental tungsten concentration in mice 1 h after Day 12 injection of 120 pg '¥W/kg as sodium
tungstate was 130 + 5.43 ng W/g tissue; this fell to 35.2 + 3.72 ng W/g at 4-h post-injection and to
0.86 + 0.09 ng W/g at 48 h post injection (Wide, Danielsson, and Denker 1986). In the high-dose
group (given 20 mg W/kg unlabelled W in addition to 120 pg ®*W/kg), the placental concentration at
1 h post injection was essentially the same as the low dose group (97%); at 4 h post-injection, it was
69% or 24.3 ng W/g tissue. Uterine and ovarian tungsten concentrations were not reported.
Autoradiography of whole pregnant mice injected on Day 8 of gestation showed '*W concentration to
be high in the ovarian follicles at 48 h post-injection, but not in corpora lutea (Wide, Danielsson, and
Denker 1986).

Human levels in soft tissue including the placenta corresponding to doses including the 0.005 mg/kg
used in the Nadeenko studies are listed in Table F.6.

F.2.2.3 Evaluation and Identification of Data Gaps

Overall, it is of high importance to determine whether tungsten exposure has the potential to disrupt
reproductive function either in the male or female or both. If real, effects of tungsten on reproduction
would be of significantly more importance than the nephrotoxic effects of uranium in view of the
small minority of individuals with compromised renal function for whom the effects would be a
concern.

Tungsten has been observed to have in vivo embryotoxic effects in mice exposed acutely (Wide 1984)
and rats given chronic peroral exposure (Nadeenko and Lenchenko 1977, Nadeenko et al 1977, 1978).

Wide, Danielsson and Dencker (1986) also induced embryotoxic effects in vitro, showing that tungsten
inhibited chondrogenesis in chick embryo limb bud cells at concentrations equivalent to those causing

increased fetal resorption in vivo.

Tungstate has the potential to interfere with the pituitary-gonadal hormonal control system via effects

on ovarian adenyl cyclase. It may also interfere with progesterone support of the uterine environment
for pregnancy maintenance via blocking of progesterone receptors. Long-term exposure of mice to
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tungsten in drinking water was shown to lower progesterone levels in pregnancy, although quantitative
data were not reported. '

Thus, rodent studies and in vitro experiments on enzyme systems and steroid hormone receptors
suggest strongly that tungsten has the potential to interfere with reproduction both by exerting direct
embryo- or fetotoxic effects and possibly also by disrupting maternal hormonal systems crucial to the
normal maintenance of pregnancy. Whether these effects extend to humans is not known.

Furthermore, one animal study suggests potential effects on male fertility. A study by Idiatullina
(1981) reported decreased sperm motility in rats (to about 90% of control value) in response to
subchronic inhalation exposure. The decreased motility was accompanied by “weakly expressed
hyperemic vessels” observed histologically in the testes which was more pronounced in the 1.0 mg/m’
exposure group than in the 0.5 mg/m® group. A report by Gunnison et al (1987), however, indicated
that tungsten at levels too low to reduce sulfite oxidase activity had no effect on testicular weight or
histology. The differences in results between the Gunnison et al (1987) study and that of Idiatullina
(1981) may be related in part to strain differences, different routes of exposure and other treatment
differences, and possible differences in histochemical techniques used to prepare the testes for
microscopic examination.

Thus, tungsten may have potentially deleterious effects on human male reproductive function. If this is
true at environmentally relevant exposure levels and routes, the implications are of concern for the
general population in view of changes seen in recent years in male fertility. Working (1988) indicated
that there is little excess in sperm numbers necessary for fertility in humans compared to animals,
especially the rat. Carlsen et al (1992) presented evidence of a 50% decrease in sperm counts over the
past 50 years in humans based on an evaluation of papers from around the world. Sharpe and
Skakkebaek (1993) attribute falling sperm counts in human males over this time period to
environmental estrogens and/or other environmental contaminants. The downward shift in the
distribution of sperm counts puts a greater percentage of the male population into the ranges of relative
and absolute infertility. Any further influence such as tungsten that decreased sperm quality or quantity
would thus have the potential to influence fertility significantly, particularly in subfertile males.

F.2.2.4 Tentative Dose-Response Relationship

The in vivo studies of Nadeenko and colleagues (Nadeenko and Lenchenko 1977; Nadeenko et al
1977, 1978) tested only one dose of tungsten (0.005 mg/kg) so no information is available from these
reports regarding dose-response relationships. Likewise, the in vivo studies of Wide (1984) and Wide,
Danielsson, and Denker (1986) used only one dose. However, the in vitro portion of the latter study
demonstrated dose-related inhibition of chick limb bud cartilage by tungstate.

Idiatullina’s (1981) observation of tungstate inhibition of sperm motility implies a possible threshold
and the response appears to behave as a step function rather than showing dose-related increments. No
effect was seen at 0.1 mg/m>; the responses at 0.5 and 1.0 mg/m’® were 10 and 12% inhibition or
essentially equivalent.

The indirect effects of tungsten on testicular atrophy and spermatogenesis inhibition appear to have
been dose related. These effects were observed in rats made sulfite oxidase-deficient (Gunnison et al
1987) by tungstate in drinking water coupled with a low molybdenum diet. The testicular damage was
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seen in 17% of animals drinking water at 400 ppm tungstate and 90% of rats at 800 ppm tungstate and
was attributed to the buildup of endogenous sulfite levels.

F.2.2.5 Research Recommendations

It is essential to verify the results of Nadeenko and colleagues and those of Wide and colleagues on
embryotoxicity and to determine more specifically whether the effects of tungsten are exerted directly
on the embryo or on the maternal environment. Furthermore, the observations of Idiatullina (1981)
suggest effects on the male reproductive system.

In order to verify the possible effects of tungsten on reproductive endpoints and at the same time
distinguish reproductive effects from possible genetic effects (dominant lethal mutations) it is
recommended that a dominant lethal experiment be performed in male mice, a total reproductive
capacity test be performed in females, and if any effects are observed with short-term exposures at the
maximum tolerated dose (MTD), a dose-response experiment may be indicated. A long-term low-dose
experiment on total reproduction in females should also be considered if responses are seen in the
initial tests, with measurement of circulating progesterone performed at sacrifice as well as tungsten
determinations in selected tissues and blood if possible. Histopathology on selected tissues may be
warranted. These experiments can be designed to distinguish embryotoxic or genotoxic effects from
effects on the maternal environment that interfere with normal support of pregnancy.

If significant effects are observed in mouse experiments, consideration would be warranted of studying
reproductive effects in a larger (nonrodent) species.

F.2.3 Teratogenicity
F.2.3.1 Description of Effects

Nadeenko and Lenchenko (1977) observed that ossification of several bones, especially the pubis, was
delayed or inhibited in fetuses of rats exposed perorally for 8 months to tungsten (0.005 mg/kg);
molybdenum at 0.025 mg/kg had a similar but not quite as pronounced an effect on ossification. The
results of these and other studies bearing on the possible developmental toxicity of tungsten are
summarized in Table F.8.

Nadeenko et al (1978) likewise reported that peroral exposure of rats for 7 months to tungsten (form
not specified, but probably sodium tungstate) at a dose of 0.005 mg W/kg resulted in decreased
skeletal ossification in fetuses as well as increased fetal resorption. Detailed microscopic investigation
showed an expansion of the brain ventricles, calyx of the kidney, and the bladder in a few cases
(quantitative data not given); no such changes were seen in the controls, so the authors concluded that
these effects were likely due to the tungsten exposure.

Chiang et al (1981 Abstract) failed to observe any evidence of external, soft tissue, or skeletal
abnormalities in pups from Wistar rats made sulfite oxidase-deficient by a high tungsten/low
molybdenum regimen for 4 weeks followed by 3 weeks of sulfite administration at 3 dose levels prior
to mating and during gestation. Doses of tungsten and molybdenum were not specified but were
sufficient to reduce hepatic sulfite oxidase to about 1-2% that of normal adult rats, based on their
previous work (Gunnison et al 1987).
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Table F.8. Developmental toxicity of tungsten and molybdenum

Species/ Route Dose Expos'ure Endpoints observed References
compound duration
Rat/tungsten Oral 0.005 mg/kg Chronic, Increased embryotoxicity  Nadeenko and
8 months Lenchenko
1977
Rat/molybdenum Oral 0.025 Chronic, Increased embryotoxicity = Nadeenko and
8 months Lenchenko
1977
Rat/tungsten Oral 0.005 mg/kg Chronic, Increased Nadeenko et al
8 months embryotoxicity; 1977
decreased skeletal
ossification
Rat/sodium Oral 0.005 mg/kg Chronic, Increased Nadeenko et al
tungstate 7 months preimplantation 1978; same
embryotoxicity; data as N&L
decreased skeletal 1977 (more
ossification detailed)
Rat/sodium Oral 0.025 mg/kg Chronic, Increased Nadeenko et al
molybdate 7 months embryotoxicity; 1978; same
decreased skeletal data as N&L
ossification 1977 (more
detailed)
Mouse/sodium Ive 0.1 mL of 25 mM l injec @ d3, Increased fetal Wide 1984
tungstate sol'n (18.4 mg or resorption; no
W/kg maternal 1 injec @ d 8 developmental effects
body wt)
Mouse/sodium v 0.1 mL of 100 mM 1injec @ d3, Decreased skeletal Wide 1984
molybdate sol’n (38.4 mg or ossification; decreased
Mo/kg maternal 1injec @d8 fetal weight gain; no
body wt) effect on resorption’

“Abbreviation: IV = intravenous.

Wide (1984) failed to observe any increase in developmental abnormalities in fetuses of mice treated
acutely with large IV doses of sodium tungstate (dose equivalent to 18.4 mg W/kg) on Day 3 or Day 8
of gestation. The percentage of fetuses with immature skeletons was increased, but not to a level of
statistical significance. Molybdenum did significantly inhibit skeletal ossification in this study. An
increased rate of resorption was associated with tungstate treatment as described in Sect. F.2.2.

Wide, Danielsson, and Denker (1986) treated chick mesenchymal limb bud cells in vitro with sodium
tungstate and observed an inhibition of chondrogenesis formation by these cells at concentrations in
the range corresponding to those in mouse fetuses in which resorption was increased. Cohen, Johnson,
and Rajagopalan (1974) comment without presenting data that when female rats are given dietary
tungsten treatment starting immediately after breeding (apparently sufficient to produce molybdenum
deficiency), the offspring are “normal by all criteria.” Their procedure was to feed a diet containing
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0.7 g sodium tungstate per kg feed (400 ppm tungsten). Whether or how rigorously the pups were
examined for internal developmental abnormalities is not known.

F.2.3.2 Relationship to Biokinetic Model

The same information relating to the work of Nadeenko and Lenchenko (1977), Nadeenko et al
(1978), and Wide, Danielsson, and Denker (1986) as discussed above with respect to reproductive
effects holds true here.

F.2.3.3 Evaluation and Identification of Data Gaps

The work of Nadeenko and colleagues is very suggestive of developmental toxicity associated with
chronic low-dose exposure to tungsten. The observation by Wide, Danielsson, and Denker (1986) of
tungsten accumulating in the fetus and preferentially in neural tissue, later in skeletal tissue, at certain
times in fetal development is also strongly suggestive of the possibility of tungsten effects on the
embryo and fetus. The failure of Wide (1984) to observe a significant decrease in skeletal ossification
or chondrogenesis may be due to species differences or to major differences in the route and quantity
of tungstate administered from the experiments reported by Nadeenko et al (1977, 1978) and
Nadeenko and Lenchenko (1977).

The in vitro work of Wide, Danielsson, and Denker (1986) is consistent both with a fetotoxic effect
and with the possibility that tungsten may induce the type of developmental abnormality (delayed
ossification) described by Nadeenko et al (1977, 1978) and Nadeenko and Lenchenko (1977).
Nadeenko et al (1978) also observed teratogenic effects on rat brain, kidney, and bladder that were
likely due to their extremely low dose chronic tungstate exposure regimen.

Further work would be highly desirable to replicate the results of Nadeenko and colleagues; in the
absence of more data, it can only be said that the existing literature is suggestive of tungsten having
the potential to induce developmental abnormalities in mammals. The observation of neurotoxicity in
adult animals, brain abnormalities in rat fetuses in chronic experiments (Nadeenko et al 1978), and
preferential tungsten accumulation in fetal neural tissue (Wide, Danielsson, and Denker(1986) also
raises the issue of developmental neurotoxicity which has not been evaluated experimentally in any
previous work.

It is essential to resolve the question of developmental toxicity with regard to long-term, low-dose oral
tungsten exposure before embarking on any activity with the potential to expose humans in the general
population to tungsten. Developmental toxicity associated with tungsten, if confirmed, would be of
much greater significance than the nephrotoxicity known to be associated with low-dose uranium
exposure, in part because the latter is of concern only to the minority of individuals lacking a kidney
or with severely compromised kidney function.

F.2.3.4 Tentative Dose-Response Relationship

The studies of Nadeenko and Lenchenko (1977) and Nadeenko et al (1978) give no information on
possible dose-response relationships with regard to the developmental toxicity they observed in rat
embryos as they used only one dose of tungsten (0.005 mg/kg body weight. Wide, Danielsson, and
Denker (1986) found a dose-response relationship in the tungstate-induced inhibition of chick limb bud
chondrogenesis in vitro. No threshold was observed at the concentrations tested.
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F.2.3.5 Research Recommendations

To verify the reported developmental toxicity effects, it is recommended that an assessment of fetal
development (examination for teratogenic effects) be made after exposure of female mice to tungsten
prior to and during gestation. This could be performed in conjunction with the reproductive toxicity
studies recommended above.

To investigate the possibility of developmental neurotoxicity, it is recommended that a preliminary
study in rats be performed in which dams are exposed to relatively high doses of sodium tungstate for
a short time (3 to 4 weeks) prior to mating, with exposure continuing during gestation and nursing.
The pups should then be reared without further tungsten exposure to young adulthood (sexual
maturity) and tested for normal behavior/ activity/reflexes and learning capabilities (acquisition and
extinction of tasks). If effects are observed, then a study involving chronic or subchronic low-dose
exposure of the dams should be pursued. In both cases, blood and brain ChE levels and tungsten tissue
distribution as well as histopathological examination of brain tissue at sacrifice should be included in
the study. If significant effects are seen in mice and rats, experiments in a larger species should be
seriously considered.

F.2.4 Growth and Nutrition
F.2.4.1 Molybdenum Displacement (sulfite oxidase and xanthine oxidase)

Three molybdenum-containing enzyme systems have been described in animals; xanthine oxidase (XO)
(also referred to as xanthine dehydrogenase), aldehyde oxidase (AQO) (also referred to as aldehyde
dehydrogenase), and sulfite oxidase (SO) (Johnson and Rajagopalan 1974). Molybdenum centers of
XO and related enzymes are the sites where the oxidative hydroxylation of substrates is accomplished
(Johnson, Waud, et al 1974). Hence, molybdenum is an integral prosthetic group for both SO and XO
(Johnson Cohen and Rajagopalan 1974 Johnson, Waud, et al 1974). However, results from Johnson,
Waud et al (1974) established the fact that XO apoenzyme present in livers of tungsten-treated rats is
functionally competent in activities not dependent on the presence of molybdenum.

Aldehyde oxidase (AO) is a molybdoprotein found in the hepatic cytosol, mitochondria, and
microsomes. AO oxidizes aldehydes to carboxylic acids with NAD" as the cofactor (Sipes and
Gandolfi 1991). There are two types of AO; one oxidizes formaldehyde and the other oxidizes free
aldehydes and has broad substrate specificity (Sipes and Gandolfi 1991, Coughlan 1980). The latter is
involved in most xenobiotic aldehyde oxidation. Genetic deficiencies of AO cause the accumulation of
acetaldehyde after ethanol ingestion. As the concentration of the aldehyde increases, it is more likely
to react with nucleophiles such as endogenous amines (Sipes and Gandolfi 1991). Presumably AO
responds in the same manner as SO and XO to W exposures; however, no information regarding AO
response to tungsten was found. Hence, AO is not discussed further in this review.

