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l. Chemical Properties

Polychlorinated bdiphenyls (PCBs) are a farily of corpounds produced
by the total or partial chlofina:ion of biphenyl. There are ten pos-
sidble hydrogen bonds vhich can scce=modate chlorine substitution in a
biphenyl molecule. A specific chlorobiphenyl moleculs may be referred
to by nazing the positions of the chlorine atoms according to the dia-
gram in Figure 1 (National Institute for Occupational Safety and Health
(NIOSH), 1977). 1Io naxing & particular molecule, the lovest possible
nuttbers are assigned and the ring with the fewvest chlorine substitutions
is assigned primed numbers. See Figure 2 for examples of the naming
convention.

Yhen two compounds have the same number of chlorine substituents
on the biphenyl molecule but the substitutions occur in different
locations, the twvo compounda are called isomers. The class of chloro-
biphenyls consisting of one type of isomers is referred to using a
prefix denoting the number of chlorine substituents, a.g. pentachloro-
biphanyls. Thers are ten possible chlorobiphenyls and 209 possible
individual isomers. The tars PCBs is used to refer to a complex mix-
ture of different chlorobiplienyls and their isomers (Nisbet, 1976a).

Tha synthesis of a pure sanple of a specific chlorebiphenyl in
the lgboratory is quite difficult becsuse the chlorinatfion process of
biphenyl naturally forms mixtures of many PCEs, DBacause some chlorine
substitution pattarns are sore likely than others, some isomers are

more likely to occur than others and this in turn causes some of the

1
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Figure 1: Biphenyl molecule and ring nunbering system

Cl cl cl
€l
cl Cl
L ] -
3,3, 4-trichiorocbiphenyl 2'.,3,4",5-tetrachlorobiphenyl

Figure 2: Examples of the numbering system for chlorobiphenyls
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chlerobiphenyls to be rore abundant than others. For exarple, a
chlorobiphenyl cozpletely chlorirated on orne ring and unzhlorinated
on the other i{s not likely to appear (Environmental Protection Agency
(EPA), 1976).

PC3s are produced commercially dy the ehlerination of bdbiphenyl
vith anhydrous chlerine in the presence of a catalyst, usually iren
filings or ferrie chloride (EFA, 1976). The chlorination process is
terpinated at a particular step in order to produce a mixture of
chlorinated diphenyls with an aversge percentage of chlorine. These
ervde isomeric mixtures are further refined to remove color, traces
of hydrogen and the catalyst by a distillation process (EPA, 1976).
PCI products zade by Monsanto are called dy the trade nane "Aroclor”.
Varying kinds of Aroclors are designated by a four-digit number, e.g.
Aroclor 1234 or Aroclor 1242, The first two digits refer to the fact
that biphanyl is pade up of twvelve cardbon atoms, and the second two
digits refer to the approximate percent by wveight of chlorine in the
mixtura. Thus, Aroclor 1254, a mix:.ure of chlorinated diphenyls,
vould contain by weight, 54X chlorine and 462 carddn, hydrogen and
trace elements. Aroclor 1254 would sot alwaye contain the exact same
amount of a particular coopound since commercial mixtures wvill vary
from dbatch to batch, but the relative amounts of the ten isomer classas
will stay the same frem datch to batch.

One exceaption to the usual Aroclor nomenclature is Aroclor 1016,
vhich vas introduced in 197] to gradually replace Arcclor 1242. Areoclor
1016 fs cooprised mainly of tri~ and tetrachlorobiphenyl compounds and

eontains 41X chlorine by wveipht. It diffecrs {rom Aroclor 1242 in that
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the latter contains a greater percentage of the more highly chlorifiated
cempounds (K10SE, 1977).

In Japan other PCD products vere marheted under the trade names
“Santothers” ané "Kanechors" 300; 400, %00, and 609. 1In Gerrmany PCR
products were marketed under the trade neme "Clophens” A30 ond A60,
and in France under the nanes "Phenoclors” and "Pyralenes” (KIOSH,
977,

Studies of the commercial preparations vith PCBs have turned up tve
interesting facts. First, about half of the 209 possible isomers do
not occur in the cormercial mixtures. In fact, Aroclor 1248 contains
less than 50 separable isoners. Second, trace contaminanta
such as polychloro naphthalenes and polychloro dibenzofurans (PCDF) hcve been
found in sonme satples of PCIs. The contamination msy occur during
the manufacturing process (II1QSR, 1977).

PC2s have several physical and chemical properties of both in-
dustrial and environmental interest. Even through the basic properties
of the different coomercial PCE mixtures depend on the particular
mixture of chlorobiphenyls in the specific preparacions, the mixtures
are enough alike that the Aroclors can be used as & basis for discuzsion
of these properties (EPA, 1976). Commerciasl PCB mirtures can be mobile
oils, viscous liquids, sticky resins or crystalline solids at room
temparTature, Their color ranges from clear to yellow to yellov-green
to black. A more conplete listing of physical properties is given in
EPA (1976), p. 40.

Chemically, PCBs are vary stable organic compounds, exhibiting
a8 high hest capacity, lov electrical conductivity, a resistance to

oxidation, low vapor pressure and exccllent dielectrie properties.
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PCDs are quitc stable to long heating and those PCE liquids ufgh four
or more chlorine atoms are non~{la=mrmable as are their vapors. Al-
though PC2s are not very soluble in vater, wvith this solubility decreas-
ing vith increasing clerine content, PCEs are quite soluble in hydro-
carbon .solvents, lipids and in o0ils. Also the sdsorption rate of P(C3s
onto plastic, glass, dust particles, silt and sand is high. BRecause
of these "attractive” chenical properties, industry has made exten-
sive use of PCEs, mostly in "closed" or "senmi-closed” systems such as
alectrical transforuers and capaciters, and in heat transfer systecs
(EPA, 1976).

When it became evident in the lace 1960's that PCBs had betone
an envirernmental pellutant, Monsante Co. veluntarily phased out pro-
duction of Aroclors 1232, 1248, 1260, 1262 and 1268 in 1971. lYonssnto
also began selling PC3s for use in "clecsed” electrical systezs enly
and, ss oé 1975, wvas producing only Aroclors 1221, 1016, 1242 and 1254

(Nisbet, 1976a).

2. Foed and Ernvironmental Centarination

The particular combination of physical and chemical properties
in chlorobiphenvls that led to such a videspread usage of PCBs in
industry is alsc an important facter in the proccss of PCRs becoming
snvironoental pellutants (EPA, 1976). Some of the more significant
properties include low solubility in vater, high solubdilicy in lipids
and high specific gravity. To deternine the impact of PC2s as en~
vironmental pollutants and {ood contaminants, it is necessary to
determine first how they are released inte the environment and, secondly,

hov they are dispersed throughout the environmant.
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2.1 Poutes of Contaminycien and Environmonra) Distributjon

There are bhasically three vavs that PCEs can be released into
the environment. First, there is intentional disposal of PCPds and
products containing PC2s, mestly into durps and landfills. Second,
there is disposal into vater, ineluding losses of industrial fluids
and deliberate ducping of industrial wvastes. Third, PCBs are relcased
into the air, including vaporization froo plasticized products,
releases from incomplete burning in dumps or incinerators, and re-
leases fron burning scrap products (Nisbetr, 1576b).

There are two cajor methods of transport once the PC3s are in
the snvironzent. PCBEs are transperted aerially in the form of a vapor
or because they are trapped on airborne dust particles (EPA, 1976),
and eventually return to sarth in rain or dustfall, PCls are trans-
ported through vater in several vays including the covement of
sediaent containing PCBs, durping sewage sludge in the occean and
direct leaks from cosastal industries (Kisbet, 1976b). Due to the
low solubility of PCBs in vater and/or the high specific gravity of
PC3s, most of the PC3s discharged into the vater will either be ab-
sorbed inte the sediment at the bottoa of the body of wvater or svaporate
into the air. The latter possibility is evidenced by a co-evaporation
study on Aroclor solutions, and since each Aroclor is wmade up of dif-
ferent {somers of sevarasl chlerobiphenyls, the vapor pressure or
solubility of a particular Aroclor really represents an average over
{ts various isomeric components (EPA, 1976). The former possibility
{3 evidenced in a study of drainage basins in the United Statas and
Puerto Rico vhere it wvas spparent that bottonm sediments centained much

higher concentrations of PC3s than did overlying vater (EPA, 19706),
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presumably because of the high specific gravity and low solubility in
vater of PCRs (Dennis, 15976).