Sulfite oxidase or sulfite: cytochrome C oxidoreductase, a mitochondrial molybdohemoprotein
(Johnson and Rajagopalan 1974) located in the intermembrane compartment (Cohen, Johnson, and
Rajagopalan 1974), catalyzes the terminal step in the oxidative metabolism of the sulfur moiety of
sulfur amino acids (Cohen, Johnson, and Rajagopalan 1974). Congenital SO deficiency indicates that
SO is essential in vivo (Mudd, Irreverre, and Laster 1967, Shih et al 1977). Liver SO has a long half-
life of 4.7 days with first order kinetics when rats are treated with 100 ppm tungsten (Cohen et al
1973). Under the same conditions, the half-lives of kidney and ileum SO are 4.2 and 1.3 days,
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respectively (Johnson and Rajagopalan 1974). Human liver SO concentration is 5-10% that of rat liver
SO concentration (Johnson and Rajagopalan 1976a).

Xanthine oxidase is a cytoplasmic molybdoprotein (Johnson and Rajagopalan 1974) involved in the
terminal metabolism of free purine bases (xanthine, hypoxanthine, etc) to form uric acid (Cohen,
Johnson, and Rajagopalan 1974). Protein is necessary for XO synthesis and can influence the
concentration of XO available to break down free purine bases (Rowe and Wyngarden 1966, Higgins
1956). Xanthine oxidase in the liver has a half-life of 2.9 days with first order kinetics when rats are
treated with 100 ppm tungsten (Johnson and Rajagopalan 1974). Under the same conditions, the half-
lives of XO in the kidney and ileum are 1.4 and 1.3 days, respectively (Johnson and Rajagopalan
1974).

Animals can be made deficient in SO and XO by a high tungsten/low molybdenum regimen
maintained over a period of days. Administration of tungsten to rats maintained on a low molybdenum
diet (20-30 pug Mo/kg diet) resulted in dose and time-dependent losses of SO and XO activities and
. hepatic molybdenum (Cohen et al 1973). Changes in dietary molybdenum intakes are reflected in
changes in the levels of molybdenum in the tissues (Underwood 1971), i.e., there appears to be little,
if any, molybdenum storage in body tissues.

Rats fed high tungsten/low molybdenum diets continue to produce the inactive forms of SO and XO.
In XO, the apoenzyme was devoid of either molybdenum or tungsten (Johnson et al 1974). In SO, as
many as 35% of the enzyme molecules were seen to contain tungsten (Johnson, Cohen, and
Rajagopalan 1974). Molybdenum-free SO is inactive, whether it exists as the apomolecule or has
tungsten incorporated (Johnson, Cohen, and Rajagopalan 1974). The return of enzyme activity results
from the incorporation of molybdenum into pre-existing inactive molecules (Johnson and Rajagopalan
1974). 1t would appear that the systems for the absorption and transport of molybdenum, presumably
as molybdate, are sufficiently nonspecific to accept tungsten (as tungstate) in place of molybdenum.
However, the fact that 1 ppm molybdenum could almost completely overcome the effect of 100 ppm
tungsten indicates that the processes involved in molybdenum uptake or utilization, or both, have a
greater affinity for molybdenum than for tungsten. This is further substantiated by the inability of 100
ppm of tungsten to affect either hepatic enzyme activity when administered for up to 5 weeks to rats
fed normal rat chow which has a molybdenum content of 1000 pg/kg (Johnson and Rajagopalan
1974).

Possible dose-response relationship

In rats and from the few case reports of human SO deficiency,a linear relationship appears to hold
between the amount of SO activity and the normal function of animals and humans after reaching a
threshold. This threshold has not been determined for humans. Rats experience a change in organic
sulfur urine out put at SO activity levels of 7% of control rats, but rats function normally with SO
activity levels at 1% of control rats (Gunnison et al 1980 pp. 209-20). However, rat SO values were
obtained using molybdenum-deficient diets with tungsten in drinking water. After reaching a steady
state SO activity level of 1%, rats contained approximately 0.008 mg of tungsten in their total liver
and may be between 0.002-0.04 mg of tungsten (with an uncertainty factor of 5) by using the
biokinetic model developed for this project. The most applicable scenario for this type of effect in
humans would be to those people who are SO deficient. Presumably people can function normally
with SO concentrations at 32-50% of normal (Shih et al 1977). It is assumed that these people would
be susceptible to tungsten only when molybdenum concentrations in the diet are below normal since
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the affinity for SO apoenzyme is much greater for molybdenum than tungsten. If the mechanisms of
tungsten-molybdenum interactions in rats hold true for humans, this route of tungsten toxicity in
humans would occur in no more than 10% of the population and possibly could be combatted by
supplementing the diet with additional molybdenum.

Tungsten effects on sulfite oxidase and xanthine oxidase activities

Animals. Rats maintained on low molybdenum diets (20-30 pg/kg diet) and tungsten as sodium
tungstate, supplemented water at 4, 25, or 40 ppm for 3 weeks showed a decrease in hepatic SO and
XO content from approximately 45 to 20% of the control values and molybdenum content from
approximately 80 to 20% of the control values (Cohen et al 1973, Johnson and Rajagopalan 1974). By
giving drinking water from 200 mg/kg tungsten as sodium tungstate for 28 days and then lowering
tungsten concentration to 100-120 mg/kg tungsten, Gunnison et al (1981a) were able to maintain SO
activity at 1% of the mean adult rat control levels. Maintenance of this low SO activity level occurred
with an approximate W:Mo ratio of 3100:1. Rats injected daily intraperitoneally with 10 mg/kg
tungsten for 3 weeks only showed progressive decrease in SO activity (Johnson and Rajagopalan
1974). Rats maintained on 25 ppm tungsten in drinking water did not differ from the control rats in
any observable physical criteria. No significant difference in body weight, liver weight, liver protein
content, or lung weight was found. Even at 100 ppm tungsten the animals showed no toxic signs or
symptoms (Johnson and Rajagopalan 1974). Rats exposed to 45 mg W/kg diet as sodium tungstate
(0.02 mg Mo/kg) for 6 weeks had essentially no measurable XO activity (Higgins, Richert, and
Westerfield 1956b). No deaths occurred during the 12 weeks that the rats were maintained on the
dietary regimens of 45 or 94 mg W/kg diet with 0.02 or 60 mg Mo/kg diet (Higgins, Richert, and
Westerfield 1956b). In another study, serum uric acid decreased and serum xanthine increased with
increasing tungstate dose (up to 62 ppm W for 10 days) and thyroid XO was significantly decreased
(Kawada et al 1982). Rats exposed to the 94 mg/kg tungsten diet excreted 0.42 mg of xanthine per
day as compared with 0.1 mg for the control groups (Higgins, Richert, and Westerfield 1956b). Rats
fed tungsten in a 1000 or 2000:1 ratio of W:Mo grew normally and oxidized xanthine to uric acid and
allantoin as well as the controls in spite of the fact that all tissues were depleted of molybdenum and
XO:; the tissue changes were reversed by additional dietary molybdenum (Higgins, Richert, and
Westerfield 1956b). When rats were fed concentrations of tungsten at 400 mg/kg on low molybdenum
diets (35 Mo pg/kg) for up to 21 weeks, toxic effects were seen in some rats (Gunnison et al 1987).
Rats fed the same low molybdenum diet at 800 mg/kg tungsten for up to 21 weeks began to show
toxic signs at 5 weeks. These symptoms include decreased growth rate, chromodacryorrhea (evidence
suggesting heme in the urine), waxy coating on tail, small ulcerations and nodules on the tail, and
occasional sores on other parts of the body. This toxicity was not specifically related to the tungsten
but was attributed to the build up of endogenous sulfite as a result of the non-existent SO
concentration. Values of 400 and 800 mg W/kg per day give an approximate W:Mo ratio of 11,400
and 22,900 to 1, respectively. Gunnison et al (1988) stated that 400 mg W/kg with their low
molybdenum diet resulted in severe deficiency of SO without overt acute toxicity.

The effect of tungsten on XO in goats has also been observed. The ingestion of sodium tungstate by
young goats at 28 g W/kg feed for 3 or 5 months diminished the amount of XO in their livers to 29
and 20% of the controls, respectively (Owen and Proudfoot 1968). No other effects were noted.

In chickens, liver and other tissue molybdenum concentrations were <10% of normal values, while XO
activity in the small intestine, liver, kidney and pancreas were reduced to <15% of normal by 4.5 and
9.4 mg % W-diets as sodium tungstate for 5 weeks. Normal values were restored, by adding 2 and
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6 mg % Mo (20 and 60 mg Mo/kg), respectively, as molybdate to the diets containing tungstate;
except that with the 9.4% W diet, growth was still depressed and mortality was 9% (Higgins, Richert,
and Westerfield 1956b).

Sulfite oxidase is instrumental in counteracting the toxic systemic effects of bisulfite. Animals
deficient in sulfite oxidase are much more sensitive to bisulfite toxicity than controls. Rats maintained
on drinking water with 100 ppm tungsten for 3 or 5 weeks and on a low molybdenum diet
experienced a lower bisulfite LD, (mg/kg) at 49% and 32% of the control rats fed rat chow,
respectively (Cohen et al 1973).

Humans. A child with SO activity of <5% of normal childhood levels experienced normal
development until 17 months. When SO deficiency was discovered at 4 yrs, the child had permanent
mental deficits, dislocated lenses and hemiplegia (Shih et al 1977). In fact, patients with severe
congenital SO deficiency suffer from mental retardation, lens dislocation and early death (Cabre et al
1990). Less severe cases can result in intolerance to some sulfite-containing foods (Cabre et al 1990).
Data indicate that SO is essential in vivo (Mudd, Irreverre, and Laster 1967, Shih et al 1977). Persons
with SO activity at 30-47% of control levels appeared normal (Shih et al 1977). Normal SO from
human autopsy livers ranges from 10-25 U/g wet weight tissue (Johnson and Rajagopalan 1976a). It
has been estimated that 6 out of every 100 people have some degree of sensitivity to sulfite ion
(Markley, Meloan, and Lambert 1986) presumably due to low SO levels. About 30% of these reactions
occurred in non-asthmatics with no known allergies (Hecht and Willis 1983). Approximately 10% of
asthmatic patients are at risk for developing sulfite reactions (Settipane 1986). In persons who are
sensitive to sulfites, reactions occur within minutes of exposure to sulfites and range from difficulty in
breathing to convulsions; in extreme cases, loss of consciousness, and in rare cases, death occur
(Markley, Meloan, and Lambert 1986). In a case report of food sensitivity to sulfites, sensitivity was
tested by dose. Oral exposure to 5 mg of sulfite caused a decrease in forced expiratory volume in 1
second (FEV,) while decreases in maximum midexpiratory flow rate (MMRF) occurred with exposure
to 0.5, 1 and 5 mg sulfite (Twarog and Leung 1982). No changes in FEV, or MMFR were noted at
0.1 mg sulfite (Twarog and Leung 1982).

Congenital deficiency of XO has been described in humans and does not cause serious health
impairment (Watts et al 1964). Individuals with XO deficiency experience mild myopathy from the
deposition of hypoxanthine and xanthine crystals in muscle, and formation of renal xanthine calculi
(Coughlan 1980).

Evaluation of significance and data gaps

Tungsten decreases hepatic XO, SO, and molybdenum content in a time- and dose-dependent manner.
Xanthine oxidase appears to be non-essential to the maintenance of life. Data based on chickens may
not accurately reflect XO mechanisms in humans. (see Growth effects section in this Appendix) Rats
and goats seem to function well with XO concentrations near 20% of normal levels in the liver. This
may indicate that sufficient quantities of purine wastes are eliminated directly. Data indicate that, at
least in rats, xanthine can be excreted directly (Kawada et al 1982 and Higgins, Richert, and
Westerfield 1956a). Congenital deficiency of XO in humans reveals no serious health impairment for
humans (Watts et al 1964). Hence, any effect tungsten would have on XO should not produce serious
consequences from the depletion of this enzyme.

F-26




The effects of tungsten on SO appear to be more serious than tungsten effects on XO. Data on rats
presented by Cohen et al (1973) and Gunnison et al (1987) suggest that the concentration of SO is
more important in the elimination of sulfur wastes created by the body. It can be theorized based on
Gunnison et al (1987) that the toxicity produced by high concentrations of tungsten in the diet result 4
from the increase in endogenous sulfite due to the elimination of SO. Data from human cases of SO
deficiency indicate that SO is essential in vivo (Mudd, Irreverre, and Laster 1967, Shih et al 1977) and
that minor decreases in SO can be tolerated if foods high is sulfite are avoided (Cabre et al 1990,
Twarog and Leung 1982). However, no determination has been made concerning the concentration of
sulfur or tungsten necessary to produce toxic effects when there is a SO deficiency. If tungsten
concentrates in mitochondrial-rich tissues (i.e., liver) in humans, the effect of concentrating tungsten
could render the few remaining SO enzymes non-functional in SO-deficient individuals. This depletion
of SO, with exposure to a high sulfite diet, could produce breathing difficulty, loss of consciousness,
or even death.

Research recommendations

In persons with low SO activity levels (i.e., persons with know food sulfur sensitivity) diets with
known sulfur content could be used to measure sulfur metabolites in the blood and urine. This may aid
in the determination of the relationship between the amount of sulfur and the amount of SO necessary
to metabolize organic sulfur. Furthermore, these data could be used in conjunction with tungsten
distribution data to determine the amount of tungsten necessary to produce SO deficiency in humans.
It would be helpful to examine human liver biopsy samples for the presence of molybdenum, tungsten,
and SO in order to determine the relationship between these compounds in humans. Storage and
transport of liver biopsy tissues necessitate immediate freezing at —50°C in order to preserve the SO
for analysis (Johnson and Rajagopalan 1796a). However, access to liver biopsy tissue may be difficult
to obtain. An alternative experiment could examine liver concentrations of molybdenum, tungsten, and
SO after a subacute study in rats as suggested in the Neurotoxicity section of this Appendix. This
information could then be used in conjunction with the available literature to relate SO tissue
concentration to tungsten concentration. Although rats may not be the best animal for determination of
tungsten effects on SO (Daniel 1986), animals that would be more suitable for SO analysis (pigs or
dogs) in relation to tungsten effects on humans might be cost prohibitive.

F.2.4.2 Growth Effects

Weanling rats fed diets of 45 or 94 mg W/kg with low molybdenum for 12 weeks did not experience
depressed growth rates or mortality (Higgins, Richert, and Westerfield 1956a). Rats fed tungsten as
sodium tungstate in a 1000 or 2000:1 ratio of W:Mo grew normally in spite of the fact that all tissues
were depleted of molybdenum and XO; the tissue changes were reversed by additional dietary
molybdenum (Higgins, Richert, and Westerfield 1956a). Male rats with drinking water exposure of 50,
100, 200, or 400 mg/kg tungsten as sodium tungstate with a low molybdenum diet for 21 weeks
exhibited weight gain and survival similar to rats on the control diet (Gunnison et al 1987). However,
when exposure occurred at 800 mg/kg tungsten with a W:Mo ratio of 22,900:1, rats experienced
statistically significant decreases in the rate of weight gain beginning between week 4 and 8 and
continuing throughout the treatment period (Gunnison et al 1987). Rats in the 800 mg W/kg treatment
group also experienced a 30% mortality (Gunnison et al 1987). When sodium tungstate was given to
rats at a concentration of 5 mg W/kg in drinking water for a lifetime, no effect on growth rate was
noted. A slight increase in mortality was observed which was significant only in males (Schroeder and
Mitchner 1975).
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In subacute experiments in albino rats and rabbits, Nadeenko (1966) exposed the animals orally to
100, 40, 25 and 10 mg/kg sodium tungstate (frequency of dosing was unspecified, but probably daily)
for an unspecified time period (probably < 30 days). These doses were sufficient to retard growth in
all rat groups. Albino rats given lower doses of 0.5, 0.05 and 0.005 mg W/kg for 7 months as sodium
tungstate experienced no significant deviations in weights.

Idiatullina (1981) reported the results of inhalation exposure of rats to sodium tungstate as a highly
dispersed powder. Acute/subacute exposure to high levels apparently had no statistically significant
effect on growth, but subchronic (4 months) exposure to 1 mg/m’ depressed growth somewhat (to 91%
of control value, P < 0.05) while 0.5 and 0.1 mg/m® had no effect.

In chickens, sodium tungstate fed to dams at 500 ppm tungsten) at normal molybdenum levels caused
significant depression in weight gain in chicks for at least 20 days (Teekel and Watts 1959a, 1959b).
Chicks fed low molybdenum feed (0.02 mg Mo/kg) containing either 4.5 or 9.4 mg % tungsten as
sodium tungstate developed molybdenum deficiency. Growth rates were depressed 8 and 19%
respectively at 5 weeks (Higgins, Richert, and Westerfield 1956b). Mortality at 3 weeks was 14 and
24%, respectively and 24 and 28% at 5 weeks (Higgins, Richert, and Westerfield 1956a). Chicks fed
45 mg W/kg plus an additional 2 mg Mo/kg experienced 9% mortality at 5 weeks (Higgins, Richert,
and Westerfield 1956a). Both diets produced decreased levels of XO and molybdenum in tissues.
Normal enzyme and molybdenum concentrations were restored, by adding 2 and 6 mg % Mo (20 and
60 mg Mo/kg), respectively, as molybdate to the diets containing tungstate. However, with the 9.4
mg% W-diet, growth was still depressed 4% and mortality was 9% (Higgins, Richert, and Westerfield
1956b).

Evaluation of significance and identification of data gaps

Data for rats are conflicting in that Higgins, Richert, and Westerfield (1956a) and Gunnison et al
(1987) reported no growth effects with exposures of 45 to 400 mg W/kg of diet or of water as sodium
tungstate for exposure periods from 12 to 21 weeks in the diet while Nadeenko (1966) reported
retarded growth for subacute exposure to concentrations as low as 10 mg/kg body weight of sodium
tungstate in drinking water. If assumptions are correct with respect to dosing time for Nadeenko
(1966) at <30 days, perhaps differences in rat strains or molybdenum concentrations could be the
reason for conflicting results. Chronic or subchronic exposures to low tungstate levels had no effect on
growth except for a small decrease resulting from inhalation exposure (Idiatullina 1981). Nadeenko
(1966) observed no significant changes in weight at sodium tungstate exposure levels of 0.005 to

0.5 mg/kg body weight for 7 months. Schroeder and Mitchner (1975) observed no growth rate effect
for rats fed 5 mg W/kg as sodium tungstate in drinking water. Results from Nadeenko (1966) and
Schroeder and Mitchner (1975) show that low exposures of sodium tungstate had little effect on
weight gain in rats. However, lifetime exposures caused a slight increase in mortality in male rats
(Schroeder and Mitchner 1975).

Gunnison, Dulak, et al (1981) reported depressed weight gain in rats exposed to 800 mg W/kg
drinking water as sodium tungstate for 21 weeks (=5 months). However, this dose of tungsten was
indirectly and overtly toxic to the rats. The high W/low Mo exposure was thought to produce growth
retardation in rats indirectly via an increased concentration of sulfites in the rats (Gunnison, Dulak, et
al 1981).
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Because chickens are uricotelic, that is, animals which excrete uric acid as the final output of nitrogen
metabolism, they appear to be more sensitive to disruptions of enzymatic concentrations of XO and
presumably sulfite oxidase (SO) than rats and other mammals which are ureotelic and secrete urine.
This sensitivity is evidenced when tungsten produces a molybdenum deficiency. Hence, data from
birds may not accurately reflect the effects of tungsten which might be observed in humans.

Diet (W:Mo ratios) and exposure time may be critical factors in the determination of sublethal effects
of sodium tungstate. Although low concentrations of sodium tungstate did not delay weight gain in
rats, high dose subacute studies suggest that at higher concentrations, sodium tungstate (= 10 mg/kg/d)
may cause retarded growth.

Research recommendations

Since no model exists for the extrapolation of growth effects data from animals to humans,
examination of the effect of tungsten on the growth of animals is not recommended for this project.

F.2.5 Blood Glucose Control, Carbohydrate Metabolism

A suggestion of tungsten effects on carbohydrate metabolism in humans is found in a report by
Vengerskaya and Salikhodzhaev (1962) on their study of 178 hard-metal workers. Of 37 workers in
which it was evaluated, blood sugar levels were slightly elevated in 8. The glucose tolerance curve
was elevated in 8 of 14 workers tested; no data are presented, however, so it is not clear whether these
were statistically significant differences from normal values. It is also not clear whether a group of
matched controls was included in the study; no such group is mentioned. Thus, this report can hardly
be considered definitive. The study was also confounded by the mixed exposure in the factory. The
workers were exposed both to tungsten and cobalt, with tungsten air concentrations varying from 0.75
to 6.1 mg/m®, and cobalt from 0.6 to 3.2 mg/m’ (measurement methods unspecified).

Nadeenko (1966) observed that chronic oral administration of 5 and 0.5 mg/kg body weight sodium
tungstate in drinking water to rabbits affected blood sugar levels by the 6th to 7th month of exposure.
Blood sugar levels were 20 to 25% higher than control levels one hour after IV administration of
galactose; at two hours after injection, uptake was essentially complete in control animals but blood
levels were still 10 mg% in tungsten-treated rabbits. Nadeenko interpreted these results as indicating a
decrease in the liver glycogen-forming capacity, although without measuring liver glycogen stores,
other interpretations seem possible. Long-term administration of tungstate doses of 0.05 and 0.005
mg/kg was ineffective in changing the response to galactose loading.

Lifetime exposure of male and female rats to 5 ppm sodium tungstate in drinking water caused an
increase in fasting serum glucose at 783 d (P< 0.001), although the effect was not consistent at all
exposure times measured (Schroeder and Mitchner 1975). Male rats exposed to sodium tungstate at
0.52 mmol/L or 10.42 mmol/L for 2 months in drinking water were observed to have higher blood
glucose levels (P<0.01) after glucose loading (mainly at 1 and 2 h post-loading) (Karaskova et al
1985). The liver glycogen content was significantly reduced in these rats (P<0.01).

The possibility that tungsten may block liver glycogen formation is more plausible in light of its
effects on glucocorticoid receptors (GR). It has been shown to bind to GR (as with progesterone
receptors; see Sect. above on Reproductive Toxicity) (Murakami, Quattrociocchi, Healy, et al 1982).
Like molybdate, it can block the activation of inactivated GR and also block the DNA binding of
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activated GR (Murakami, Healy, and Moudgil 1982, Moudgil et al 1983 abstr.). More recent work
suggests that the tungstate effects as well as those of molybdate and vanadate on GR may be mediated
by conformational stabilization of heat shock protein 90 (Hutchison et al 1992).

Tungstate also has effects on other enzymes involved with carbohydrate metabolism. Tungsten, like
Mo, is known to be an effective phosphatase inhibitor (Murakami, Szocik, et al 1982). Furthermore,
sodium tungstate at low concentrations stimulates the conversion of ATP to CAMP via stimulation of
the adenylate cyclase system in a number of rat tissues (Hwang and Ryan 1981). Thus, low levels of
W could enhance glycogenolysis or inhibit glycogen synthesis both by inhibiting phosphorylase
phosphatase which catalyzes the disaggregation of active phosphorylase a, and also by stimulating the
adenyl cyclase system that favors reaggregation of subunits to active phosphorylase a, the enzyme
responsible for degrading glycogen in muscle and liver (White, Handler, and Smith 1964).

F.2.5.1 Tentative Dose-Response Relationship

No best guess as to the dose-response relationship in regards to tungsten exposure and blood glucose
control or carbohydrate metabolism can be determined with the available literature. Human tungsten
exposure data are confounded by concomitant cobalt exposure and animal tissue data cannot be
directly related to normal uptake routes. Extrapolation of animal oral exposure to tungsten would yield
results in excess of health effect levels that might produce neurotoxic effects in humans.

¥.2.5.2 Research Recommendations

At present, the effects of tungsten on blood glucose control and carbohydrate metabolism do not
appear significant and cannot be related to human exposure to tungsten alone. Hence, tungsten’s
effects on blood glucose control and carbohydrate metabolism do not warrant further examination
under this project.

F.2.6 Miscellaneous
F.2.6.1 Iron Absorption, Anemia

Tungsten supplementation produces an effective Mo deficiency in rats, which interferes with the
absorption of Fe, resulting in a lower blood hemoglobin levels (92 g/l compared to normal of 93 g/L).
A sodium tungsten supplementation of 0.39 g W/kg feed in conjunction with feed deficient in iron
reduced the ferroxidase activity of intestinal mucosal XO to 66% of its control value in Fe-deficient
rats. An inhibition of apparent Fe absorption occurred with W supplementation, but after correcting for
the increased gastric retention, true Fe absorption values increased (P <0.05) (Shears, Neal, and
Ledward 1989).

Decreased levels of hemoglobin would lead to a decrease in the oxygen content of the blood. Since
studies by Shears, Neal, and Ledward (1989) were short term (weeks), it may be that the body can
compensate for the decreased hemoglobin concentration produced by the sodium tungstate by
increasing hemoglobin production over a longer term exposure. The intent of Shears, Neal, and
Ledward (1989) was to determine the effect of W supplementation on Fe absorption. Hence, these
results may only be useful in the design of further studies.
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Tentative dose-response relationship

It would not be prudent to determine a best guess as to the dose-response relationship in regard to iron
absorption and anemia. Measurement of iron absorption and anemia occurred at only one exposure
level. Oral exposure of W to rats which produced increased iron absorption and anemia was far above
the exposure concentrations of W which produced neurological effects in rats. Because the effects of
tungsten exposure in relation to iron absorption and anemia appears to be inconsequential in relation to
the toxic effects of tungsten, this area of tungsten effects is not worthy of further examination under
this project.

F.2.6.2 Other Effects

Tungstate stimulates various activities in tissues (Hwang and Ryan 1981, Goto et al 1992, and Fillat,
Rodriguez-Gil, and Guinovart 1992), presumably because of its ability to act as an oxidant (Fillat,
Rodriguez-Gil, and Guinovart 1992). Tungstate stimulates adenylate cyclase in ovarian homogenates of
the rat; maximal stimulation (=3-fold) is achieved at a concentration of 1 mM. Stimulation by 1 mM
tungstate was completely reversible. Tungstate also activates adenylate cyclase in the brain, heart,
lungs, kidneys, and liver of the rat. This suggests that tungstate (sodium) activation of adenylate
cyclase is a general phenomenon (Hwang and Ryan 1981).

In rats, dietary W either at 5 or 50 ppm concentrations stimulated the conversion of L-gulonolactone to
L-ascorbic acid, P<0.02 and P<0.001, respectively. Tungsten increased the oxidative breakdown of
L-ascorbic acid by rat liver enzymes (P<0.05). Tungsten at 5 and 50 ppm increased the biosynthesis of
L-xylulose from sodium L-gulonate in rat kidney extracts, P<0.001 (Chatterjee et al 1973). Rats
exposed to a low Mo diet and 100 mg/kg W as potassium tungstate in water for 21 days showed
significant decreases in total cytochrome P-450 and SO activities of 78 and 30%, respectively, when
compared to rats on the control regimen (Chengelis 1991).

No information was located regarding the immunotoxicity of tungsten or tungsten compounds. Several
recent acute studies in dogs (Pereira and Grande 1992; Aguas, Grande and Carvalho 1991; Grande et
al 1990) and rodents (Peao et al 1993; Peao, Aguas, and Grande 1992) demonstrate that tungsten
microparticles or insoluble calcium tungstate powder (a water-insoluble compound) elicit strong
inflammatory responses in the lung from macrophages and other cells involved in such responses. One
study in mice used both silica and tungsten microparticles and characterized the response according to
cell types; the macrophage responses were similar but more prolonged to the tungsten particles (Peao,
Aguas, and Grande 1992). Whether extended systemic tungsten exposure would affect the
inflammatory response in any way does not appear to have been investigated.

Tentative dose-response relationship

Although a dose-response relationship appeared to be linear with ovarian tissue exposure to sodium
tungstate, techniques do not yet exist to extrapolate this site exposure to a realistic exposure via
inhalation or ingestion. Due to data limitations, no best guess could be determined for tungsten’s effect
on cytochrome P-450 or L-ascorbic acid metabolism. Because the effects of tungsten given in vitro
cannot, at this time, be related to tungsten exposure via inhalation or ingestion exposure in humans,
study of these effects is not recommended at this time under the auspices of this project.




Research recommendations

It appears that no systematic evaluation of potential immunotoxicity is likely to have been performed,
particularly for chronic low-dose systemic tungsten exposure. This is an area for which at least
preliminary studies, perhaps subacute high-dose experiments, should be considered.

F.3 CONCLUSIONS

The review of the literature on tungsten effects suggests that chronic low-dose exposure by
environmentally relevant routes (primarily ingestion, but also inhalation) may result in adverse effects
on three sensitive and important endpoints. These include neural function, female and possibly also
male reproductive function, and teratogenicity or developmental toxicity. The animal data are sparse
and in all cases rest in large part on studies reported 25 to 30 years ago by one Russian laboratory.
Yet enough other work has been done to indicate strongly that further investigation is warranted to
replicate or substantiate these findings. The data are not strong enough at present to warrant decision-
making based on the information at hand.

The evidence for growth effects and for effects from inhibition of various enzymes or enzyme systems,
SO and XO in particular, suggests that adverse health effects for humans are not apt to be of
significant concemn from low-dose long-term tungsten exposure. Extreme dietary molybdenum
deficiency would have to be coupled with the tungsten exposure to have effects on XO and SO of any
concern except for individuals congenitally deficient in SO for whom the diet would also have to be
high in sulfite in order for adverse effects to be seen. These abnormal dietary conditions seem unlikely
in the extreme.
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APPENDIX G. METHODS FOR ESTIMATING CANCER POTENCY OF
TUNGSTEN IN HUMANS

G.1. INTRODUCTION

Roughly 10,000,000 chemical compounds are involved in commercial processes as ingredients, end
products, or waste by-products and about 65,000 are in common usage. From this inventory, only
about two dozen chemical compounds have been identified as known human carcinogens by
epidemiological studies. A “carcinogen” (classified from epidemiological results) may be defined from
positive exposure-response correlations. Thus, although statistical analyses have been used to model
the isolated effects of the particular hazard of concern, the “human carcinogen” always carries possible
contamination forces from an array of environmental and endogenous carcinogenic initiators and
promoters. While the collection of all such factors appears to be subcarcinogenic (i.e., causes the same
cancer rates as found in suitable control populations), it is possible that the cofactors may amplify or
actually complete the carcinogenic action of the hazard of interest. Typically, occupational exposures
are complex in numbers of compounds, concentrations, and times so that often technologies or
processes are specified as carcinogenic without identification of the specific roles of the individual
insults that comprise the total exposure burden.

A “carcinogen” (classified from laboratory results) is expected to cause cancer when amplifying factors
internal to or arising from the biological test model are minimized. More than 500 compounds have
tested as positive in animal carcinogenic models. The number of carcinogens identified, either human
or animal, is unrealistically low because of the rigor, time, and expense mandated by testing of the
null hypothesis, i.e., a compound/exposure is not carcinogenic until epidemiological and/or
experimental evidence indicates otherwise at the 95% level of significance.