PC2s are available for introduction inte food chains through the
above methods of release into th; ervironment. The PCBs are taken
in by biota directly, through absorption, or indirectly, through a
food chain, That biological rmagnification can occur has been ok-
served in the wide ranging sccusulation of PCBs within the siota,
vhere cxtrcmeiy large loads are found in the highest menmbers of the
food chain (EPA, 1576). It has been dedonstratad in the laboratory
that fish can accumulate PCEs to concentrations as much as 274,000
times the concentration of PC3s in wacer (Nisbet, 1976a).

Food vay be contaninated by PCBs alse through mschine leaks, such
as heat transfer equipment leaking during pasteurization, contamination
of packaging materials (recycled paper) and contamination of animal
feed vhich leads to contamination of meat and poultry,

Mothers' milk has alse been found to contain PCBRs.

Polychlorinated biphenyls are very persistent in the environment.
The mere highly chlorinated biphenyls are more resistant to degradation,
resulting in & "differential persistence” of PCBs. The selective degrada-
tion of PCBs has an sffect on wvhich of the Aroclors are most persistent

in air, vater, fish, and in huzans. Most of the FCBs {ound in dry
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fallout and in the ajr resemdle Aroclor 1254 (Nisbet, 157G6e¢). 1n a
study done by the U.S..Department of Interior’s Ceological Survey on
PCEs contained in vhole wvater saqplcs and in bottom sediments in the
msjor drainage tasins of the United States and Puerto Rico for 1971-
1974, the predexinant PCB detected vas Aroclor 1254 (Dennis, 1576).
‘In other studies though, cocbinations of PCEs are reported: in sacples
of both bottom and suspended sediment taken from the upper Chesapeake
Bay Aroclors 1254, 1262, 1242 and 1245 wvere found (Munson, et al., 1976).
A study by Sanborn et 21. (1976) on the green sunfish demonstrated
that in fish a main difference in metabolisn comes betwveen trichloro~
biphenyls and tetrachliorobiphenyls, with a relatively efficient storage
of tetrachlerobiphenyls. This is also evident in data from the 1970
NXational Pesticide Residue Monitoring Program in which substancial
fractions of Aroclor 1248 occurred in fish taken from the Ohic and

Hudson Rivers. (Walker, 1976). McDhermot:, et al. (1976) found that

Aroclors 1254 and 1242 vere present in Dover sole tiken near discharge

points of southern California vastevster plants in the ratic of 2:1
while the ratio in the wvastevater was about 3:8. This last exasple
would imply that other factors such as the sediment load or solubility
of a parcticular PCB are involved in determining the levels of PCBEs in
fish. Another facter is the phenomenon of biocaccumulation, the con-
centration of PCBs in the tissues at much higher levels than in the
surrounding vater. This is due primarily to the fact that PCBs are
highly seluble in lipids ané not very soluble in water.

In humans there is differential storage of the more highly
chlorinated biphenyls, and the less chlorinated isemers are either

petabelized or excreted. Results of studics on residucs in human
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adipose tissue indicate Lhat the chldrohiphcnyl compounds most often
found vere the penta~, hexa~, and heptachlorobiphenyl compeunds, in
amounts most corcparable to éhose prevalent in Aroclors 1254 and 1260
(Kutz and Scrassman, 1976). 2ut hu=an food monitoring indicates tha:
most hucans are exposed to PCBs throuci: diet, and that most PCEs in
huran food are in fish. This would arparently contradiet the fac: that
substantial quantities of tetrachlorobiphenyls are found in fish. What
apparently happens §s that humans may'bc exposed to these less highly

chlorinated biphenyls but do not retain them (Nistet, 1976¢).

2.2 levels in Food from the FDA Totsl Diet Program

In the FDA Total Diet Frogram (Johnson and Manske, 1977), a mar-
ket basket of food representing the basic 2-ves)k: diet of a 16-to-19-
year-old nale is collected in cach of several geojraphic areas. The
various foods are prepared in the manner in vhich they would normally
be eaten and are then analyzed for the presence of varioua substances
ineluding PCBs. The lowest concentration at which it is posaible to
quantify the level of PCEs present is .05 ppm. Llevels detected belov
this level are recorded as "trace”. The results of these studies

pertaining to PCBs for the fiscal years 71-76 are sumrarized in Table 1.
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-avje 1: TJotal Diet Studies-American teenage male

Percent of composites containing PCB's
Foqd—gi—ass composiles
0ils,

Dairy 1ieat, Grain Legume Root fats Sugers
fiscal pro- fish & & cereal vege- vege- Garden & short- and
Yeer ducts poultry products Potatoes tables tadles fruits ening adjuncts
1571 47 13
1972 6 46 6 6 3 3 17 6
1973 10 33 1? 3
1974 43 3
1875 40
[yst
hal f)

1976 15#

* Manske (1979), personal communication
Source: Jelinek and Corneliussen (1976)

(Ko entries signify zeros)

Table 2: Estirmates of daily PCB intakes
{Total Diet Study-tesnage male)

Averaoe c2ily in‘zhe of P(5's?

Fiscal Total diet Meat-fish-poultry food ¢lass
year {ug/day) {wg/day)
19N 15.0 9.5
1972 12.6 9.1
1973 13.1 8.7
1974 8.8 8.8
1978 (st 8.7 8.7
half)
1976 3.3 3.3

%Lower 1imit of quantitative reporting = 0.05 ppm with
analytical method employed.

* MHanske (1979),personal communicotion

Source: Jelinek and Cormeliussen (1976)
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The only food class in vhich PCis vere detected in 1975 or 1976 vas
maat, {ish ané poultry anc all of the positive ohservations were trace
values. It is likely that these positive finds are all due to PC3s

in fish sarcples.

Jelinek and Corneliussen (1576) estimated the microgran per day
intake of PCREs bared upon the FDA Total Diet Program. These values
which are listed in Table 2, must be vieved a3 only very crude esti-
pates since, in order to obtain them, nNumerical values had to be
assigned to trace observations. For those levels which vere reported
as trace, the decision vas nmade to consider thea to be at one-half
the quantitstive lower level of datsction, L.e., .025 ppm (Kisbet,

1976a).

2.3 levels in Fish

Zased upon the TDA Total Diet Study {Johnso= and Manske, 1977),
it appears that, for the U. S. population as a whole, the most signif-
icant exposure to PCEs from food is through fish. It does not seen
possible to evaluate adequately at this tine the overazll discridbution
of exposures to PCBs through cating fish. The distribution of total
fish consunption and consumption of tuna can be calculated from the
Scafood Consumption Study (Natjional Marine Fisheries Service, 197§6),
but the distribution of consunption of other species is not available.
Moreover, the concentration of PCB3s in fish 1s highly variadle, both
betvean species and vithin a single species. Fish caught further

offshore tend to have smaller amounts of FCBs than estuarine fish, snd
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fresh water fish caught in arcas of high FCL pellution i1end o have
the highest concentrations of PCBs.

Putler and Schutzmana (1978) reported on PCB residues {n Juvenile
estusrine fish as part of :ﬁe Yational Pesticide Monitoring Progrem,
This report is based upon 1524 analyses collected in 14é €Stuariey
nationwide during the period 1972 to 1976. The annual incidence of
PCB residues and the average residue discovered are given in Tsb), a,
These data indicate s possible gradual decline in doth the maximyy
residues observed and average concentrations. This s likely dyq
to the general curtailment in pro@uction snd uvse of thease cozpoundy .
Ir appesrs {roa Tadle 3, however, that PCBs will continue to cop-
taninste estusrine fish for zany years to come. Tadble & indicateg the
geographicsl distribution of PC3 residues in estuarine fish, 1w, noze
that sverage concentrstions vary widely from £iate t» stace, Althouen
these dats arc iﬁdicative of geographical distridution and time tre=mdg
of PCB concentrations, they only represent a lower bound to concengrg-
tions of PCEs in fish caught in these waters for human consutption,
This 1is becsuse the fish sampled vere generally no more than one Yeas
old, Fish csught for hunan consumption are usually older snd cona
sequently more heavily contaminsted with PCBs.