Within the real-life complex exposure scenarios for humans, it should be recognized clearly that sub-
toxic and sub-carcinogenic interactions with low, background doses of carcinogens are distinct realities
based on the studies of Ames regarding the concentrations of natural carcinogens found in normal
human foods (Ames 1990). Probably fewer than 1/1000 compounds of potential concern have been
studied to date either by epidemiological methods or in animal tumor models. Literally thousands of
compounds are of great concern to human health and the historical approach has been to test them one
by one in the two-year chronic rodent bioassays as used formerly by the National Cancer Institute
(NCI) studies and currently by the National Toxicology Program (NTP) experiments. Each compound
tested in this fashion usually requires a span of five or more years through its initial testing, planning,
two-year dosing period for mice and rats, plus analysis, reporting, and peer review phases. Typically,
about 4 million dollars are required for each compound so tested and only about 10 new compounds
can be considered per year. Even after all of this effort, a significant number of the compounds tested
either produce dose-response results below the level of statistical significance for the number of
animals used, or give ambiguous results in the different sexes and/or species (sometimes strains) of
genetically uniform rats and/or mice as illustrated in Fig. G.1. As shown in Fig. G.1, the correlation
between TDy, (the dose that causes tumors in 50% of the test animals) in rats and mice (Gold et al.
1989) is reasonably good for 33 compounds (r = (.81) if test results in both species are positive
(Jones, 1996). Unfortunately, there were another 22 compounds reviewed by Jones (1996) that gave
positive results in one species and negative results in the other (Gold et al. 1989). Thus, predicting
carcinogenic potency is an imprecise process and it is likely that rodent-to-man comparisons are more
uncertain than rodent-to-rodent comparisons. It may be discovered that mechanism-of-action based
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Fig. G.1. Comparison of the TD;, (i.e., the dose that reduces the number of tumor-free animals by
50%) in mice vs the TDy, in rats for the 33 compounds in the list of 101 for which positive test results
were obtained in both mice and rats. The correlation coefficient was 0.81, but there were 22 other compounds
that tested positive in one species and negative in the other.
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models provide the only reliable basis for risk assessment, but attempts to date have not demonstrated
much improvement over simple hazard ranking considerations (Hileman 1993). Traditionally,
“equivocal” compounds are retested with modified experimental protocols and frequently the second
period of testing does not reduce the uncertainty deriving from the original study.

Within the basic research community, practically all of the scientific enthusiasm and available fiscal
resources are consumed in the chase of the molecular mechanisms of tumorigenesis. However, such
focal efforts may continue to fail because the pathological endpoint known as “neoplasia,” “cancer” or
“tumor” results from an almost uncountable number of molecular, gene, chromosome, mitochondrial,
membrane, cellular, organ, humoral, and chemical processes. Although many molecular mechanisms of
toxicity are known, others continue to be discovered. Mechanisms that hold for one particular
compound or class of compounds for a particular dosing protocol may have little, if any, relevance for
other carcinogenic insults and/or other dosing protocols of the same substance.
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Although the cells of most cancers are monoclonal in origin, a rather large bloom from a single parent
cell or an infusion of many such cells seems to be required to express a cancer in a test animal. Few
experiments have ever successfully produced a cancer in test animals with a graft or transfusion insult
bolus of fewer than 10,000 such cells per animal—even in an immunosuppressed host animal such as
an irradiated, a thymic (nude) mouse. Certain protocols involving chemical or mechanical potentiators
of carcinogenesis or periods of natural organogenesis (e.g., embryogenesis or puberty) or hyperplasia
as a result of toxic injury may provide exceptions. In the worst case, cancer can be hypothesized to
result from a single cell, as implied by the somatic mutation theory, and a few novel experimental
designs have indeed produced cancers or leukemias from infusions of only one or two cells per host
animal. Based on normal intermitotic cycle time for hematopoietic stem cells, it appears that clinical
leukemia might be able to bloom from a single parent cell in one or two years—which is quite
consistent with the shortest latency periods observed in the Japanese atomic bomb survivors.

What is actually needed is a classification or ranking system based on toxicity to biological molecules
at meaningful dose levels. Thus, great enthusiasm has been devoted to analyzing various structure-
activity relationships (SAR) in attempts to develop a predictive index for the carcinogenic potential of
various chemicals. This is far more complex, but in a way analogous to the periodic chart based on
orbital electrons. To date, the SAR-based models have not achieved sufficient predictive accuracy to
be very useful across chemical classes and major inconsistencies may result for complex biological
molecules.

With regard to reactivity of carcinogenic compounds and/or substances that promote or potentiate
carcinogenic lesions that have been seeded by other insults, many techniques have been tested but to
date no system based on first principles from chemistry or physics has alleviated the problems of
chemical dosimetry for carcinogenic risk. A common-scale approach would use test results from a
spectrum of bioassays ranging from bacteria to carcinogenesis testing in mammals in order to
empirically map some aspects of the hypothetical potency/reactivity chart for molecular toxicity to
humans. This approach is considered as the ultimate dose-response detector in terms of cost and
accuracy.

The objectives of this study include establishing direct or common-scale comparisons between (a) the
radiologically-based risks from exposure to depleted uranium with (b) the toxicologically based risks
associated with exposures to tungsten and tungsten-related compounds. Useful comparisons should take
into account the numerous aspects of: (1) exposure source terms, (2) population and personal exposure
pathways, (3) solubility, absorption, penetration into the human body, (4) target-organ specific doses,
(5) differential toxicity equivalent factors as measured in different but relevant biological test models,
(6) hazard or risk of the source-specific spectrum of untoward health effects as a consequence of
exposure, and (7) uncertainty aspects of both radiological and chemical insuits.

Earlier appendices have focused on some of these aspects. This Appendix will concentrate on items
(5) differential toxicity equivalent factors as measured in different but relevant biological test models
and (7) uncertainty aspects of both radiological and chemical insults—restricted to the differential
toxicity equivalent factors.
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G.2 HISTORICAL CONCEPTS AND APPROACHES TO CHEMICAL VS
RADIOLOGICAL RISK

G.2.1 Risk/Hazard Assessments

Most risk assessments have avoided any common-scale approach to comparing of risk for chemical
and radiological hazards." Meaningful, direct comparisons should include realistic (i.e., accurate)
comparisons of both the expected frequency of disease and the severity of the disease endpoints, but
comparisons based on both qualitative (severity-specific) and quantitative (rate-specific) models are
usually not achievable from meager resources typically devoted to assessments of risk. Also, important
disease-amplifying exposures and health endpoints associated with immunotoxicity, neurotoxicity,
reproductive effects, and cardiovascular diseases such as atherosclerosis should be included.
Unfortunately, time and resources rarely permit any health effects study to treat these concerns in
reasonable depth, but those considerations should be addressed realistically before policy decisions can
be made in confidence that a hazard from one option is comparable to, or smaller, than the hazard
from an alternative option, especially when the policy decisions affect immense monetary budgets,
human health, and environmental quality on a global scale.

In general, toxicity can be conceptually associated with chemical reactivity.? For atoms, the chemical
periodic chart may provide some limited perspective of chemical reactivity that may be linked by ratio
and proportion to toxicity data for other atomic substances in the absence of relevant test data for the
substance of interest. Atoms in the same vertical group such as Group IV-B or VI-B have the same
number of electrons in the outer shell and may be more relevant than a substance from the same row
within the transition metals where the same electronic configuration occurs, except for the number of

!One exception is the common-scale risk assessment approach for “Protection of Human Health from
Mixtures of Radionuclides and Chemicals in Drinking Water” by Jones, Owen, and Trabalka (1991) who defined
two such common-scale index points—one based on safety and the other based on risk. The safety-based index
was linked to common population exposures resulting from food and water intake of compounds generally
regarded as safe, i.e., the GRAS concept as promulgated by the Food and Drug Administration (FDA 1985). The
risk-based common-scale bridge attempted to provide parallel treatments of similar precision between chemical
and radiological carcinogens by eliminating the inflationary effects of models and assumptions, i.e., the goal was
to eliminate subjective, variable margins for safety.

Paracelsus (1493-1541) proposed the basic operational blueprint of toxicology—“all substances are poisons;
there is none which is not a poison, the right dose differentiates a poison and a remedy” (Klaassen et al. 1986).
Cancer is the end result of toxic injury and evidence is abundant that “carcinogen” can probably be substituted
for “poison” in Paracelsus’ synopsis provided that the classical impression of dose involving milligrams of test
agent applied per kilogram of body weight treated can be extended to include variations in: (1) route of
administration, (2) rate of application, (3) duration of treatment, and (4) tuning the dose, route, rate, and duration
variables in combination. Consistent with Paracelsus’ thesis, Ecobichon (1992) noted that

Toxicology may be defined as ‘the qualitative and especially the quantitative study of the
injurious effects of chemical and physical agents as observed in alterations of structure and
response in living systems. . ." . . . The descriptive term ‘qualitative’ in this definition pertains
to whether or not a particular agent is toxic and to the concept of relative toxicity of one agent
in comparison with the known toxicity of other agents.

A basic tenet of toxicology is that the more frequently a specific adverse health effect can
be measured in different animal species, the greater is the likelihood that, at some dosage, a
similar effect might occur in the human.
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electrons in the outer shell. When toxicological test data for the element of interest are inadequate,
then comparisons with other groups and rows of the Periodic Table may be used, but conclusions are
weakened according to the relative positions shown in Fig. G.2. For example, molybdenum might be
the best surrogate for tungsten but if inadequate bioassay data are available for molybdenum, then
alternatively, chromium might be the most informative. Somewhat less ideal would be data from the
same row and the greater the reach, the greater the uncertainty.

Transition metals

Group Il B IVB VB VIB VII B <Group VHI> 1B IB
Sc Ti v Cr Mn Fe Co Ni Cu Zn

Y Zr Nb Mo Tc ‘ Ru Rh Pd Ag Cd
La/15 Hf Ta A Re Os Ir Pt Au Hg

Fig. G.2. Comparison of position in the periodic chart for transition metals that may be used as a
reference for the toxicity of tungsten.

Relative assessments based on the periodic chart should be used only when bioassay data are not
available for the substance of interest or a close homologue. It would seem that toxicity data for
metallic compounds should be readily available, but in general, metals have been tested very rarely
compared with organic compounds. Perhaps three reasons explain this paucity of data: (1) the
generally-perceived chemical inertness of many inorganics, (2) lack of concern about any significant
degree of biotoxicity, and (3) the difficulties associated with experimental design and conclusions
deriving from testing an insoluble substance in biological models.




G.2.2 Common Scale for Mutagenic Hazards

Committee 17 of the Environmental Mutagen Society (1975) proposed two similarly-conceived
benchmark standards for environmental screening of mutagenic chemical insults.® The first, the rate-
doubling concentration, was to be based on the spontaneous mutation rate; the second, the rem-
equivalent chemical (REC), was defined as that dose of a chemical which produced the same amount
of genetic damage as 1 rem of chronic radiation exposure. They also made the point that dose-
response curves would be a far stronger basis for extrapolation to humans than single-dose tests.

At this time a freeze on nuclear power production, and a de-emphasis on other nuclear industries, lead
to lack of funding for the development of scientific background documents and impact statements that
would have provided the basis for direct comparisons between radiobiological effects associated with
nuclear applications and toxicological effects associated with chemical exposures. However, the
operational logic behind Committee 17’s efforts is valid today and can be applied to other disease
endpoints such as cancer, immunotoxicity, neurological effects, and cardiovascular diseases that may

3Members of Committee 17 included: John Drake, Seymour Abrahamson, James Crow, Alexander Hollander,
Seymour Lederberg, Marvin Legator, James Neel, Margery Shaw, Eldon Sutton, R.C. von Borstel, and Stanley
Zimmering. Fredrick de Serres and Gary Flamm served as consultants to Committee 17. The quality of their
effort was consistent with the imposing credentials of the contributors.

Abstractions of their own text as published in Science most effectively describes the goal of Committee 17:

Mutations can arise in both somatic and germ line cells. Somatic mutations, and its
probably close correlate, carcinogenesis are already recognized as immediate toxicological
problems. . . It will be important when extrapolating mutation rates from test systems to man to
employ certain basic units. Two units are suggested for adoption at this time, one based upon
the spontaneous mutation rate and one upon radiation equivalents. The suggested units are: 1)
The rate doubling concentration (sic., doubling of the natural spontaneous rate) . . . 2) The
rem-equivalent-chemical (REC) . . . The REC is that dose or product of concentration
multiplied by time which produces an amount of genetic damage equal to that produced by
1 rem of chronic irradiation. . . Quantitative extrapolation to man should be based not simply
upon single-dose tests, but instead upon dose-response curves.

In conclusion, Committee 17 noted that

Human populations are now exposed to a wide variety of compounds never before
encountered in the history of man. Many of these compounds are clearly mutagenic to lower
organisms, and there are sound biological reasons to conclude that at least some are also
mutagenic to man. Since the vast majority of detectable mutations are deleterious, an
artificially increased human mutation rate would be expected to be harmful in proportion to the
increase.

A number of test systems are now being developed and perfected to the point where
they can detect chemical mutagenesis reliably and sensitively. No system by itself meets all the
requirements of an ideal system, but the available systems collectively provide important
information about the mutagenic potential of many, perhaps most chemical compounds.

When data from the best available mutagenicity screening systems are combined with
information about the distribution of compounds in the environment and their metabolic fates in
the body, it becomes possible to make at least preliminary estimates of the health hazards
posed by environmental mutagens. It is therefore already reasonable to begin to regulate the
distribution of chemical compounds . . . .
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develop in human populations exposed over a long period of time to any substance—even one that is
seemingly “inert.”

G.2.3 Progression of Carcinogenesis
G.2.3.1 Holistic Approach

In 1980 Kouri, Henry and Kreisher of MicroBiological Associates produced a schematic diagram that
integrated the various stages, forces, and cofactors of carcinogenesis into a holistic blueprint. That
effort, reproduced in Fig. G.3 with permission, places various aspects of initiation, biochemical
promotion, cellular promotion, cocarcinogenesis, route of administration, nutrition, etc. into the
pathway defined by the etiological movement from a single genotypically and phenotypically normal
cell into a phenotypically aberrant cell. If the phenotypically altered cell is contained within a tissue
matrix that has high mitotic rates, then when the size of the aberrant clone becomes sufficiently large
(e.g., some experiments suggest 10,000 cells both for liver and for the hematopoietic bone marrow),
the cell-to-cell homeostatic control (i.e., includes both the contact inhibition and humoral chalones)
mechanisms are inadequate to keep the neoplastic focus from acquiring autonomous growth
characteristics.’

From the Kouri model, one can conclude that initiation is a binary process and that initiation alone is
likely to remain subcarcinogenic and subclinical throughout an entire lifespan in all but the most
rapidly renewing cells of the body (possibly including spermatogonia, lymph glands, crypt cells of the
gut, and hematopoietic stem cells of the marrow). Cell proliferation, (which the Kouri model links
deterministically to carcinogenic outcome) is consistent with: (a) the general biological theory
proposed by Trosko and Chang (1980) involving monoclonal development of mutagenic lesions into
cancer, diabetes, and atherosclerosis and (b) the biologically-based mathematical models of relative
potency, cytotoxicity, cell proliferation, and risk as developed by Jones et al. (1979, 1983, 1984).

“Consistent with ideas of Paracelsus, the observations of Bergonnie and Tribondeau (1906) led to a classical
description that a tissue is more radiosensitive the more undifferentiated its cells are morphologically and
physiologically, the more active they are mitotically, and the longer they remain in an active state of
proliferation (the more divisions they undergo between the youngest precursor cell and the mature functional
cell). These generalizations can be applied to toxicology as readily as they have been used in radiobiology.