Walker (1976) surmarized the PCE levels in freshvarer figh 54
detercined by the Rational Fish and Wildlife Monitoring Progras,

Ceographicslly, the hizher concentrations azzear
to be associated with certain river systems havisg
industris] aceivity . . . . PCB residues expressed
#8 Aroclor 1254 vere found in five major river systers
in the Atlantic coastal region, with residues eoxceeding
5 mg/kg. Four of thicse stations had residues exceeding
10 mg/kgp during the last 5 ycars. Fish in four c! the

Great Lalcs stations had PCB concontrotions exceeling
the 5 mp/kp level and all stations reoported concentrations
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~able 3: Annual incidence of IDZT, PC3, and dieldrin residues in juvenile
wvhole fish samples, 1972-76

Reswiil, podet

DLY rcem Ditronim
Ne - [ 3 Mavavayna FXITITYY > Ravavarw Aviaatg k-] Metininm  Corpwervag

Yiad Jemrits Pornavg Agrannt Rynm g Poprvent _lnrm LT a Poseting Aoy

Y T3] a 11 Y] 3e «%0) [ Y 143 Y
" 11 » “7 ] L] b33 o9 [} 140 »
1 e ) [1 ] a Hid 2N e [ ] 143 12
s ne M 062 [ 1] » hn "wh 1 13 11
114 " » ni 11} i L 2 1) ] -— -

a0 hmanie pratagt Bf IRt gULAeiri Medmy of pPisice vampirr Tavmm v ach cRanal arad.

Source: DButler and Schutzmann (1978)

Table 4: Frequency and average concentration of PCB residues in juvenile

estuarine fish by coastal area, 1972-76

Ariresl

Faspumaty Corsine

Costran or Coutvay LITIY U8

Atis LIRL L TR FL FI¥1 Ll
Conautimut [ 1) Wathington siste M
Ryoar Iisng 3 Detyw=pee ”"e
Wew Yk [3] VYapinis [3 1]
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Yirginia 1] Rhads lane e
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Cotifernin M Maegiang 108
Fiordy ° » Kes Yark 242
Torms »n Lowiisns 4
Atshyms n Purrin Rup 24
Yiegin It sndn 1] Mow ais et
Warihongemn 1154 3] Mok Carnhng el
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Nueeh £ seabiap 1 Saeth £ ariling [1)}]
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Savn Coslmp ] Ttz L F]
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—— — —
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Source: Butler and Schutzmann (1978)
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excecding 0.5 mp/lg., In the Mississippi River systern,
the Allesherny and Chio wvere the hot spots, vith

seven out of the eight stations reperting residue
concentratidéns in excess of 5 mg/kg. Thirty-one of
thirty-five stations in this river svsiem reported
residues in excess of .15 mp/kg in the 1970473 s#=pling
prograzs., Tne highest residues, often exceeding 10
w3/hg were found in the Allegheny, Kanasha, Curherland,
Tennessee, and O:io Rivers along wvith stations on the
Mississippi River ar Mezphis, Tennessee, and the Kig~
souri River at Kernan, Missourd. Other monitoring
atations that were found to have residue levels ex-
ceeding 5 pg/kg during the serpling periods 1970-73
included: the Willisgnette River on the Columbia
system; the Rouge River in the Pacific coastal drainage;
the Sscrarmento River in California; the Chena River
tridbutary of the Yuken in Alaska; and the Rio Grande,
Alabvaca, and Mississippi Rivers in the Gulf Stastes
region., Only in twvo sample p&riods of 1972-71 and &n
the current monitoring senples, vhich are still yet to
be fully analyzed, hag there been a dovnward trend, but
this occurs only {= those sacples wvhere resicues are
not being detecteé. The stations vhere high residues
have heen noted in the past ptill remain relatively
contarinated with PCE. Unlike the decline of DOT in
Great Lalkes fishes, PCE concentTaticns do not sghew
significant changes and =zy trend upuvard in salmonids,

An analysis of PCB levels in fresh-vater fiah in New York State
from 1971 through 1975 by the Kev York State Department of Environ-
mental Conservation (Spagnoii and Skinner, 1977) indicated that
Rudson River fish contained the highes: known PCD concentraticns vith-
in the United States. Llevels in individual fish wera often found to
exceed 100 ppm. The highest individual concentration recorded vas
559.25 ppm in a large eel.

Lake Michigan is another body of water that has s high level of
contanination by PCEs. Table 5 shovs data f{rom 8 three-year study of
tue specics of Lake Michigan fish by the U. §. Fish and Wildlife
Service Laoboratory (Hurphrey, 1977). As shown, the PCB levels in lake
trout rose during the three year period and levcls in Coho salmon d5d

not chanpge appreciably.
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Table 5: PCB contamination in vhole fish*

15

. Collection | Length Sarple Mean PCR

Species & Location Year {inches) Size | Value {ppm)
1872 20 - 28 e 12.86 ¢ 4.75

Lake Trout

near South Haven 1873 20 - 28 30 18.93 = 2.08
1874 20 - 28 30 22.91 ¢ 3.75
1972 20 - 32 10 10.83 ¢ 2.12

Coho Salmon

near lLudingten 1873 20 - 32 29 12.17 ¢ 0.77
1974 20 - 32 30 10.45 2 0.92

*Data from the Great Lakes fishery Laboratory,
U.S. Bureasu of Sport Fisheries and Wildlife.

Source: Humphrey (1977)
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2.4 WBurman Exvosure from Corsuming Lakc Michiran Sporet Ficeh

A tvo year stuédy (15872-1974) wvas made under an FDA contrace
(Humphrey, 1977) of persons who regularly consumad PCB-contacinated
Lake Michigan sport fish and randumly selected persons who did not
consume such fish. A total of 18D adults participated in the study
including 91 vho consumed more {ish than recozmended by the Michigan
Departcent of Public Kealth (ne more than one meal per waek or 2%
pounds per year), 31 who consumed less than 6§ pounds per year, another
group vho consumed an intermediate amount, and 19 fish eaters vho
consumed fish primarily from Lake S5t. Clair wvhich are not as heavily
contaninated uith PCBs as {ish {rom Lake Michigan. A medical record,
a dietary record, and blood specimens were cobdtained for al)l participants.
Sucmaries of mean PCB levels of participants arranged by city of
residence and level of fish consumption i3 shown in Table 6. 1In 1973
those vho annually consumed 24 or more pounds of sport fish from Lake
Michigan had a mean blood PCB level of 0.073 ppn; persons nnnuallf
eating & pounds or less had a mean level of 0.020 ppm; persons eating
no fiah had averaged 0.017 ppm; snd persons eating 24 or more pouvnds
fron Lake St. Clair (vho resided in Algonac) had sn average dloed
level of .02) ppa. A conparison of PCE blood levels in peraons in the
group with highest consumption of Lake Michigan {ish to FCB levels
in these vho ate no f{ish revealed a highly significant difference in
mean PCB levels (p << ,001)., A similar comparison betwcen persona
vho occasionally ate Lake Michigan fish (1-6 pounds per year) with
those vho ate no fish also indicated s highly significant difference
(p << .002). The level of PCBs found in the blood of participants did

not change significantly from ycar to year, nor did it diwminish
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Year to ycar comparison of mean PC3 dlood levels for consumers of

f.':ll 6:
Lake Michigan fish
——* ¥ean Total PLE Value Yean Total PCB Value T
{ppm) 1873 {(ppm) 1874
o
Farticipant Group Participant Group
City Inter- ‘ Inter-
Control mediate | Exposed Control [nmediate |Exposed
iraverse City 0.017 0.026 0.0BD 0.01% 0.038 0.0&81
Yinistee 0.025 0.0568 0:108 0.028 0.028 0.120
Lwdington 0.021 "0.ou8 | 0.062 0.024 | 0.058 | 0.05%
South Maven 0.028 0.038 0.0823
tlponac - 0.02u 0.023
. —— o
Grovp Kean
Firse 0.020 0.0uN 0.0723 0.023 0.0ul C.075%
I Cities
Yauree; Rumphrey (1977)
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significantly when {ish consumptien vas elimirated for up to nine
menths., TPCB levels mcasured during the study in cooled Lake Michizan
fish are exhibited in Table 7. A comparison with Table 5 reveals that
levels in cooked fish appear to be only 1/6 to 1/4 the levels in rav
fish. Tne quantity of PCB ingested from eating Lake Michigan figh
averaged 46.5 og/year and ranged from 14.17 to 114.31 mg/year for the
9] participants eating moTe than 24 pounds per year. Within this

sace heavily exposed group, the PCB dese averaged 1.7 wg/kg/day
{microgra=s PC3 per kilogram body wveight per day) and ranged from
LG90 to 3,940 ug/kg/cay.

One participant in the study gave dirth to & child i{n January
of 1979. A milk specimen {ro- this individusl contained & ppw PCB
(fat dasis--the specimpen had 21 fat content), vheress a dlood speci-
men collected at the same tice contained 053 ppm tozal PCE.

As 8 group, the exposed participants had no health problems or
medical conditions thet could bde correlated with PC3 blood levels,

exposurs to laks Michigen fish, or knovn aymptoms of PCB poisoning.