’A second advantage of the Kouri et al. integration is that bioassays can be placed within the big picture of
cancer genesis without distortion resulting from models driven only by DNA-related events; i.e., non-DNA
processes, especially those involving membranes and production of cytokines, are important to carcinogenic risks,
especially for insults that are not directly genotoxic. The considerations of Committee 17 address carcinogenic
initiation within the Kouri model, but the bridge between oncogenic initiation of pre-carcinogenic cell(s) and the
clinical cancer endpoint involves realistic models of compensatory cell proliferation as a rate-limiting modulator.
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Thus, the Kouri model provides a unified, realistic analytical structure with which to improve
assessments of risk.®

Currently EPA has shown a tendency to use changes in biochemical rates, enzyme levels, or molecular
binding as indicators of low-dose toxicity. As an alternative, one may adopt a perspective as described
by Conolly (1994) regarding the EPA’s reassessment of 2,3,7,8-TCDD, viz., “A toxic chemical is
defined as °. . . any agent that is capable of producing injury or death when ingested or absorbed’ . . .
A rtoxic effect is also, by definition, an adverse health effect. . . induction of biochemical events is a
universal characteristic of all xenobiotics and is not equivalent to toxicity.” Available data on human
leukocyte counts suggests that as much as 30% variation can occur from day to day without any
known toxic exposures. In addition to the questions relating to the meaning of such spontaneous rate
changes, the question arises as to what the appropriate normal baseline or control values are for
individuals and populations for measurements associated with low concentrations of chemicals. In fact,
most chemical exposures, even sub-carcinogenic doses of known carcinogens and chemical non-
carcinogens may be associated with biochemical rate changes. If non-carcinogenic compounds can be
associated with those same rate changes, then they should not be taken as either quantitative or
qualitative measures of carcinogenic risk.

Figure G.4, based on traditional toxicological indicators of dose response endpoints such as death,
cytotoxicity, No-obvious-adverse-effects levels (noaels) and lowest-obvious-adverse-effects levels
(loaels), illustrates that biochemical rate changes or fluctuations in cell populations should not be taken
as positive indications of carcinogenic risk at low doses. Thus, the methods proposed for assessments
of comparative risks from depleted uranium- and tungsten-related compounds are based on biological

®It appears that all of these efforts—even those by Committee 17 and the Kouri team—preceded demand at
the scientific market-place because no such concept received much interest for nearly a decade. Nevertheless,
researchers continued to develop theories, experiments, and models and by the late 1980’s the mechanistic
importance of toxicity-induced compensatory cell proliferation became fundamental to recommendations
promulgated by the American Conference of Governmental Industrial Hygienists, the National Council on
Radiation Protection and Measurements, and the International Agency for Research on Cancer. That acceptance
seemed opportunistic in the sense that most individuals associated with those activities had repeatedly rejected
etiological models of carcinogenesis based on compensatory cell proliferation, preferring instead models based on
somatic mutation theory whereby one molecule can, in principle, change one cell and that one cell may, in
theory, mutate and, in and of its own forces, complete a frank cancer. The change may have been influenced in
the background by views and reviews indicating that historical experimental studies had been either incorrectly
designed or misinterpreted with regard to claims that compensatory proliferation and tumor promotion were
mechanistically distinct. Most of the pre-1980 experiments interpreted as demonstrating that toxic hyperplasia
and tumor promotion were distinct, disjoint processes can be explained by the observation that toxic hyperplasia
was usually evaluated from a single dosing. Now, it is well known that biological tolerance can be developed for
many compounds after an initial toxic response. One barrier associated with proliferation-based models was
removed when experimental studies demonstrated that a simple abrasion wheel or even repeated tape stripping of
hair foliicles could be used to produce identical histological effects and an equivalent neoplastic yield as obtained
from a chemical extract of croton oil (TPA). Croton 0il had been viewed as having unique chemical and
inorganic properties producing proliferative changes that were distinct from cell proliferation caused by
mechanical insults and hyperplastic doses of so-called “non-carcinogenic” chemical compounds; many
experiments have reported that belief. By the 1990s, research strategies used to study molecular toxicology at the
Chemical Industry Institute of Toxicology (1989) were focused on cell proliferation and continue to help
understand the complex molecular mechanisms that underlie toxic hyperplasia and the carcinogenic process.
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and/or clinical observations of toxicity, not upon observations of biochemical fluctuations or variability
in cell counts against a2 normally changing background.

G.2.3.2 Recent Conceptual Support for the Role of Proliferation in Carcinogenesis

Recommendations by the ACGIH: By 1985, the American Conference of Governmental Industrial
Hygienists had recommended that “There is increasing evidence that physical irritation may initiate,
promote or accelerate physical impairment through interactions with other chemical or biological
agents.”

Comparative Carcinogenicity as Evaluated by the NCRP: In a review of “Comparative
Carcinogenicity of Ionizing Radiation and Chemicals,” the National Council on Radiation Protection
and Measurements (NCRP 1989), noted that initiation of carcinogenic cells is irreversible and
immediate after dosing either with chemicals or radiation and that most carcinogens are mutagens.
Furthermore, DNA synthesis and subsequent mitosis stabilizes the lesions of initiation so that
promotion can express these events as frank neoplasms at any later time. The NCRP review also
remarks that “promoters appear to be tissue-specific but have in common the property that they induce
proliferation in the target tissue.”

Although NCRP Report 96 provides a fairly comprehensive summary of macroscopic carcinogenic
processes associated both with radiation-induced and chemical carcinogenesis, the NCRP effort fails to
provide a useful common-scale unit of either risk or dose so that direct comparison can be made. The
NCRP report does provide some relative potency comparisons between chemical compounds but that
exercise has been attempted by numerous investigators and dates to the well-known Iball Index (1939).
In conclusion, the NCRP noted that: carcinogenic effects by certain chemicals are similar to ionizing
radiation; cancers by both types of agents are individually indistinguishable from those by other
causes; in many cases, risks can be estimated only by modeling that involves interpolation and/or
extrapolation.

Although NCRP Report 96 recognized cell proliferation as being intrinsic to carcinogenesis, the
committee that wrote NCRP Report 96 became hypersensitive to differences between carcinogenic
agents (i.e., microscopic details) and stopped far short of a practical approach (i.e., concept) like
doubling dose, GRAS exposures, or the REC as proposed by Committee 17 of the Environmental
Mutagen Society (1975). Overall, the NCRP report was a major disappointment because their reasons
for not providing a common scale of dose/risk could just as logically be attached to ionizing radiations
of different quality as estimated from linear energy transfer or stopping power values. Yet because of
historical acceptance of an RBE (Relative Biological Effectiveness) factor, radiation protection groups
have grown comfortable when such relative potency comparisons are restricted to radiation biology as
seen in NCRP Publication 104 (1990). Cellular processes involving sublethal injury, repair, and multi-
step killing are extremely distinct for radiations of different quality. Similarly, the frequencies of
particular types of DNA base alteration, single strand breaks, double strand breaks, and other lesions
including damage to membranes and organelles as produced by low- vs high-LET radiations are such
that the NCRP would no longer be able to accept an RBE concept given the same reservations as
described for rejecting a numerical bridge from radiobiology to chemical toxicology.

IARC on Cell Proliferation: In IARC Scientific Publication 116, the International Agency for Research
on Cancer wrote (1992):
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Cell proliferation has been linked experimentally or conceptually to the
carcinogenic process and is an important mechanistic aspect for both genotoxic and
nongenotoxic carcinogens . . . Cell proliferation may act at each stage of the
carcinogenic process, altering the size of the pool of cells at risk for the next event.
The pool sizes are dependent on the kinetics of cell birth, cell death, and cell
differentiation.

Thus, by the 1990s the general scientific community came to realize the significance of Bergonnie and
Tribondeau’s observations of 1906, but individuals and groups still remain uncertain about the simple
relative potency comparisons of John Iball and subsequent efforts to compare relative
reactive/toxicological potentials of an array of compounds, especially those that did not limit
comparisons to a particular chemical class such as PNAs. If the simple non-source-specific horsepower
rating of an (a) animal/machine/chemical/gravitational capacity to perform work is taken as an analogy
for the potency of various compounds, then clearly the underlying mechanisms do not enter into the
logic of force (concentration) applied to achieve a measure of work (response).

From this perspective, it is not necessary to know the mechanisms involved in order to estimate
carcinogenic risk associated with a chemical. Because of the correspondences between initiation,
cytotoxicity, inflammation, cell proliferation, and neoplasia it seems that effects on compensatory cell
proliferation may serve as a unifying index. If this approach results in error, it would result in erring
on the side of safety for exposed human populations by considering not only initiators but also
nongenotoxic chemicals affecting later stages of the carcinogenic progression.

The evidence, some of which is summarized above, is compelling that compensatory cell proliferation
has been found to be essential for preserving initiation of precarcinogenic molecular lesions (by

blocking repair of sublethal DNA lesions or cellular injury) and for causing a bloom from a single,
mutated or transformed cell into a frank cancer.

G.3 CARCINOGENIC HAZARDS FROM CHEMICALLY AND BIOLOGICALLY
“INERT” COMPOUNDS

Throughout the history of carcinogenic testing, the pervasive attitude has been that only very reactive
compounds are logically carcinogenic—and conversely any inert or less reactive substance is of
marginal, if any, concern. However, occupational histories have demonstrated clearly and repeatedly
that even inert, non-reactive compounds can be associated with chronic irritation, fibrosis, impairments
such as hyperplasia, metaplasia, asbestosis, silicosis, hard-metal disease, white-lung, black-lung, and
carcinogenesis. Clearly, a toxic exposure, even to inert substances, produces a spectrum of toxic
endpoints consistent with Figs. G.3 and G.4. Toxicology viewed as a continuum seems to dovetail
closely with risk factors associated with occupational carcinogenesis. Furthermore, non-essential metals
such as zirconium and tungsten may interact with essential trace substances to change the normal
concentration of the essential trace metal available to organ tissue (Stokinger in Patty’s Industrial
Hygiene). As two examples of relevance, the NTP is beginning a two-year rodent study on
molybdenum trioxide and vanadium pentoxide (Note: molybdenum is between chromium and tungsten
in class VI-B of the periodic chart while vanadium is chromium’s class V-B counterpart (Fig. G.2).
Also, it should not be overlooked that the Gold (1984) carcinogenic potency data base contains
NCI-NTP test results for sodium tungstate, vanadyl sulfate, and zirconium (IV) sulfate.) Although
some results are “not statistically significant,” there was adequate concern that caused the long-term
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rodent testing to be done and concern for human safety would mandate that chronic exposures to these
compounds be considered as potentially hazardous unless convincing epidemiological data indicate
otherwise.

Gunnison et al. (1981) studied the subchronic toxicology in normal rats and mice made sulphite-
oxidase deficient by administration of tungstate. “The sulphite-oxidase-deficient rats were outwardly as
healthy as controls and exhibited normal weight gain and maintenance over the 9-week test period. A
4/149 incidence of mammary adenocarcinoma was observed in sulphite-oxidase-deficient rats, all in
rats of age less than 5 months, compared to (/143 observed in age-matched rats with normal sulphite-
oxidase. Although this result was not statistically significant, the rarity of spontaneous tumors of this
type among rats of this age suggests that these carcinomas may, in fact, have been treatment related.”

Table G.1 summarizes the behavior of 18 “inert” substances in various biological test models. Only a
few years ago, all with the possible exception of asbestos would have been treated as non-
carcinogenic. Only a few decades ago, asbestos was used freely as a non-carcinogen. In fact, only a
dozen years ago, so-called solid-state carcinogenesis, except for asbestos-induced mesothelioma, was
considered a laboratory curiosity and of no particular relevance to humans, except for implanted
devices. The discussion here focuses on metallic compounds and inert substances, but similar effects
can be cited for organic compounds, the best known of which is perhaps benzene. Only a few years
ago, benzene was considered to be non-carcinogenic and was in fact used as a carrier to test other
compounds of carcinogenic concern.

Table G.1. Summary of effects data from substances usually considered biologically inert

Mutagenic to cells Tmaz?li:lic to Tuxr;;r;%:;tic to Carcir:gg:nic to
Asbestos Yes Yes Yes
Calcium Yes
Coal dust Yes Yes
Copper Yes
Copper sulfate Yes Yes
Fiberglass Yes Yes
Gold Yes
Graphite Yes
Iron (and ore) Yes
Platnium Yes
Quartz/silica Yes
Sand Yes 22?
Silver Yes
Stainless steel (Fumes = yes) 7?
Talc Yes
Tin Yes
Teflon Yes
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Some of the modem composites, whiskers, and fibers have been tested more thoroughly than metallic
compounds having a long history of usage. For example, bioassay results for testing/screening of
hafnium-, tungsten-, and zirconium-related compounds are summarized in Table G.2. Data in

Table G.2 are taken from the Registry of Toxic Effects of Chemical Substances (RTECS). Based on
policy driven by the null hypothesis, there would seem to be little cause for limiting human exposures
to most of these compounds. However, the absence of positive test results for a compound does not
mean that it is non-carcinogenic or even non-toxic. In fact, the simple observation that some
compounds listed in Table G.2 have been found to cause some positive test results in
mutagenic,reproductive, and tumorigenic tests mandates that the potential hazard should be quantified
if large populations are exposed.

G.4 CARCINOGENIC TESTING

As described earlier, long delays, great expense, and much uncertainty are inherent in carcinogenesis
testing—even that associated with the rigorous NTP two-year dosing schedules used for mice and rats.
That degree of testing is inappropriate for hazard screening and may not do the job as well as simple
hazard screening based on a large battery of much less costly bacterial and mammalian cell bioassays.
For example, the International Programme on Chemical Safety (1990) evaluated various short-term
tests as components of screening for carcinogenic potential and confirmed the value of a battery of
tests for various aspects of genotoxicity such as gene mutation, chromosome aberration, unscheduled
DNA synthesis, and micronucleus induction. The lack of predictive capability of these tests for non-
genotoxic carcinogens acting presumably at later stages of the carcinogenic progression was also
acknowledged.” However, no consensus has since been reached regarding the specific tests that should
make up a standard screening battery.

From the ICPS recommendations and other discussions given earlier, Fig. G.5 was drawn to
demonstrate a hierarchial rank of different data bases considered to be relevant to tumorigenesis and

"The International Programme on Chemical Safety (1990) recognized a need

to investigate the value of short-term tests for detecting mutagenic and carcinogenic

chemicals. . . conclusion was that the use of chromosome aberration assays in conjunction with
the Salmonella mutation test may provide an efficient primary screen for possible new
carcinogens. . . the mouse bone marrow micronucleus test was confirmed as a robust, sensitive,
and reproducible assay . . . overall performance of the rat liver assay for unscheduled DNA
synthesis suggested that it could be complementary to the micronucleus test, although certain
aspects of the sensitivity and selectivity . . . widely advocated assays and tests using Drosophila
were concluded to be inappropriate for hazard-assessment purposes. . . .. . Chemical
carcinogenesis is generally recognized as a multistage process that begins with initiation,
usually considered to involve changes in DNA structure leading to mutations, followed by
promotion of the lesion to a premalignant state and progression to overt cancer. Thus, the
majority of current short-term tests, designed to detect the consequences of DNA interaction,
will only respond to chemicals that may induce tumors by a predominantly genotoxic
mechanism or induce the initial phase of the carcinogenic process. A feature of the literature
on short-term tests for chemical carcinogens is the occasional reference to chemicals, shown to
be associated with the induction of cancers in laboratory animals, that consistently fail to be
detected in short-term in vitro or in vivo assays for genotoxicity.
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Fig. G.5. Hierarchial rank of different data bases considered to be biologically relevant to
tumorigenesis and human risks.

other chronic diseases to humans. Availability of data is usually inversely related to the number of
dollar signs subjectively assigned to each category. If regulatory policy is based exclusively on
validated tumor data, then many potentially serious hazards are likely to go uncontrolled. In contrast, if
protection of human health is driven by data on carcinogenic initiation, then compounds such as
saccharine and ethyl alcohol are carcinogenic in the same sense as benzene and 2,3,7,8-TCDD, and
policy decisions will be fraught with inaccuracies, high costs, and imprecisions from compound to
compound.




In the extrapolation of both dose and response to humans from a particular bioassay, using traditional
mathematical models and many assumptions, lack of knowledge and uncertainty pose barriers in the
quest for accuracy. Only if the extrapolation distance is very small does one have any confidence of
accuracy.