2.5 PCB levels in Human Milk

Savage (1979) reported on levels of PCEs in humen milk saopled
from 1038 individuals residing in &4 different states. Of the 1038
aaxples, PCBs were detected in all but sarples. Trace valucs were
separated for 720 samples and tha concentrations in the other 309
samples ranged {rom & lov of 0.3 ppn (fat basis) to 16.92 pom (fac
basis). Eighty-one or 7.87 of the samples contained
residues in excess of 2.5 ppuw {(fat basis) wvhich wis the temporary

toJerance set by FDA for FCB levels in commercial milk,
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PCR levels in cooked Lavne Michigan fish
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7able 7:
FISH SPLCIES
LARE YAROLT SALMON DIKEFRe
110w PCB 1256 (pom) Pes 125k (ppm) pes 1254 (po=)
LoCA 1e73 1854 | 1523-7k | 1573 Jreph 11673-74 § 1973 1iook Jusez-ib |
1
Traverse City:
Fean 2.80 [2.22 2.52 2.78 [3.49 3.28 1. 1.25
Ko. Samples 11 10 21 3 7 10 é 3 1
Yanistee:”
Fean 2.85 j2.ko 2,60 3.7k J2.20 2.86 0.93 |0.59 0.78
Na. Samples S 6 H 3 & 7 2 2 &
ludingion:
Mean 3.36 |h.D2 3.53 2.50 [2.65 2.55 1.06 }0.86 0.t5
N6. .Samples 6 3 ) 7 b 1 3 ) ]
Seulh Haven:
Fean k. 1) 2.5 1.17
No. Samples é 4 2

*Incluges:, Pike, Whitefish, Smelt, Chubs, Fenominee and Perch

Source; Mumphrey (1979
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To estimate the average concentration of PCSs in huran miik. we
took natural logarithms ¢f the reported cencentraztions in whols millk,
Esctimates & and 62 of the necan and variance of the Jog=concentration
of PCEs in vhole milk vere calculated uzing the method of Cohen (1561)
for sstimating the mean and variance of a normal distribution from
censored data. We then estirmated the oean concentration of PC2s -in
vhole hucan milk to be exp(n + 62/2) = exp(-3.4124 + .6337/2) = .0L53 ppo.
Since the asversge percent lipid conteant in the 309 samples wvas cal-
culated as 4.497% wve estinated the average concentration of PCEs in
huran milk to be ,0453/.04497 = 1.007 ppm ({at basis). By way of con-
trast, the temporsry tolerence set by FDA Zor infant and junior food
is 0.2 ppn. Based upon our use of the log-normal distribution for
PCP concentrstion in vhele nmilk samples, we estipate that approxinpately

95% of the 1025 huzan z=ilk samples had PCB concentrations in excess

of 0.2 PPH'(flt basis). Ve likevwise estimate that the parcent of huran
milk sgmples having more than 2.5 ppm, 5.0 ppm, 10 ppp is 7%, 1%, .03X%,
respactively. It would be difffcult to estirate precisely the proportion
of PCP contamination of human milk that is due to FCBs in food, but most
of the contamination is likely due to dietary axposure,

The single measuremant of 4 ppz (fat basis) of PCB in human milk
of & consumear of Lake Michigan fish in the FDA study (Humphrey, 1977)
i~dicaces that consumers of PCE centaninated sport {ish may have
significantly higher levels of PCBs in their milk than vomen in general.
To corroborate this single measurement, ve considered comparisons of
PCB levels in human blood plasma and nilk made by Polishuk, et al.
{1977) in s study involving 2% Isrscli women. Average PCH levels

weasured vere .019) T .0126 ppm in plasma, and .0442 ¢ 0412 ppn in vhole
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milk. Congcquentl]ly, the concentration of PCEs in whele milk wes

0L427.019 # 2.33 times the average concentration in plasma. 1f this
ratio holds for the most heavily exposed group of fish caters then
the average concentration of PCEs in vhele milk of humans who consume
PCBs fron fish at the same level as this heavily exposed group should
be sbout (.0732(2.33) = .170 ppm. 1f further, Ve assume the average
lipid content of vhole milk is 4.497X (Savage, 1979), then the averagze
concentration of PCBs in milk from these heavily exposed individuals
thould be sbout .170/.04497 = 3.78 ppn (fat basis). The level of
uncertainty associated with this calculated value if fairly high.
Houever, it does agree nicely with the value of & ppm meesured in the
single sarple obtained in the FDA study (Hucphrey, 1577).

Since high consumers of Lake Michigan fish vere purposefully re-
cruited for the study, it is not possible to estirmate from the study
the nuzber of people in Michigan vho consuma such high levels of
contaxinated fish. However, based upon the information in the study,
it seems reaasonable to assume there is 3 sizable population of women
vho consume fairly high levels of PCB contaninated sport fish and vhe
consequently have PCB levels in milk which average about four times =
(* 4 ppm vs. 1 ppm) the levels in the general population.

3., Carcinopenic Effects

3.1 Hupan Data

In cthe asrly paret of 1968 the accidentsl contanination of edible
Tice~dbran oil led cto an epidenic poisoning of the Japancse fanilies
Vhe consumed this ofl, The discose later became known as Yusho or
Tice-0il disease. The contanination of the rice-oil vas duec to a
Yesk 1n a heat-axchange unit while the eil was being heated to Temove
Some of fts oderous components (NIOSK, 1977). The chicf symptoms of

Yusho disease vere chloracne and eye discharges vhile other symptoms
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inoclvded discelorastion of the skin, hcadaches, fatigue, sbdominal

pain, menstrual changes and liver disturbances. FRabies born to rotherss
vho consumed the rice-cil vere srmall-for-date gnd had temporary skin
discoloration, The first symptoms of Yusho disesse vere regisiezed

on June 7, 1968 snd 1291 cases had been reported as of May, 1975
(N10SH, 1977).

fhc concentrastion of PCBs in the oi)l varied sccording to date of
production and meathod of shipment. For csnned ol)l produced on
February 5, 1968, the PCB concentrstion ranged from 2000 te 3000 ppm,
while the bottled oil produced on Februvary 10, 1968 contained 134 ppo
and only a trace vas detected in ;anplcs of oil produced after
February 19, 1963 (Cordle, 35,31..:1978). The main contacinant of
the rice=oil vas Ranechlor 400, but one izportant "minor™ conts=insnt
vas polycklorinszed dibenzefusan, present at about 1/200 the
concentrstion of PCEs in the rice-oil (NIOSKR, 1977).

An analysis of 146 of the totsl 129) reported cases of Yusho
discase vas dona in 1971. It wvas esticmated that the lowest dose pro-
ducing overt effects vas 0.5 g (Cordle, et sl., 1973) vhile the average
ingestion producing these same symptoms was 2.0 g and the sversge
volume consumed vas 300 ml (NIOSH, 1977). But the quostion srises as
to vhether the effects noted sre due in fact to the PCBs slone. The
retio of PCEs to PCDFs in the Yusho oil (containing “vsed"” Kanechlor
400) wvaa 200:1 whersss the ratio of PCEs to PCDFs in “"unused” (unheated)
Ranechlor 400 is 50,000:1. Thus with respect to PCBs the ratio of
PCDFs in Yusho oil to PCDFs in rice-ofl is 250:1, Alsec, the toxicity
of PCDFs ranges from 200 to 500 times that of PCEs (Cordle, et al.,

1973). Thus for cqual.amounts of rice-ofl and pure Kanechlor 400, the
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toxicily of the rice-oil would range from 2 to 3.5 times that expecired
from its PCD content alone.

Pecause of the uncertzinty about the confounding of effects be-
twecn PCBs and PCDFs, it i3 difficult to deternine from the Yusho dats
exactly wvhat effect(s) exposure to PCBs alone could have on huzans.
Careful records of the 1291 Yusho patients have been kept in an ef-
fort to determine possible long terz effects., At lesst 9 out of the
29 desths that occurred as of May, 1975, vere sttributed to mslignant
neoplasms (NIOSH, 1977), but a csusal relstionship betveen PCls snd
cancer can necesssrily be inferred becsuse of the high concentration
of PCDF in the o0il. The Yusho study, nevertheless, had twe impertsnt
results: first, the information estasblished that FCBs can be trans-
ferred fron mother to fetus and from msother to child through bresst
feading, and second, highly chlorinated PCB compounds are excreted
more slovly from the body than the less chlorinated ones (NIOSH, 1277).

In e study of chemicsl vorkers (Zshn, et al., 1976, 1977}, two
malignsnt melanomas were dagnoscd in 31 workers hesvily exposed to
Arofhlor 1254 (and slso exposed to other chemicals that could possibly
casuse cancer). It was estimated that .04 malignant melanonas would
have been expected from this group of individusls., Among 4]l other
wvorkers aslso, but less heavily, exposed to Aroclor 1254, one sdditional

mclsnona was disgnosed.

3.2 Dats fro= lifetine Animal Feeding Experiments

There have been 8 number of studics on neoplastic affects resulting
fron fesding PCEs to erperimental rats or mice (Ito, 1973, Linder, et
Bl., 1974, Hi=brough, et al., 1973, 1974, 1975, Calamdra, 1976, NCI,

1978). Although each of these studies provides some evidence that
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PCBs induce neoplastic lesions in rocents, only tiree of these experi-
mcnts were of sufficient duration to be classified as 1i{fetime fecding

experiments. These three long-term expcriments will be sumzarized belov.

3,2.1 The Exverirent of XirSroveh et al. (1975) on the Effect of Araclor

1260 on Ferale Sherman Rats

FouT hundred weanling Sherman strain COBS female rats 21-26 days
old were divided randomly into two groups of 200 snimals each. One
group was maintsined as contrels and the anirals in the other group
vere fed ad libi:us & diet containing 100 ppm Arocler 1260. Exposure
vas continued until 6 wveels prior to the terminstion of the experizent.
then the enitials vere 23 months old ell surviving animale vere sacrificed
and sutopsied. A total of 154 dosed rats and 173 controls survived to
the end of the experiment. Pathelogic findings are sutzarized in
Table T.

Cf the three studies discussed in this section, this study provides
the most convincing evidence of the carcinogenicity of PCBs. This study
involved a rela:ivily ~arge nuzber of anirals and the incressed incidence
of hepatocellulsr carcinonas in the treated group ia highly significan:.
Following are excerpts from the snalysis of this study in the Criteris
Document for PCBs (Nisbet, 1976a).

This vas s vell-dusigned and vell-condusted study,
deviating from recommended rrotocols in only one respect:
its limitation to female racts. . . . 7Tvo other limitations
msy be noted: (s8) the rats wvere not exposed prior to
weaning, although the suthors . . . had indicated the
rats exposed to PCA's during gestation and nursing shoved
early liver chanfes at much lover dictary levels; (b) the
Tats wvere killed st 2) months, relatively esrly in com
poarison to the 26-30 month expected lifo span. Each of
thesa desipgn features of the experiment, although com=

mon practice in carcinogencsis bioaazays, is likely to
hoave reduced its sonsitivity in demonstrating carcinopenice

effects. . . .
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-=Me &: Incidence and type of liver lesions and tumors of other organs

examinad histologically

Source:

Incidenm
Orgun ot Tioe of lmion
tirsue Contrels  -Erpen.
B TLI?V]
Liver Hepslolivier AN /184
CArCIATTDA
Neastasiw nedulm 017 1 /1%4
Fociorsrus of Yo k. YA IR > {1
plumic 1lirmuiee
Thyreid (land Pera'ellimutae cell tumer E AT ] 15788
Arengl zind Pletcteemiarvicma 1/13) 17168
Pitvitary g'and  Chremophivle suencma 1718 28
Curriroms . 018 1 /12y
Vierws Ezdenqisiud 1aYyp 157149 28183
- Adeneesteinsms 07149 2N
Surcoms of cndemetnial 37149 118
streme
Trhswy dledder Trrraiticwa el 12167 0189
pagitlems :
Marzmary Fibsdencms 1IN 11
.r!uod FY L PINTH Y 1Y YAk J 17184
Suliviry gland  Tibreraceoma N Bk
Lung Adrnems 2103 /184
Adipess tiasue Lipema /117 27184
LY} Chams 0173 271184
Ovary Crarvims Gres nll 37149 (73] ~]
tumaet
Papillsry edenama /14 Ny
Hematopointic Crunvlecytic levasmia 147 O/
stem
. Lymzhoms oNn3 24
Nidwey Femesgicms oNnn 1154
Thyme Thy mome Ny ot
Psulhl‘vﬁ‘ Adrngma /3 215
N!A Fibezs 0/17)° 1154+

¢ Jaablems boomd on romm Srsmthen o hid 8 PO P LT Y

Y.imdrough, et al..(1975)
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3.2.2 The Natiomal Cancer Institute (1978) Bionzzav of the Carein-

oponic Effect of Arcclor 1254 in Figher J4& Pats

Croups of 24 Fisher 344 rats of each sex vere adninistered Arecloer
1254 at one of three doses, either 25, 50, or 100 ppm ad libituo for
104~105 weeks. latched controls consisted of groups of 24 untreated
rats of each sex. All animals vere 53 * 2 days of age vhan placed on
study. All surviving anizals were sacrificed 104~105 waeka after the
anizmals vere placed on study. It vas concluded that "under the condi-
tions of this bioassay, Aroclor 1254 wss not carcinogenic in Fisher 34&
rats; hovevar, a high incidence of hepstocellulsr proliferazive lesicns
in both pale and fezale rats was related to the adniniscration of the
chenmical. In addition, the carcionrmas of the gastrointestinal tract
may be associated with the adrinistration of Araclor 1254 in both c=ales
and fcusles.” The observed incidesnces of leulemias, lyzphozas, and
hepatecellular carcinooas are listed in Tadle 9.

Although Aroclor 1254 vag not shown to be carcinogenic in Fischer
344 rats by the NCI Bicassay, it must be kept in nind that this vas a
relatively small experiment utilizing only 24 anicels per dese group.
The uvsusl number of aniwmals per group for an RCI biocaasay appears to
be 50. This study wvas part of a larger study designed to assess the
cosbined effects of a group of chemicals vhich is likely the reason this
bivassay is smaller than most. Overlooking for the moment the fact that
tha protocols vere differont and different Aroclors were tested, the
results of the NCI bicassay and the Kimbrough study are not all that
inconsistent. A x2-test that the ricsk of hepatocellular carcinoms at
100 ppm vas the zarw for Xicbrough study as for the fcmale rsts in the

HCI study was barely significant at the .05 level. The corresponding
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Table 9: 1Incidences of leuvncmiss and hepwtocellular carcinomas in
rats {rom RCI (1978) Lioxzssay of Arocler 1254. Data is
reported as no. anirals wvith condition/no. anirals examined

for condition.

leukerias Hepatocellular
Dose Cavcinonmas
(ppo) Male Female Male Fezale
0 /24 4/24 0/24 0/24
25 2/24 6/24 0/24 0/24
$0 5/24 5/24 1/24 0/24
100 8/24 &/24 2/24 0/24
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x'-test applied to the Kimorough s:udy and the msle rats in the KCI
study vas not significant (p > 0.3). Thus, because this experiment
involved relatively fev animals, it is simultaneously consistent with
both no carcinogenic effect as vell as an affect approaching that

observed in the Ximbrough (1975) study.

3.2.3 Industrisl Bio-Test Expariment with Charles River Rats

This experirent was described in ap unpublished report (Industrial
Bio-Test Laberateries, 1971) and a brief suzmary of resulcs vas presented
at the Naticnal Confersnce on Polychlerinsted Biphenyls (Calandra, 1970),
The following cocents on the experiment are taken from the EPA Criteria
Document on PC3s (Nisbet, 1976a). Opne thousand Charles River strain
albino rats vere divided into 10 treatment groups. One hundred rats
(50 male and 50 female) served as centrols and 109 razs (50 zalec and
50 female) were included in each of nine exposed groups which vere fad
diets containing 1, 10, and 100 ppm of Aroclors 1242, 1254 and 1260
respectively. Dosage started vhen the aninals were sbout 4~6 weeks old
and continued for 24 ponths. The liver slides from this study have bean
exarined twice by the original patholegist, once in the original re-
port (Industrial Bio-Test Laboratories, 1971) and in a later repert
(Monsanto, 1975). The diagnoses in these two examinations were
merkedly differenc. TFor example, in che animals dosed at 100 ppom the
earlier examination diegnosed one hepatoma and twe animals with
nodular hyperplasia, vhercas the later examination diagnoscd eleven
aninsls vith hepatomas and tuenty~eight animals with modular hyperplasis.
A sumzary of the resules of the latter pathological examination as

given by Nisbet (1976a) is liscted in Table 10.
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sable 10: Liver pathology reported in Industrias) 2io-Test rat experiment;

1975 re-diagnosis

Control Aroclor 1242 Arocler 1254

Arecloer 1250

sie Tate (ppo): 1 10 100 1 16 100 1 10 160
:f anicals 23 N30 20 3 26 27 25 23 27
.