The traditional data-sparse, assumption-intensive methods based on models used to extrapolate both
dose and response have neither the accuracy nor the precision needed for reliable assessments of risk.
In Fig. G.5, different classes of bioassays (sorted according to complexity or relevance of biological -
effects illustrated in Fig. G.4) are subjectively ranked in a hierarchial tier as seen by the text at the left
of the figure. If the ultimate goal is risk assessment for potentially exposed human populations, then
one or more different bioassays may be chosen as a starting point. The sensitivity of the bioassay
chosen will be drawn from a sensitivity probability distribution of similarly based and/or procedure-
controlled bioassays and may or may not represent the central response or sensitivity of its own class.

From such a starting point, mathematical models and theories predicated on the basis of biological
mechanisms can be used to extrapolate the response trajectory (shown as a dashed pathway in

Fig. G.6) that might be observed in a different bioassay (or even a different sex or strain within the
same experimental context). The dashed projections are force vectors from models and assumptions:
they are curved from the “true” center-of-risk aim-point to indicate the mechanism(s) of molecular
toxicological action for any particular compound of concern that is (are) usuaily unknown and
probably act as combinations of directional force vectors, because each compound may be mediated by
multiple mechanisms, each of which may change in relative importance depending upon the dose-rate-
host-environment-related factors. Obviously, the greater the extrapolation distance across reaches of
biological structure, the larger the probable error in the inherently uncertain process of extrapolation.

Historical studies have demonstrated that the choice of mathematical extrapolation model for a
particular set of experimental data on a chosen pollutant can cause variations in excess of ten orders of
magnitude at low doses. As illustrated in this figure, there may be comparable degrees of added
uncertainty due to selection of a particular biological experiment as a starting point and subsequent
projection of its dose response to different levels of biological structure.

The conclusion from this illustration is that mathematical extrapolation of biologically dependent
events is intrinsically unstable. As experienced with the NTP’s two-year rodent test results with four
different test populations (viz., male and female test groups of rats and mice), many compounds are
subject to sex- and species-related effects (see Fig G.1). Additionally, strain-related effects will also
contribute to uncertainty as could variability resulting from genetic diversity within typical human
populations. Furthermore, many assessments of risk are still weakened by reliance on experimental
studies conduced with a pure compound tested in a laboratory-restricted protocol where extraordinary
efforts are made either to remove or to minimize all other toxic/mutagenic exposures.

Protocols of most relevance to human risk/hazard assessment should be designed to test the amplifying
potency of a test insult on a bioassay subject that is jointly exposed to other low-dose mutagens and
carcinogens. The differential response between the positive control experiments without potentiating
coexposures and their counterpart protocols involving the amplifying effects of the test insult on
similarly-treated positive controls should more realistically address potential risk to hypothetically
exposed humans.
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risk analysis are diagramatically illustrated here to demonstrate that “data sparse, assumption-intensive
methods” have neither the accuracy nor the precision needed for reliable assessments of risk.




The tradition of testing every component of concern in rigorously designed bioassays where all other
known risk factors are censored to determine if each and every insult of concern intrinsically carries
each and every aspect of carcinogenic initiation and promotion is actually misdirected when in reality
all humans are exposed to mixtures of radiological and chemical agents. These can share mutagenic
properties and promoting potencies through mixed-field or sequential exposures incurred through
environmental, occupational, lifestyle, and/or heredity-related risk factors (Ames 1990 and Emerit
1987). Models for risk/hazard from multiple exposures may be based on the classic treatments for
independent or joint toxic actions (Finney 1971, Jones 1995).

G.5 RELATIVE POTENCY

In the sense of the Boltzman equation used for radiation transport, the biological response can be
indicated symbolically by:

Response = F(S,T,G,A,D,M,TF, te[t]tf]t]) dt ,

where F is a function of source characteristics (S); transported substance (T); geometrical aspect (G) of
the agent involved including size and length-to-diameter aspect ratio; absorption into the human body
(A); distribution to organs and tissues (D); metabolism (M); toxicity factor (TF); chronological time
(t); exposure time (te[t]); and total follow-up time or period of risk from the start of the first exposure
(tf[t]). This symbolism is used mainly to demonstrate that many considerations are involved in
assessments of risk. Because many of the considerations fundamental to risk assessment are
multiplicative in nature, one can not develop meaningful comparisons unless data are sufficient to
characterize each factor or combination of factors so involved—for example, oral LD, data in animals
intrinsically span considerations of A, D, M, te, and tf.

A common scale would enable direct comparisons of radiological hazards deriving from depleted
uranium with toxicological hazards deriving from tungsten-related compounds. As patterned after
recommendations of Committee 17 of the Environmental Mutagen Society, all evaluations are based
on the common observation that “no system by itself meets all the requirements of an ideal system,
but the available systems collectively provide important information.” Two types of numerical
comparisons are considered: (1) placement of the compounds of interest on a relative potency scale
used to rank hundreds of other chemical compounds with substances such as saccharine, ethyl alcohol,
and vinyl chloride at the low end and aflatoxin B, and 2,3,7,8-tetrachlorodibenzo-p-dioxin
(2,3,7,8-TCDD) at the high end, and (2) use of available bioassay results to establish several direct
common-scale quantitative bridges between chemical toxicity and radiotoxicity.

Historically, chemically inert substances have been treated as non-hazardous to biological systems, but
occupational exposures acquired over decades have now shown that most such substances can induce a
spectrum of toxicological effects including carcinogenesis. The chemically inert substances of current
concern include: asbestos, calcium, coal dust, copper, copper sulfate, fiberglass, gold, graphite, iron
and ore, platinum, quartz, sand, silica, silver, stainless steel, talc, tin, and teflon.

Great expense, long delays, and much uncertainty are intrinsic to carcinogenic testing—even that
associated with the rigorous National Toxicology Program (NTP) two-year dosing schedules used for
mice and rats. That degree of testing is inappropriate for hazard screening and may not do the job as
well as simple hazard screening based on a large battery of less expensive bacterial and mammalian
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cell bioassays.® However, no consensus has been reached regarding the specific tests that should make
up a standard screening battery.

Finney in Probit Analysis (1971) reviewed three types of joint toxic action: (1) independent if poisons
or drugs have different modes of action; (2) similar if one poison or drug can be substituted in a
constant proportion (at all doses) for the other; and (3) synergistic if the effectiveness of the mixture
cannot be assessed from that of the ingredients.” Processes of independent and similar action are
shown in Fig. G.7.

One caution is that some combinations of compounds and/or specific concentrations of those
compounds (or the respective times of administration of the individual components of the multi-insult
experiment) may initially appear to produce a dose-response synergism; however, if considered more
carefully, the perceived mechanism may not be supported by more realistic choices for the compound-
specific dose-response model. Overall, the concern about synergistic reactions is not well supported by
published experimental data—especially in the low-dose range. However, it does appear that highly
selected experimental protocols may sometimes be tuned to demonstrate a synergistic
behavior—usually such observations are based on assumed dose-response models and are not
defensible at the molecular level.

This concept was recognized by the International Programme on Chemical Safety (1990)

to investigate the value of short-term tests for detecting mutagenic and carcinogenic
chemicals. . . conclusion was that the use of chromosome aberration assays in conjunction with
the salmonella mutation test may provide an efficient primary screen for possible new
carcinogens. . . the mouse bone marrow micronucleus test was confirmed as a robust, sensitive,
and reproducible assay . . . overall performance of the rat liver assay for unscheduled DNA
synthesis suggested that it could be complementary to the micronucleus test, although certain
aspects of the sensitivity and selectivity . . . widely advocated assays and tests using drosophila
were concluded to be inappropriate for hazard-assessment purposes. . . . . . Chemical
carcinogenesis is generally recognized as a multistage process that begins with initiation,
usually considered to involve changes in DNA structure leading to mutations, followed by
promotion of the lesion to a premalignant state and progression to overt cancer. Thus, the
majority of current short-term tests, designed to detect the consequences of DNA interaction,
will only respond to chemicals that may induce tumors by a predominantly genotoxic
mechanism or induce the initial phase of the carcinogenic process. A feature of the literature
on short-term tests for chemical carcinogens is the occasional reference to chemicals, shown to
be associated with the induction of cancers in laboratory animals, that consistently fail to be
detected in short-term in vitro or in vivo assays for genotoxicity.

*Synergism is not discussed here because particular ingredients may alter absorption into the body; vascular
distribution; detoxification; elimination; or organ sensitivity according to either sensitizing or desensitizing
reactions. Possible synergisms have motivated terms in dose-response models since the 1930s, but those efforts,
although impressive, have actually contributed little substance beyond Finney’s simple observation that for
synergism “the effectiveness of the mixture cannot be assessed from that of the individual ingredients.” Thus,
when synergistic interactions are expected, the mixture should be tested as if it were a new compound. This may
require sample concentration, but that is analogous to the typical process of testing a new compound and then
using the test results for environmental and/or occupational settings.
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Fig. G.7. Chemicals having independent mechanisms of action lead to risk-additive models while
chemicals having joint action on a particular response or mechanism lead to dose-additive models.

As illustrated in Fig. G.7, the Finney concept of independent action leads to risk-additive models,
whereas similar action or joint toxicity leads to dose-additive models. As formulated by Finney, joint
action is logically equivalent to the simple relative potency approach which makes the toxicology of
complex mixtures predictable from its ingredients by application of the simple harmonic mean concept.
In addition, the relative potency concept can be used to make predictions from bioassay results
compared with matched results from one or more suitable reference compounds because “each
compound can be substituted in potency-adjusted-doses for any of the other compounds.”

To obviate some of the problems of uncertainty and minimize the impact of others associated with the
historical dose-response extrapolation models, a “data-intensive, assumption-sparse” approach based on
relative potency comparisons between chemical compounds may be warranted as illustrated in

Fig. G.8. The accuracy of such a relative (hazard or potency) process for human health risk is
difficult—perhaps even impossible—to establish in an absolute sense, but numerical precision from
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Fig. G.8. Data from many chemical, physical, and biological models can be used for hazard

assessment. Estimates of “relative potency™ can supplement or replace extrapolation models based on data-
sparse, assumption-intensive analyses as illustrated in Fig. G.1.

compound to compound is intrinsic because of the data-rich process of comparing dose-response data
from an interviewing compound of concern with dose-response data for one or more carefully chosen
reference compounds whose effects in bioassays and on human populations are well known.

A method of comparative toxicities can be used to estimate route-, rate-, and duration-specific
acceptable exposures from a new (or inadequately tested) hazard relative to a reference exposure or
agent of risk for which much human, animal, and cell culture data are available. There may be much
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uncertainty as to whether the particular hazard of concern can, in and of its own actions, actually cause
a complex disease such as cancer, but the magnitude of the potential hazard can be estimated from an
array of relative potency factors derived from various bioassays.

An estimate of the relative potency (RP) of hazard “H” compared with an agent or exposure of risk
“R” can be obtained by comparing the doses (Dy and Dy) required to cause the same level of response
in a particular biological test model considered to be relevant to the disease of interest. For example, if
a certain cell transformation assay or the mouse bone-marrow micronucleus test is thought to mimic
certain important aspects of carcinogenic initiation, then an estimate of the relative potency can be
made from RP = (Dg/Dy,. Likewise, if cell proliferation is considered to be related to carcinogenic
initiation and/or promotion, then tests that measure cytotoxicity, toxic hyperplasia, acute toxicity to
animals, DNA damage, etc. may be used to extend the array of RP estimates relevant to the hazard of
interest.

Dose units between radiological and chemical hazards are quite distinct. A strategy for direct
comparison of risk from radiological exposures relative to risk from an alterative chemical exposure
can be demonstrated as shown in Table G.3. If R is used as the effective dose of concern from
depleted uranium and C is the chemical dose of concemn from tungsten, then these two insults are
expected to have differential degrees of toxicity/risk/hazard and that differential effect can be estimated
directly from the classical hazard index formulation.

The typical hazard index for either radiological or chemical applications involves comparison of an
exposure or dose of concern (numerator of a ratio) to a regulation, guideline, or reference exposure
expressed in the same units (denominator of the ratio). The denominator of the two hazard index
quantities should be associated with equal levels of response in the same bioassay. Thus, a natural
common scale is established between radiological and toxicological exposures. Because the hazard
index ratio is without dose units (i.e., R/ri for radiation and C/ci for chemicals, where ri is identical to
ci in the bioassay of choice) a hazard index for depleted uranium can be compared directly with its
counterpart for tungsten—at least in theory.

Radiation comparisons, in general, are readily established because the dosimetry concepts apply to all
ionizing radiations of different linear energy transfer (LET) or ionic stopping power qualities.
Furthermore, radiation has been tested in various bioassays including many of those listed in the
RTECS for assessments of chemical toxicity.

For chemical compounds, as with radiation, it is only required that the hazard index be unitless.
Therefore, for in vitro tests the insult may be expressed in concentration as with mg/L or in the form
of Haber’s dose based on the product of concentration and exposure time. Similarly, for doses to in
vivo targets, the insult can be expressed as mg of insult per kg of body weight or alternatively as the
integral of organ concentration as a function of time, over time. Either can be used, and the choice
may depend upon the available data and whether realistic or upper limit estimates are required.

From the current philosophy that compensatory cell proliferation is associated with all stages of
carcinogenesis, as reviewed earlier, and that most in vitro bioassays directly address mutagenic
potential for alterations in the DNA of a cell or demonstrate through clastogenic action that a
compound has left its signature in the tissues at risk, one would be somewhat pressed to dismiss any
of the usual bioassay results as being irrelevant to potential hazards from tungsten. It is highly
desirable to have a wide diversity of bioassay results for both radiological and toxicological hazards.
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Table G.3. Hazard index examples showing that rad-dose R and chem dose C may be
based on doses ri and ci, which induce the same level of effect
on a given endpoint’

L Rad-  Chem- 122 Haz
No. Toxicological/radiological criteria dose dose Index Index
(rad) (chem)
1 LD50 rl cl R/r1 Clcl
2 Cancer (e.g., 1/100,000 per lifetime) 2 c2 R/i2 C/ic2
3 Survival Hela Cells r3 c3 R/13 Cl/c3
4  Survival Hamster Cells r4 c4 R/r4 Clca
5 Survival Mouse Lymphoma Celis 5 c5 RAS Cles
6  Survival Mouse Marrow Spleén Cells 16 cb R/r6 Clc6
7  Mammalian Cell Mutation 17 c7 Ri7 Clc7
8  Chromosome Aberrations in Human 8 c8 R/18 Cl/c8
Lymphocytes
9  Chromosome Aberrations in Hamster Liver Cells 9 c9 RO Clc9
10  Sister Chromatid Exchanges in Mammalian Cells r10 cl0 R/r10 C/cl0
11  Mouse Marrow Micronucleus Test ril cll R/il1 Clell
12 Mutations in Drosophila Sperm r12 ci2 Rr12 Clcl2
13  Cytotoxicity in E. Coli rl3 cl3 R/r13 C/cl3
14  Mutations in E. Coli ri4 cl4 R/ir14 C/cla

“Because radiation dose and chemical dose have no common units, direct comparisons must depend
upon establishing a common level of response in a particular bioassay. An exposure to radiation R (units
of dose) can be compared with an exposure to a chemical compound C (units of dose) if the rad dose is
first compared with a dose (ci) causing the same effect. Thus, two unitless hazard index values can be
compared directly. If this process is continued for all biological endpoints of reference (where data permit)
as indicated in tabular form, then radiological hazard can be compared directly with chemical hazard and
ranges of uncertainty also can be associated with conventional estimates of central tendency and range.

From such an array of independent and complementary estimates of the hazard index, one can easily
compare the mean values and variances of the log-normal distributions and whether the bioassays or
data considered relevant to carcinogenesis are supported by the other bioassays relevant to initiation or
promotion. It is far more informative to compare frequency distributions than to implement the
common approach of comparing point estimates that may have been badly distorted by the use of
assumptions and linear extrapolation models.