L evolar change 1 7 8 3 810 13 5 B 10
zual hypertrophy o 2 2 3 3 s 13 3 1w 11
‘wiular hyperplasia 1 o 2 8 ©0 3 13 o ¢ 7
-El;\ltm?-l ) e 0 2 o o 4 o 0 5
detwise hyperplasie 5 3 3 3 6 3 [ 6 14
{nelangio-hepatora o 0o o0 1 o o 2 6 0o 2
itpatocellular recrosis 1 1 1 (o] 3 1 2 4 2 [

Source: Nisbet (197&e)
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For somc reeson that vas not erplained, there vas wnusually hiph
mortality among the rats in the experiment., The numbers of rats vere
further reduced by interim sacrifices during the course of the experi-
pent. For ews=ple, only 6-2]1 aricals out of the initial 100 in each
treatment/sex subgsoup fed 100 ppm survived te the ter=inal sacrifice.
Even so, the re-diagnosis of the liver pathelogy (Table 1J) indicates a
significant tumorigenic effect, The incidence of noduler hyperplasia
is significantly elevated in the group fed 10 ppn Aroclor 1260 over the
incidence in the control group (p <<.00S, Fisher's exact teast). There
are a total of 9 hepatozas in the groups fed 100 ppm of one of the
three Aroclors, but none in the groups fed lesser concentrations of

PCBs.

3.3 Svnergirztic Elfects

The synargistic effecta of PCBs acting in coenjunceion with other
chemicals vay be quite significant in some instances, although quantita-
tive estimstes of these effects at environmental levels of exposure.
would be quite tenuous.

Ito et al. (1973) reported on experiments in which groups of 12-
30 d¢ male mice were exposed to various levels of PCBs (Kanechlors
RO~ 300, XC=-400, XC-500 at 100~500 ppm in the diet) slone or in combina-
tion vith one of three isomers of BHC (hexachlorocyclohexane £-BHC,
£=3HC, Y-BNC ar 50-250 ppm in the éiet). 1In the groups exposed to
PCBs alone, only the group exposed to 500 ppm KC-500 developed hepato-
cellular carcinonas (5 animals out of 12 exposed). In the groups ex-
posed to BIIC alone, only the group exposed to 250 ppm o-EHC developed

hepatocellulur careinonss (8 animals cut of 30). Howcver, carcinocas
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were induced within 24 veeks by joint fceding of PCEs and BHC at levels
below those which had no effect vhen fed indcpendently, The corbina-
tions of 100 pp= e¢-BHC and 250 ppr KC-3500 produced 1 hepatocellular
carcinoca in 25 animals; 30 ppo ;-BHC and 250 ppr KC-500 produced 2
hepatocellular carcinomas in 30 animals, 250 pp= each of E~BHC and
KC-500 produced & hepatocellular carcinozas in 29 enimals. The suthers
concluded that PCEs promotad tha induction of tumors by o-BHC and
&~BHC.

Other experiments have produced negative and even antagonistic
results. In an experizent with mice (Uchiyama, et al., 1974), PCEs
(KC~4C0) fed in the diet did not appear to accelerate the develcpment
of cervical carcinocs induced by methylcholanthrene. In another study
in rats (akiuva, 1974), feeding with PC3s for 24 weeks appeared to
inhibit the induction of hepatocellular carcinoma by three other car~
cinogens,

v (vinyl chloride) is a known human liver carcinogen and is also
a mutagen, but both its carcinogenicity and mutagenicity appear 'to
depend on metabolism in the liver to an active metabolice (Rannug, et
3l., 1974). The wutagenicity of VO has been demonstrated only in the
presence of liver microsomal preparations, including those stimulated
by PCBs (Risbet, 1976a). This strongly sufgests that there vay be a

synergistic effect between PCBs and VCM in the production of tumors.

4. Quantifjcstion of Carcinopenic Pi=xk

4.1 Caleuvlacion of Virtuallv Safe Doges from Differcnt Mathenatical Models

To 1llustrate the computation of virtually safe doszes (VSDz) by

extrapolation of the results of animal cxperiments te low dose lovels,
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we have selected the three dawa sets listed in Table 11. To this date
we have applied three dose rusponse pmodels und related extrapolation

procedures; -the probit model (Mantel, et al., 1573).

Jl+b]-°83 od

P(d) = C + (1-0) (28)7 3/ 2exp(-y2/2)ay 1}

the one~stage or one-hit model (Cruap st al., 1977)
P(d) = 1~expi{~(qp + q1¢)), 90,91 £ 0, [2)

t al., 1977)

—— —

and the multistage medel (Cru=p,
P(d) = l-exp{-{(qp + qxd'*qzdz'*---'*qkﬁk)}. Q0s+-2,9, 20 13)

The garms multihit model (Rai and Van Ryzin, 1578) was also considered.
This model requires at leest twvo positive experimental doses and could
not be applied to the first two data sets. Vhen applied to the third
data set, the cotputer algorithm for cormputing the escticates failed to
conQQrgl (van Ryzin, perscnal comsunica:tion).

For each of tﬁesc models, P(d) represents the probability of a
particular tumorignic response in a single anical fed a cest gubstance
at a dosu-rate d cduring the course of a lifetime feeling experinent.

A discussion of these models and their theoretical rationale is given
in the Appendix.

The results of applying these extrapolation procedures to the
data sets in Table )1 are rummarized in T:ible 12, In this table are
compvted caximum likclihoéd (best-fit) estimates of the dose required
to produce extra risks over background risk of 10-%, 106, 103,
respectively., Lover 855 confidence bounds for each of these doses
are also computed {ros the various models. Maximum estimates nrclﬂot
recorded for the method based upon the probit model since this method

uas not designed to fic data. As explaincd in the Appendix, the
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Table 11: Data sets uscd for calcuiasting virtually safe doses in

Table 12.

Data Set £1--Kirbrough et al. (1975) rat study with Aroclor 2260--

Hepatocellular carcinomas

Dietary level ¥o. of animals Neo. animals with Hepatocellulor
(ppn) carcinomas
0. 173 b1
100 184 26

Data Set f2--Kizbrough et al. (1975) rat study with Aroclor 1260--

Liver neoplastic nodules

Dietary level No. of animals No. anirmals with Neoplastie
(ppa) Nodules
0 173 [+]
100 184 144

Data Set £3~—Industrial Bic-Tes: rat experiment vith Aroclor 1260--

liver neoplastic nodules

Dietary level No. of animals No. animals vith Keoplastic
(ppm) Nodules
0 23 1
1 25 0
10 23 9
100 27 7
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Tadble 12: Virtual! 3afe Deses computed {rom data in Table *°

Data Set Anslytic Method Haximuz= lilaclihood Virtually safe doses
estirates of dose in  (lower 95X confidence
PPb. corresponding bounds £or dose) in
to extrs risk of ppb. corresponding te
’ extra risk of
10? 10-¢ 10-% 10-° 10-% 10-%
1 Probit 1.96 14.2 43.8
1 One-Hit and .DCEG . 666 6.B6 L0051 511 5.1
Hultistagse
I Probit .025 .180 552
11 One-Hit and .00063 .063 .63 .00055 .0551 .5%1
Multistage
111 Probit .178 1.2% 3.%7
111 One-Hit 0046 465 4,85 00235 ,235 2.35
111 Multistage .004Rh .465 4,68 ,00205 .205 2.05
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parameter b sppearing in this model is set «qual to unity regardless
of the data. This designation precludes the model from providing an
adegquate fit to nmost data sets. Llikevise, the garma multihit model
is applied only to daca set 1]l since this model cannot be applied to
data containing only one experimental dose.
These models yield gquite different valuas for the lovar confidence
bounds on dose. These divergent results are predicted by and, to
some axtent, explained by the discusaion in the Appendix. The probit
procedure will typically estimate virtually safe doses larger than
those predicted by the multistage modela for extra risks below sbout
10-3. vVirtually safe doses based upon the multistage model are
identical with those based upon the one-hit model when there is only
one positive experinental dose. This is illustrated vich data sets
I and J1. The multistage procedure also yields virtuslly the same
values as the one-hit mode) for data set I]] since introduction of the
parameters q;, qy, ¢tc. into the model cannot improve the fit to this
data. FRowever, as exPlained in the Appendix, tha tultistage can yield
higher values for the VSD than tha one-hit nodel vhenever the data
exhibit upvard curvature and are inconsistent with the one-hit model.
To ¢compare with the VS5Ds in Table 12, ve estimate {from Table 2,
that the average consumption of PC3s in the U'nited States in 1976 was
about 3.3 ug/day ¢ 1557 gm/éay = 2.1 ppb of PCB, assuming an svarage

daily food intake of 1557 grams.