G.5.1 Rapid Screening of Hazard (RASH)

The Environmental Monitoring Plan for the U.S. Synthetic Fuels Corporation (1983) stated that the
Corporation should have the burden of justifying the need to monitor specific unrelated substances and
of providing threshold values above which those substances must be monitored. Somewhat overlapping
in time, the U.S. Air Force sponsored the development of a Hazard Assessment Rating Methodology
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(HARM) that finally became known at the Defense Priority Model (Department of Defense 1987 and
1989) for site-specific screening of the Installation Restoration Program. Both of these activities
required screening criteria based on toxicological and/or carcinogenic risks for compounds that were
unregulated, and for the most part, ignored by expert committees or regulatory agencies at that time.

Based on observed linear relationships between carcinogenic risk and either cytotoxicity or
compensatory cell proliferation for both ionizing radiations (Jones et al. 1979, Jones 1984) and
carcinogenic chemicals (Jones et al. 1983), a Rapid Screening of Hazard (RASH) method was
proposed (Jones et al. 1985). During the next decade, many compounds and mixtures, both
carcinogenic and non-carcinogenic, were evaluated by the RASH-based relative potency concept. From
that experience, it was observed that the median relative potency from a wide array of bioassays
tended to accurately characterize the toxicological and carcinogenic potency to a far greater accuracy
than the +100 factor originally anticipated. In fact, for most compounds tested in 20 or more
bioassays, accuracy of 2- to 5-fold was common (based on compound-specific comparisons with
recommendations by Agency-sponsored expert committees) and after 5 years of usage, the RASH
method was described as being potentially useful to forecast or predict new and/or changing regulatory
criteria (Jones 1991 and 1993, Jones et al. 1991). Additional experience as summarized in the journal
literature is cited as RASH 19XX. Because RASH has been documented many times, it will not be
repeated here except for noting the differences between the tedious hand calculations associated with
RASH and the Prototype personal-computer version (CRASH). If a more in-depth discussion is
desired, readers should refer to the citations “RASH 19XX” in the list of references.

G.5.2 Personal-Computer RASH (CRASH)

In most regards, the CRASH code was designed to be as similar to the original RASH method (Jones
et al. 1988) as possible. Thus, the goal was to match each bioassay available for the interviewing or
test compound with a similar result for one and only one reference compound. Reference compounds
included B(a)P as a primary standard and several secondary standards that were sometimes varied from
study to study. Whenever a test result for the interviewing compound was matched successfully, the
calculation moved on the next bioassay without considering whether matches with other secondary
standards were possible. Because only humans can adjust to fuzzy logic involving constant changes
from compound to compound, it was found that computerized matches should have fixed and
predictable logical structure with regard to secondary standards. Since PCs are almost infinitely faster
than humans at matching bioassays and computing relative potency ratios, more comparisons between
the interviewing compound and the several reference compounds provide greater accuracy—given that
the products of many bioassays matched to many different primary reference compounds are used
correctly. Used incorrectly, an impressive degree of precision can be achieved but the goal of accuracy
missed.

It was recognized from the beginning that the RASH method did not necessarily need to match
compounds according to their mechanisms of action because the definition is analogous to that of
work, viz., force applied and work achieved. However, the chemical’s structure often controls the
selection of the bioassays used to test its potency and it is readily seen that inorganic compounds are
frequently tested in bioassays and protocols that may be uncommon to organic compounds. In
addition, a study in review for publication (Jones and Basavaraju, Submitted) demonstrated that
hormones such as estradiol, estrogen, and DES are frequent outliers on scatter plots of potency
comparisons for a typical list of occupational and environmental pollutants. Thus, if hormone-like
compounds are used as reference compounds, they do not provide a high degree of correlation when
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the same list of chemical compounds is compared with another reference compound. Hormone action
simply seems to induce a noise level that overwhelms any coherent signal needed for parametric
comparisons, although the fidelity of rank order seems to be preserved (Jones and Basavaraju,
Submitted).

Because of the two forces of uncertainty as described above, the CRASH analyses will typically be
based on matches of all of the bioassay results with each of five reference compounds used one by
one. The median relative potency is taken for the interviewing compound relative to a particular
reference compound. Each median is specific to the potence of the reference compound selected.
Multiple reference compounds lead to relative potency values that must be normalized to a common
scale before further analysis can proceed. This is accomplished by normalization so that B(a)p has unit
potency for each of the other reference compounds used. Finally, the overall estimate of a chemical’s
toxicity is taken as the median estimate of the medians for the five different reference compounds.
This helps to minimize atypical test results in both the interviewing and the reference compounds and
will be seen to contribute both accuracy and precision in the tables and figures that follow. It is
imperative to match in this manner or in a logically equivalent manner because if relative potencies are
computed indiscriminantly, then Ames tests and LDy, estimates will, because of their relative
abundances, dominate the results. This uncharacteristic proliferation of ’excessive matches’ typically
leads to great precision but is essentially equivalent to using only two or three distinct bioassays to
characterize a compound and may result in inaccuracy expressed in orders of magnitude. Results may
be particularly erroneous if short-term mutation tests dominate the matching process and potency
evaluations are dominated, for example, by Ames tests with and without activation.

The logic underlying Fig. G.8 will now be demonstrated for 67 compounds from the Gold et al.
(1984) data base on test results for the NTP 2-year dosing protocols to rodents. Similar methods will
then be used to describe the precision and accuracy aspects for a common scale based on relative
potency and the quantitative bridges between radiobiological toxicity of depleted uranium and
toxicological hazards associated with tungsten.

G.5.3 Comparison of CRASH-Based Relative Potency Predictions with the Gold Data Base

Jones (1995) evaluated the toxicological potency of 2,3,7,8-TCDD relative to 100 other compounds.
This worked focused on a relative potency analysis of in vitro and in vivo test data. In that
comparison, 101 compounds were considered. The list was comprised of common environmental
contaminants, many of which were carcinogens and all of which were reasonably well tested in a
variety of bioassays so that adequate numbers of matches could be obtained for the other 99
compounds relative to both B(a)P and 2,3,7,8-TCDD. Of the 101 compounds, 55 were tested in both
rats and mice with 33 of them producing positive test results in both species (the other 22 tested
positive in one species as seen in Fig. G.1). Another 26 compounds produced positive test results in
one species but were not tested in the second species. Of the 101 compounds, only 20 were not found
in the Gold data base including compounds that tested negative in both species and compounds not yet
tested in the NTP protocol. Of the 81 compounds listed in the Gold et al. data base (1989), 67 were
included in the Gold et al. published data base of 1984 which listed the dose tested. For this analysis
of precision and accuracy of relative potency, that list of 67 compounds (Table G.4) was used for
analysis because comparisons could be made with relative potencies estimated from RASH, TD,,
estimates, and actual doses tested in the two-year protocols.
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In Table G.4, each of the 67 compounds was compared to 5 different reference compounds as
described earlier for the CRASH method. Thus, the scale of each column of relative potency values in
Table G.4 is normalized to unity for the particular reference compound indicated in the column
heading. Certain small inconsistencies may be noted for compounds found in a row and a column
heading because the CRASH rules of matching are different for interviewing and reference
compounds. The other noticeable pattern as described earlier is that greater dispersion is seen when
B(a)P is one of the two reference compounds because of the absence of acute toxicity data for B(a)P.
Overall, it is demonstrated clearly from the panels in Fig. G.9, that, in principle, all of the reference
compounds demonstrate the same pattern of relative potency estimates. The compound-specific scales
in the RP columns of Table G.4 were all converted to a common scale based on B(a)P as shown in
Table G.5. The conversions were based on factors of 1, 3.2, 8.2, 8.08, and 1 for B(a)P, nicotine,
cisplatin, aflatoxin B,, and cyclophosphamide, respectively, and in essence represents the potency of
each of the other compounds relative to B(a)P.

The composite RP values based on five reference compounds shown in column 8 of Table G.5 were
used to produce the scatter plots shown in Fig. G.10 for TD50 estimates in mice and rats and for the
maximum dose tested (Max-D) in the NTP protocols of the Gold database. Generally only 50 animals
of a particular sex and species were used and random error from that effect is seen in Fig. G.10.
Again, in Fig. G.10 some of the erratic hormone action is observed with DES. In addition, hydrogen
peroxide, bis(chloromethyl)ether, and bis-(2-chloroethyl)ether are frequent outliers on the scatter plots.
As seen in Table G.6 the plots are consistent to within a factor of about +11X for the TD50 and
+7.32X for the maximum doses tested based on +6 which envelopes about 68% of the comparisons.
The TD,, is larger, perhaps due to the condition that the TD,, values were dependent on the collection
of dose-response models used for this particular list of 67 compounds and because some dose-response
extrapolation was required between the experimental doses tested and the TDsy,. In principle,
extrapolation to higher doses is required for some compounds and to lower doses for others.
Considering the variability commonly associated with toxicological data, it seems remarkable that 68%
of the estimates fall within an order of magnitude of the relative-potency adjusted median value for
both the TD;, and the maximum experimental dose tested as seen in Fig. G.11. This order-of-
magnitude accuracy is remarkable given the level of variability usually associated with various
bioassay results for a particular compound. The next section will demonstrate how the relative potency
for a particular compound can be used to estimate future regulatory guidelines or risk coefficients
depending on whether the compound becomes considered as a carcinogenic or non-carcinogenic
substance.

G.5.4 Prediction of Regulations or Permissible Exposures Based on RP
G.5.4.1 Reference Dose

Jones, Owen, Trabalka, Barnthouse, and Easterly (1991) used RASH-based relative potency values and
EPA reference dose (RfD) values for mercury, lead, toluene, pentachlorophenol, cresol, phenol, and
barium to estimate permissible near-term concentrations in drinking water for currently unregulated
compounds. These seven substances were selected based on the consideration that each has been used
extensively and major regulatory changes are not expected unless a substance becomes reclassified as a
carcinogen, neurotoxin, or teratogen with respect to human health. A regression equation was
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Fig. G.9. Scatter plots of the potency of 67 compounds relative to 5 different reference compounds
taken two at a time.
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Fig. G.10. Median relative potency values from Table G.5 were compared with the TD,, estimates
from Gold et al. (1989) and the maximum doses tested in the 2-year rodent carcinogenesis tests.
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Table G.6. Fitted values for a log-normal frequency distribution function comparing
potency-adjusted TD;, and maximum doses tested for rats, mice, and mice plus rats
The “untransformed” values are based on a unit relative potency for B(a)P

Data fitted Log 10 mean Log 10 sigma Untra;:icr)lrmed Untx':ixlgs;?:ncd
RP x TD50 (mouse) 0.299 0.972 2.00 mg/kg/d Factor of 9.38
RP x TDS0 (rat) 0.0848 1.06 1.22 mg/kg/d Factor of 11.5
RP x TDS50 (both) 0.158 1.04 1.44 mg/kg/d Factor of 11.0
RP x Max-D (mouse) 0.84 0.877 6.92 mg/kg/d Factor of 7.50
RP x Max-D (rat) 0.499 0.822 3.16 mg/kg/d Factor of 6.63
RP x Max-D (both) 0.617 0.865 4.75 mg/kg/d Factor of 7.32

developed to estimate permissible concentration for any new compound i in drinking water from that
new compound’s RP; on the scale normalized to unity for B(a)P:

Concentration; (mg/L) = (0.022 mg/L)/RP; .
G.5.4.2 Carcinogenic Risk Coefficients

Similarly, Jones, Owen, Trabalka, Barnthouse, and Easterly (1991) used risk coefficients derived by
the EPA Carcinogen Assessment Group (CAG) to estimate risk for a compound which might
eventually be reclassified as a carcinogen. Risk coefficients for known human carcinogens beryllium
oxide, chromium VI, acrylonitrile, nickel subsulfide, coke oven emissions, nickel refinery dust, arsenic,
benzene, cadmium, and benzidine were based on epidemiological data and were selected because they
do not seem to include the inflated upper-limits found in slope factors (i.e., risk coefficients) based on
animal experiments. Slope factors were adjusted to account for oral intake. From an analysis of RP
and slope for the ten substances, an estimate of risk based on RP; and dose D, becomes

Risk = 4.7 x RP, (mg/kg-d)™” x D, (mgrkg-d) .
G.5.5 Common Scale for Radiological and Toxicological Hazards

Dose units between radiological and chemical hazards are quite distinct in spite of earlier agency goals
of developing a generalized method for chemical dosimetry. Due to lack of progress with respect to
generalized chemical dosimetry based on fundamental considerations such as structure-activity
relationships or ionic configuration, most comparisons are currently reduced to the exercise of
comparing insult levels that elicit a particular level of response in a selected bioassay. This brings us
exactly back to the recommendations of Committee 17 of the Environmental Mutagen Society that
were made before the venture into generalized chemical dosimetry.
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Fig. G.11. Cumulative log-normal frequency plots for potency-adjusted to TD,, doses (Gold et al. 1989)
and maximum doses tested (Gold et al. 1984).

G.5.6 Common Scale for Radiological and Texicological Hazards

The common-scale approach seems to be best served by comparing the radiation dose of exposure with
the chemical dose counterpart—both transported to human organ tissues of risk—for one or more
index response levels where comparisons are possible—hopefully, where effects of mathematical
interpolation and extrapolation models are minimized. The index response level should be chosen
based on the available test data for the selected bioassay used to bridge from radiological to chemical
effects. Then the respective doses, both radiological and chemical, associated with the common
response can be compared with their respective hypothetical human exposure counterparts. The
algebra, in this case, helps to clarify the words as seen in Table G.3.

A strategy for direct comparison of risk from radiological exposures relative to risk from an alternative
chemical exposure can be demonstrated as shown in Table G.3. If R is used as the effective dose of
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concemn from depleted uranium and C is the chemical dose of concern from tungsten, then these two
insults are expected to have differential degrees of toxicity/risk/hazard and that differential effect can
be estimated directly from the classical hazard index formulation. The typical hazard index for either
radiological or chemical applications involves comparison of an exposure or dose of concern
(numerator of a ratio) to a regulation, guideline, or reference exposure expressed in the same units
(denominator of the ratio). The denominator of the two hazard index quantities should be associated
with equal levels of response in the same bioassay. Thus, a natural common scale is established
between radiological and toxicological exposures. Because the hazard index ratio is without dose units
(i.e., R/ri for radiation and C/ci for chemicals, where ri is identical to ci in the bioassay of choice) a
hazard index for depleted uranium can be compared directly with its counterpart for tungsten—at least
in theory.

Radiation comparisons, in general, are readily established because the dosimetry concepts apply to all
ionizing radiations of different linear energy transfer (LET) or ionic stopping power qualities.
Furthermore, radiation has been tested in various bioassays such as those listed in the RTECS for
assessments of chemical toxicity. Table G.7 lists radiation dose-response values usable as the
denominators of various hazard indices.

For chemical compounds, as with radiation, it is only required that the hazard index be unitless.
Therefore, for in vitro tests the insult may be expressed in concentration as with mg/L or in the form
of Haber’s dose based on the product of concentration and exposure time. Similarly, for dose to in
vivo targets, the insult can be expressed as mg of insult per kg of body weight or alternatively as the
integral of organ concentration as a function of time, over time. Either can be used, and the choice
may depend upon the available data and whether realistic or upper limit estimates are required. Dose-
response data for bioassays that can be compared to the radiological assays described in Table G.7 can
be taken from the RTECS, the published literature, or new laboratory data taken when the published
data are inadequate to answer the questions of concern.

G.5.7 Relative Potency Values for Tungsten and Its Compounds Compared
with Sedium Chromate

The following comparisons will be based on the same five reference compounds that were used to
demonstrate relative potency relations to the TDs, and the maximum dose tested in the NTP data base
as prepared by Gold et al. (1989 and 1984), viz., B(a)P, nicotine, cisplatin, aflatoxin, and
cyclophosphamide. Because few bioassay results are available for tungsten compounds, it seemed
desirable to select a demonstration compound for comparison purposes that has been tested more
extensively and, as a metal, has some implications regarding the toxicity of tungsten.