4.2 Estioates of Risk from PCBs $n Diets of U.5. Adults

Next we shall astinste levels of risk for the general U.S, pepula-

tion and for the population of consumers of frech wvater fish. The
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risks {rom consuming human milk in infancy present some special dif-
ficultios and uill be dealt with scparately., The data of RimdSrough
et al. (1975) on the intressed incidence of hepatacellular carcinoras
in rats fad Aroclor 1260 provides the most convincing evidence of
carcinogenicity of PCBs. OQur estimates of risks to human populatiens
will therafore be based upon this data. The fact that only one dosa
level of PCBs was used in this expericent means that the one hit is
the only one of the models discussed previously that can be utilized.
The Mantel et al.{1875) procedure based upon the prodit model [1] is
an operaticonal procedure for calculating a virtuvally aafe dose. Since
the parameter b in the model is not chosen based upon the data, the
.method ahould not be used to calculate “best” estimates (e.g., Bax=
imun likalihood estizmates) or risk at a given dose. Except for tha
one-hit model the other models require at least two pesitive experi-
mental doses for their utilization.

In Table 1) are exhibited lifetime risks of cancer based upen
aextrapolating ths Xiobrough date from the experimental deoses teo PCB
exposure leavels in huzans. This process involved :twvo steps. First,
exposure levals in huzans were converted to aquivalent exposure levals
in rats. Results are given for two methods for making this conver-
sfon: 1) on a ppm of PCBs in total diet basis and 2) on a mg intake
of PCBs per kg body weight oer day basis. The next step is to cal-
culate the extra risk of hcpatocellular carcinoms at this dosc based
vpon & one~hit medel fit to the animal data. The risks exhibited in
Table 1) are bascd upon the ona-hit model which fits the animal data
best. Upper confidence bounds on these risks are not listed but an

upper 95X con(idence bound is given by owltiplying a)l correspending

ricks in the table by 1.5,
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The estizates of dose from the total diet study (Table 2) are
tenvous. The cstimates for the years 1975 and 1976 are based upon
B and 3, respectively, trace findings of PCBs in 20 ssmples from the
meat, fish, and poultry food cJass and no findings st all in samples
from other food classes. The PC3 levels in Table 2 vere estimated
by assucing that .025 ppa PCB (1/2 of .05 ppr, the lower limit of PCB
quantification) were present in all food samples in vhich trsce amounts
of PCBs were found (Misbet, 1276a).

In computing the risk estimates, no allovance vas made for the
conpesition of PCEs in food to vhich humans are exposed baing different
fram the composition of Aroclor 1250‘Ul.d in the experinent. As in-
dicated in an earlier section, hovever, it appears that the higher
¢lorinated biphenyls predominste in tha envirenment and consequently
the cozposition of PCEs in food shouléd not be too different from
Aroclor 1260. Alsc, no allowvance vas made for the fact that PCB levels
in husan adipese tissue are likely much greater than corresponding
levels in rats for a given level of distary exposure.

The risk estinates are computed for a hypothetical human popula-
tion exposed throughout their lifetime to current levels of PCBs in
food. 1n actuality, PCB levels appear to be decreasing.

Besed upon the estimates in Tiéble 13 the expected number of extra
casas of hepatocellular carcinona per yecar resulting fres a nationwide
exposure at the dietary level detected in the 1976 Total Diet Study
(3.3 ug/day) vould rangs betveen 220,000,000/(238,000 x 70) =11.1 casecs/
year and 220,000,000/(764,000 = 70) = 4,1 cases/year.

Using the acsumpriony of 2 onc-hit model, fipures on total cateh

of Loke Michipan fich (Humphrey, 1577) and estimates of PCB levels in
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Lake Michigan [ish, ve can estimate the total cxpett number of hepato-
celluilr carcinomas zmong residents of Michigan from consuming PCls

in Lake Michigan fish. From Table 2 in Fumphrey (1977) we esti-ate
that in 1974, Michigan spore fishermen caugnt 4,065,930 1bs. of lake
trout, 6,979,500 1bs. of salmon, and 2,930,220 of other sport fish
from Lake Michipan. From Table 7 it is estimated that cool:sd porcions
of these fish contained an average of 3.26 ppwm, 2.88 ppm, and 1.0 ppm
PCBs, respectively. Assuning that 1/3 of the total of veight of these
fish were injested by humans, it follows that a total of approxinately
[4,065,930 x 3.28 + 6,979,500 = 2.88 + 2,930,220 » 1.16) = 1076 x 2333
= 12.28 1bs. of PCEs were injested by humans from eating these fish,
Since, according to Tabdle 12 injesting 127 ug/day of PCB (127 x 10-%

w 365 x 70 = 3.2 gn in a lifatire) vould produce on the average about
1/8,000 tumors, 12.28 lbs. = 5575 gm=s of PCEs would produce (1/£000) x

(5575/3.2) = .22 hepatocellular carcinonas/year.

4.3 Estimates of Risk to Breast-Fed Infants

The population of infants >hose diet during early life consists
vholly or at least in large part of human milk has a much higher ex-
posure to PCBs through food than the general population. As esticated
in Section 2.5, human milk in the United States contains an average
of 1 ppm (fag basis) PCBs with 71 of the samplea containing more than
2.5 ppm (fat basis) PCBs. TFurther, it wvas estimated that thare is &
population of consumers of fresh vater fish vhose milk samples could
contain on the average four times the levels in the general population.

Risks from cyposurcs at such an carly age are difficult te quantify.
Studias on similar exposurc patterns in animals have apparently not

been done.
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There are & nunmber of animal studies in which various acute ef-
fecta vere detected vith 1-10 ppm cxpdsurc to PCEs in food. Linder
et al. (1974) exposed rats for tvo penerations te 1, 5, 20 and 100 ppe
PCBs. Significant increases in liver weights were observed in 2l-day-
old F; male veanlings at the 1 ppm level of Aroclor 1254 and in either
ssx of F; and F; veanlings at 5 ppn or higher levels of both Aroclor
1254 and 1260. It must be kept in mind, however, thet because of
biomagnification, concentrations of PCEs in milk may hava been much
greater than the levels in feed. Rhesus monkeya ere considerably more
sensitive to PCBs than rodents:. Rhesus monkeys fed 3 ppm PC3s all
died after 8 months (McRulty, 1976). Female Rhesus monkeys given
2.5 and 5.0 ppm Aroclor 1248 in their diets developed facial edema,
svollen eyelils, erythema, loss of hair and acne vithin two months
{Barsotti, 1976). Folloving & months of PCB expesure the fenmale
wonkeys vere bred to control males. There vas a significant reproduc-
tive effect of the PCE in the diet as shown in Table 14 . The six
infant ponkers were permitted to nurse their mothers for &4 months.

The mothars' milk contained 0,15-0.40 ppm of PCBs (vhola milk basis).
Within 2 months focal areas of hyperpigmentation, swvollen lips and
ayelids, losa of eyelashes, and acne form leaiona of the face developed.
Within four months, 3 of tha &§ infants died due to PCB intoxication.
From the data of Savage (1975) it {a cstimsted that approximarely 32

of human milk samples in the United States have PCB levels in excess

of .15 ppm.{whole milk basis).

Any cstinates of carcinogenic risk from e;posures to PC3s in
human milk on the basis of cexisting animal data must be reparded as

extremely tenuous. Not only does one have to contend with the
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Table 14 :

Source:

Aroclor 1248 in the diet

Control 2.5 ppm 5.0 ppm

Tota]

impregnated
{no./n0.

animals) 12/12

Resorptions

or ¢bor-

tions (no./

no. animels) 012

Stillborn
(no./no,
snirals) 0/12

Normea]
births (no./
no. animals) 12/12

8/8

3/8

0/8

5/8

6/8

4/8

1/8

1/8

Allen and Norback (1976)

4l

Modification {n reproduction in primates that vere exposed to
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uncertainties of extrapclatfion frem high deses in animals to lov doses
in humans, it is also necassary to make assurptions rcgarding the
effect of a tinme-varying dosage. The effcet of dosages early in life
on carcinogenicity could be much different fros equivalent doses later
in life.