Because chromium is also in Class VI-B of the periodic table, sodium chromate (CrO,.2Na; CAS #
7775-11-3) was used since it has been tested in a variety of bioassays. In addition to demonstrating
how the relative potency array is generated for sodium chromate, it provides data that could be used to
create several denominator values required for the numerical bridges associated with the hazard index
scales for radiological and toxicological hazards.

The bioassay data available from RTECS for sodium chromate are listed in Table G.8. The test
systems include a number of short-term in vitro bioassays as well as LDy, and LD |, data from acute
toxicity studies in vivo in several mammalian species. The in vitro bioassays include, among others,
tests for mutation in microorganisms, DNA damage and repair, gene conversion and mitotic
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Table G.7. Bioassay-specific radiation dose-response values
for the denominator of the hazard index formulation

30 Day Lethality to Humans or Test Animals:
LDy, = 4/3 X LDg;;

LD, = 290 cGy [Humans—for animals see
publications of Morris and Jones for species, sex,
strain, radiation, dose, rate, and time of protraction
forces on the LD, The data base is enormous but
is readily available to the experienced user via the
ORNL report by Jones et al. (1986);

LD,, = 2/3 x LD, (Jones, Morris, and Young
1994).

Cancer Risk:
Risk = 0.00071 x Dose (cGy) (UNSCEAR 1988).

Occupational Limit:
5 Rem/yr.

Natural Background:

Terrestrial = 28 mrem/yr; Cosmic = 27 mrem/yr;
Internal = 39 mrem/yr

Radon = 2.4 rem/yr

(NAS Biological Effects of Ionizing Radiations
BEIR V, 1990).

Mammalian Cell Survival:

Hela: S = 1 ~ [1 — exp{Dose/128}]

Human Embryo: S = 1 — [1 — exp{Dose/221}}
Hamster: S = 1 — [1 — exp{Dose/132}}**

Rabbit: S = 1 — [1 — exp{Dose/125}]'

Mouse: S = 1 -~ [1 — exp{Dose/115}}

Mouse Lymphoma: S = 1 — [1 — exp{Dose/114}]'
Mouse Marrow/Spleen: S =1 - [1 —
exp{Dose/115}]* (Casarett 1968).

Mammalian Cell Mutation:

Yield (6TG¥/10° cells) = 0.04 + 6.0 x Dose (cGy)
(TK-6 human diploid lymphoblasts; Grosovsky and
Little 1985).

Chromosome Aberrations in Mammalian Cells:
Acute Exposure:

Yield (per cell) = 0.0476 x Dose (cGy) + (6.19 x
10*) x Dose? (cGy) (Human lymphocytes; Lloyd et
al. 1975).

Acute Exposure:

Yield (per cell) = 0.01 + (1.9 x 10 x Dose (cGy)
+ (1.8 x 10°%) x Dose? (cGy) (CH Liver Cells;
Brooks et al. 1971).

Chronic Exposure:
Yield (per cell) = 0.02 + (3.3 x 10*) x Dose (cGy)
(CH Liver Cells; Brooks et al. 1971).

SCEs in Mammalian Cells:

Yield (per mitosis) = 5.50 = (0.050) x Dose (cGy)
(G, of Human Lymphocytes; Abramovsky et al.
1978).

Yield (per mitosis) = 5.60 = (0.0075) x Dose (cGy)
(G, of Human Lymphocytes; Abramovsky et al.
1978).

Micronuclei in Mammalian Cells:

Yield (per cell) = (1.17 x 107) x Dose (cGy) + (8.7
x 107) x Dose? (cGy) + 0.0129 ’

(Human lymphocytes; Prosser et al. 1988).

Yield (per cell) = (1.39 x 10°) x Dose (cGy) +
(3.68 x 107%) x Dose? (cGy) + 0.0113
(Human lymphocytes; Kormos and Koteles 1988).

Mutations in Drosophila Sperm:
Yield (per cell) = 0.002 + (2.24 x 10~ %) X Dose

(cGy)
(Spenser and Stern 1948).

Cytotoxicity of E. Coli:
Yield = (3 to 5 x 107°) ¢Gy™!;
(Diver 1982; Karran 1980; Purdy et al. 1979)

Mutations in E. Coli:
Yield = (4 x 107°) mutants/(survivor-cGy)
(Demerec 1985)
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Table G.8. Toxicological test data for sodium chromate (VI) [RTECS #GB2955000]

RTECS No.

Test
class®

Test type

Dosage

Units Timing

GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000
GB2955000

[

1
1
1
1
1
1
1
1
1
1
1
2
4
4
4
4
4
4
4
4
4
4
4

dnr-sat
mmo-esc
dnr-bcs
mmo-smc
mrc-smc
dnd-ham-Ing
cyt-ham-Ing
cyt-ham-ovr
sce-ham-ovr
sce-ham-Ing
msc-ham-Ing
dnd-ckn-emb
ipr-rat TDLo
irp-rat LD50
inv-dog LDLo
inv-cat LD50
scu-rbt LDLo
inv-rbt LDLo
idr-rbt LDLo
skn-gpg LDLo
ipr-gpg LDLo
scu-gpg LDLo
idr-gpg LDLo
ipr-mus LD50

50
50
5
25
25
200

5
57
235
164
243
32
250
206
206
30
382
32

mmol/L
nmol/L
mmol/L
mmol/L
mmol/L
pmol/L
nmol/L.
ug/L
ug/L

mg/kg

“0O = irritation; 1 = mutation; 2 = reproduction; 3 = tumorigenic; 4 = acute toxicity.

recombination, and chromosome effects. Based on these data, relative potency values were generated
for sodium chromate relative to B(a)P, cyclophosphamide, nicotine, aflatoxin B,, and cisplatin,
converted to a common scale based on B(a)P for which RP = 1, and are displayed in Table G.9.

The limited bioassay data for tungsten and three of its compounds as obtained from RTECS are
presented in Table G.10. Nearly all of the values derive from acute toxicity testing (LDs,, LD,, TD, )
of a few mammalian species by various routes of administration. The very sparse information from in
vitro bioassays includes one microbial mutation value, two data points from cytogenetic studies, a few
gene conversion and mitotic recombination values and two from phage inhibition capacity assays.




9 vL 8 tL Jes SoyaleN

T8 80'8 (A I I 000SL9¢rd 8-7€-0S d®)dg
L 8 L 8 8 SAYDIBN
91 91 LT Ll LT0 €€°0 000S$629D €-11-SLLL (IA) @rewoxyd wnipog

€ € [4 [4 [4 SoUdeIN -

vT0 LTO ¥T'0 81°0 8%°0 910 000006L0A T-01-£1201 "A'S’S ‘proe onsgun, Mu
14 9 L S £ SO
¥£0°0 1€°0 7100 6500 810°0 ¥€0°0 000SL8LOX T-Sh-TLYEL ales3um wnipog
T (4 (4 (4 0 SoUAEN
880°0 Tro 72000 880°0 880°0 AN 00009LLOX 8-SE-vIEl apIxo uaysguny,
I (4 I (4 I s3I
L10°0 100 L10°0 £600°0 7500 00LT  O0OSLILOA L-€E-0bYL uys3uny,

PO dstp XOyeyy 100IN ydopoh) d®d # SOALA #SVD punoduroo 3537,

31qe) 9y} Jo w0)joq Y} Je PIISK saujod 0) Fulpiodde pIzIpIepue)s M upe|dsp pue ‘uIxojepe ‘OuodNu
‘opruoydsoydop Ao ({J(e)g Joj Loudjod jun Ag pIaxIpul I[eIS UCWINIOD B 0) PAHNIdAUOD [[¢ unpeidsp pue ‘g uixojeyje ‘ounoaiu
‘pruoydsoydoa£d ‘J(e)g 03 aApe[al jewroayd wnipos pue spunodurod ud)ssuny anoj jo Loudjod 3y Jo Liewmng *¢' qe],




Table G.10. Bioassay test data for tungsten [Y07175000], tungsten oxides [YO7760000], sodium
tungstate [YO7875000], and tungstic acid, sodium salt, dihydrate [YO7900000]

RTECS No. Cﬂf:ssst,, Test type Dosage Units Timing Sex
YO7175000 4 ipr-rat LD50 5000 mg/kg
YO7175000 4 inh-gpg TD 150 mg
YO7175000 4 inh-gpg TD 250 mg/kg
YO7175000 4 unr-rat LDSO 2000 mg/kg
YO7175000 2 orl-ckn TDLo 0.61 mg/kg 150D pre
YO7175000 2 orl-rat TDLo 1.16 mg/kg 30W pre/1-20D preg
YO7175000 2 orl-rat TDLo 1.21 mg/kg 35W pre
YO7175000 0 skn-rbt 500 mg 24H MLD
YO7175000 0 eye-rbt 500 mg 24H MLD
YO7760000 4 orl-rat LD50 6417 mg/kg
YO7760000 4 inh-rat TD 250 mg/kg
YO7760000 4 orl-rat TD 840 mg/kg
YO7760000 4 orl-rat LD50 1059 mg/kg
YO7875000 4 ims-rat SD50 221 mg/kg
YO7875000 4 ims-rbt LD50 105 mg/kg
YO7875000 4 inv-cat LD50 139 mg/kg -
YO7875000 4 orl-ckn LD 650 mg/kg
YO7875000 4 orl-gpg LDO 500 mglkg
YO7875000 4 orl-gpg LD50 1152 mglkg
YO7875000 4 orl-mus LD350 240 mg/kg
YO7875000 4 orl-rat LDO 700 mg/kg
YO7875000 4 orl-rat LD50 1190 mg/kg
YO7875000 4 orl-rat LD50 8840 mg/kg
YO7875000 4 orl-rbt LDO 500 mg/kg
YO7875000 4 orl-rbt LD50 875 mg/kg
YO7875000 4 scu-dog LDLo 140 mg/kg
YO7875000 4 scu-gpg LDILo 810 mg/kg
YO7875000 4 scu-rat LD50 240 mg/kg
YO7875000 4 scu-rbt LDLo 78 mg/kg
YO7875000 2 inh-rat TCLo 504 pg/m’ 24H 17W male
YO7875000 1 pic-esc 5 mmol/L
YO7875000 1 mrc-dmg-orl 1.00E+00 mmol/L




Table G.10 (continued)

RTECS No. cT:;;“ Test type Dosage Units Timing Sex
YO7875000 1 mrc-smc 100 mmol/L
YO7875000 1 Mmo-smc 100 mmol/L
YO7875000 1 sin-smc 100 mmol/L
YO7875000 1 mrc-ham-emb 0.1 mg/ml
YO7900000 4 ipr-mus LDO 99 mg/kg
YO7900000 4 ipr-mus LDS50 135 mg/kg
'YO7900000 4 ipr-rat LDS0 204 mg/kg
YO7900000 4 ipr-rat LDO 66 mg/kg
YO7900000 4 orl-gpg LD 1304 mg/kg
YO7900000 4 orl-gpg LD 791 mg/kg
YO7900000 4 orl-gpg LD 781 mg/kg
YO7900000 1 cyt-hmn-lym 10 mg/L
YO7900000 1 pic-esc 412 pg/well
YO7500000 1 cyt-hmn-lym 30 mg/L
YO7900000 2 inv-mus-TDLo 330 glkg 8D preg

%0 = irritation; 1 = mutation; 2 = reproduction; 3 = tumorigenic; 4 = acute toxicity.

Most of these in vitro data are for the more soluble sodium tungstate, a few for tungstic acid, and none
for tungsten or tungsten oxide.

Given this small data base, the number of usable matches with data on the five reference compounds
was quite small, but sufficient to calculate relative potency values and then convert to a common scale
using the potency of B(a)P = 1.0 as described previously. The relative potency values for tungsten and
its compounds are shown in Table G.9; note the general similarity of potencies for tungsten, tungsten
oxide, and sodium tungstate against most of the reference compounds and in the common scale despite
the limited matches in assay data on which to base calculations. The relative potency data for sodium
tungstate based on the five reference compounds are plotted individually in Fig. G.12; a combined plot
is also shown for which all comparisons are put on the common scale with the potency of B(a)P = 1.0.
From this combined figure, the very limited available data suggest that tungsten, if it were a
carcinogen, would have a potency of about 0.04 relative to B(a)P with one standard deviation having a
range of 0.004 to 0.4. Because the data are so limited, this estimate of potency may not be as reliable
as those obtained for other substances where useable data were far more plentiful.

For comparison, the relative potency of sodium tungstate was compared directly to that of sodium
chromate (VI) using data from five bioassays in common between them. The results are illustrated in
Fig. G.13. The median potency of sodium tungstate is about 20% that of sodium chromate in this
analysis, a concordance that gives some confidence in the results obtained for the tungsten compounds
despite the uncertainty inherent in the limited number and types of assay data on which to base
potency calculations.
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Fig. G.12. Graphical comparisons of potencies completed in Table G.9.

As described earlier, the potential risk of cancer for a compound of potency RP; relative to B(a)P can
be estimated by:

Risk = (4.7 X RPyp,p) X Dose (mg/kg-day) (Jones 1995) .

This risk factor is based on data normalized to B(a)P and assumes a lifetime (70-year) oral exposure
because it is derived in part from EPA slope factors for ten human carcinogens identified through
epidemiological analyses. From the above relationship and the potency of 0.04 for tungsten compared
to B(a)P, one can calculate the lifetime ingestion rate or dose associated with any chosen level of risk.
For example, to maintain a lifetime risk from continuous exposure at or below the 1 x 107 level, the
ingestion rate of tungsten would need to be at or below:

Dose, =1 x 107/ [4.7 x 0.04] = 1.9 x 10 mg/{kg-day}
Dose,, = 1.9 g/{kg-day} .

G-48




d®
On
|
|

~
-
i
I

SRR P P TR R R TXE TR TR R T LY T Y gy iUy eap ey

Frequency (%)
AN
e

107 10°
Sodium Tungstate to Sodium Chromate

Fig. G.13. From the few common bioassays for sodium tungstate and sodium chromate (VI), it appears
that the median potency of sodium tungstate is about 20% that of sodium chromate.

Again, it should be stressed that tungsten and its compounds have not been identified as carcinogens
nor has carcinogenicity been ruled out; the only animal data are equivocal and no human data are
available. Should tungsten eventually be found to be carcinogenic, this preliminary analysis of
estimated potency leads to the above ingestion rate corresponding to the 1 x 10~ cancer risk level.

G.6 TOXICOLOGICAL DATA NEEDED FOR TUNGSTEN

From the current philosophy that compensatory cell proliferation is associated with all stages of
carcinogenesis as reviewed earlier, and that most other bioassays directly address mutagenic potential
for alterations in the DNA of a cell or demonstrate through clastogenic action that a compound has left
its signature in the tissues at risk, the available bioassay results cannot readily be dismissed as
irrelevant to potential hazards from tungsten. As noted earlier, the observation by Ecobichon (1992)
that “A basic tenet of toxicology is that the more frequent a specific adverse health effect can be
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measured in different animal species, the greater is the likelihood that, at some dosage, a similar
effect might occur in the human.”

For both of these reasons which may not necessarily be distinct, it is highly desirable to have a wide
diversity of bioassay results for both radiological and toxicological hazards. From such an array of
independent estimates of the hazard index, one can easily compare the mean values and variances of
the log-normal distributions. One can also evaluate whether the bioassays or data considered directly
relevant to carcinogenesis are supported by the other bioassays relevant to initiation or promotion. It is
far more informative to compare frequency distributions than to implement the common approach of
comparing point estimates that may have been badly distorted by the use of assumptions and linear
extrapolation models.

The available data base for tungsten and its compounds is quite limited as seen in Table G.10,
particularly with regard to short-term bioassays. The low solubility of most forms of tungsten may
limit the compounds that can be tested in vitro, but additional assays could certainly be done using the
more soluble forms such as sodium tungstate. It would be desirable to pick assays to match available
data for the reference compounds when possible, but it would also be valuable to obtain data
concurrently on tungsten and the five reference compounds for measures such as cell proliferation,
cytotoxicity, cell turnover, and other relevant endpoints for which no data are already extant.
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