To $llustrate vhat such an effect night be, we shall caleulate
some hypotheticsl risks of hepatocellular carcinoma by relating the
cancer incidence observed in the Xichbrough et al. (1975) study to
hunan PC3 exposure levels in human milk. The caleculation will be
based upon the multistage nmodel of cancer. Peto {(1577b) indicates
that this model may be particularly applicable to cascinomas. The
wodel ia capable of explaining observed high rates of increase of
cancer with age without having to specifically posit en aging mechaniss.
In applying the model ve must decide vhich stages PCEs might effect and
the nature of the effect. Let us assume in the absence of evidenze
to the contrary, that PCEs affect only the first stage and that the
effect i to increase the rate at which cells pass through this stage
by an amount proportional to the quantity of PCEs present in the diet
st the time. This assumption is a "vorst case” assumption baecause
with the particular multistage modal ve have in mind, cells pass
through the stapges in a prescribed crder on their way to becoming
cancerous. Consequently, exposures at infancy will have the greatest
overall effect if they act upon the first stage.

With such a model, it can be argued that vhen exposure to PC2s
is at a level D {roms birth to an age which representa an age-fraction
f of the normal 1ife span, with no exposure for the remainder of the

lifetime, then the extra lifc-time risk of hepatocellular carcinoma
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over risk at 2ero dusc should be approximately of the form
P(D.£) » l-expf-5D[1-(21-1)%]) (5]

wvhere ¥ {3 the number of s:tates in the muitistage model. Ve estimate
B = .147 x 10~ from the Kizbrough et al, (1975) data by taking f = 1
and.n = 100 ppm. This method of estimating # should tend to under-
ertimate the carcinogenic risk since the rsts in this experirent vere
exposed only after wecaning and prior to 21.5 wonths of age, and were
sacrificed at 23 months of age. With 8 estimated in this tfashion ve
can nov calculate theoretical extra lifetime risks of hepatocellular
carcinora from {3] for different:valucs of D, f and k. The results
of some such calculations are tabulsted in Table 14,

These estimates are based vpon unverifiable sssurptions and should
‘be regarded sa hypothetical, They do illustrats, howaver, the cs:cino-
genic effect that night result from doses of a carcinogen applied
early in life, such as PCBs in human milk. Some of the assunpticns
nade in constructing thesre estimates were conservative in that other
assumptiona vhich are equslly ressonable would pradict even higher
cancer risks. For exemple, if we had converted dose from rats to
hurans on & mg/kg/day basis rather than on a ppm basis, the estimated
ritks vould likely be greater. Ceclls in infants are going through
nitosis much more often than cells in adults vhich might imply that
they are at a preater risk per unit time from a ecarcinogenic irnsult
than cells in adules. Houvever, this possibility vas not reflected
in the model.

It should perhaps be pointed out that with this model (as vell

as possibly in real life), even though carcinogenic dosc is very early
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in 1ife, a cancer eventually resulceing from this duse can occur a:
any age.

The risks tabulated in Table 15 are perhaps more useful for com-
parative purposes rather than in an absolute sense, By conparing these
values vith those in Table 13, {t appears that the sudpopulation of
breast-{fed infants could be at wuch higher levels of risk of hepato-

cellular carcinoma from PCEs than the U.S. populatien in general.
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Table 15: Tueorotical extra lifctime risks of hupatocelluiar carcinoma

in breast-fed {nfants based upon Kimbrough et al. (1975) rat
data.

A k-stage model of cancer is assuned with dose affecting
the first stage on1§ {Zquation [5}). Conversion of dose frow
rats to hurans i{s by assuming ppm of PCB in rat diet is

equivalent to ppm (fat basis) in human miik.

Extra risk to infant Extra risk to offspring of
in general population consumers of more than 26 1lbs,/
(D= 1.0 ppn) year of Lake Michigan sport
fish
(D= 4.0 ppn)
Age at Weaning Agas at Weaning
|3 6 months 12 nmonths 6 months 12 months
(£=1/140) (£=1/70) f=1/140) £f=1/70)
h | 1/95000 1748000 1/24,000 1/12,000
k 1/32000 1/16000 1/2000 174000
3 1715000 1/%800 174800 172500
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Teble 13: CILstivates of 1ifectime extra risk to humans of hepatocellilar

carcinoma based upon applying a one-hit model (2] to the

Risbrough et al.

¥uman PCE Dosuee

8.7 vg/day
{1975 Total Diet Study,
Table 2)

3.3 pg/day
(1976 Total Diet Study,
Table 2)

127 ug/day

(Avg. intake of people
consuming more than

24 1bs./yr. Lake
Michigan {ish,
Kucphrey (1977)

{1975) rat study.

Risks calcul:zied [rom converting
hunan dose to aniral dose on
the basis of

pepm in diet e/kg/dav

1/123,000 1/288,000
1/328,000 1/764,000
1/8,000 1/20,000
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APPINDIX

im7efW AND EVALUATION OF MITHOLS COF DETERMINING RISKS

FROM CHRONIC LOW=LEVEL CARCINOGEINIC INSULT

Basic Principles and Considerations

%6 2id in determining a prooser regulatory action regarding
:2o¢en that is present in man's environment, whether it be
giéditive, industrial polutant, or otherwise, it is help-
: lave some knowledge about the nurber of extra cancers
ce likely to be caused by the presence of the carcinogen
tenvironment., It is also helplul to have some knowledge
tlikely change in number of extra cancers that would
1y scme projected increase or decrease in the level of
txposure occuring either as & result of regulatory action
tien. This kind of information is usually impossible to
‘éirectly from human data. For this reason it is often
Yy to use data from animal feeding experiments to estimate
‘isk. This procedure involves two difficult staps, 1) re-
ithe animal risk at high dcses to doses very near to zera

4:elatinq the animal risk to risk in humans.

Typically, animal experiments use on the order of 100
‘5 at each experimental dose. If a particular experimerital

‘luses a lifetime incresse in cancer risk of 1/10, this
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.cease Can be measured with a small degree of accuracy using
;,;nimals. But if the increased cancer risk is less than 1/100
sis increase will often not even be detectable by an animal
.¢2ing experiment. For example, i the true risk is 1/100 it
-1d recuire that over 400 animals be tested at that dose in

-ier to be 99t sure of detecting any carcinogenic resporse at

2l (i.e., for there to be a probability of .99 that at least one
simal gets cancer). If background or spontaneous carcinogenesis
J present even larger numbers of animals will be required. O©On
¢ other hand, the extra human risk that we may want to esti-
ute resulting from environmental exposure is usually (and hope-
411y) mwch smaller than 1/100 for any given chemical, perhaps

= the orcder of 1/1,000,000., It is clear that it would not be
uwtctical to conduct an expgeriment with enough animals to measure
Wreetly an increase in risk this small.

For these fcasons the procedure has been developed of
nucting lifetime animal feeding experiments using, in addition
2 &t control dose of zero, several doses at which the projected
uira cancer risk may be 1/10 or larger. This high dose data is
“th used to estimate the extra risk at a dose where the extra
“$X may be no larger than, say, 1/1,000,000. An equally import-
“: variant to this problem is the calculation of the so-called
fife' dose, that is, a dose for which there is some measure of
tistical assurance that the extra risk at that dose is no
%Te than, say, 1/1;ooo,oco. These problems are often referred
b¢°113c:ively in the literature as the "low dose extrapolation

;:°blem, -
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Importance of the Matheratical Model

Performing a low-dose extrapolation involves the choice =
a mathematical function to mcdel the dose-carcinogenic responsa
.relationship and the choice of statistical procedures to appiv =
the mathematical function. The choice for this mathematical
function turns out to he extremely crucial to the outcome of lzw
dose risk estimation. 1If the assumed relationghip between tur-::-
occurrence and dose does not apply in the regions to which the
extrapolation is being made, a serious overestimate of the 'sa’:
dose may result (Mantel and Bryan, 15961, p. 458). Chand and =z«
{(1974) compared five standard dose response models and observe:z
that they could differ by many ordexs of magnitude at low dcse
levels for which extra risks are on the order of 1/100,000,0C¢C.

It might be supposed that it should be possible to dis-
criminate among the various potential dose response functions v
the basis of experimental data but, unfortunately, two differer-
dose response functions can often fit experimental data equal:i:
well but still differ by several orders of magnitude at very .:--
doses. Moreover, even if a particular dose response function
were to give a significantly better fit to data than several
others this would still not furnish assurance th;: this functi::
would necessarily cccrelste in any way with the true dose
response at very low doses where it is not feasible to measu-s
the true extra risk dicectly. As a consequence of the great
disparity of dose response functions at low doses {t is impecz:-
tive that the dose response function be selected, neither ar:i-

trarily nor solely on the basis of hecw well it can be made :o
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experinmental cata, but, insofar as is possible, it should reflect
gaown ©F at least plausible information regarding the biological

sechenisms through which a chemical induces or promotes cancer.

What Shavce Should be Expected for the

Dose Response Curve at Low Doses?

Tumors of s© many different types arise in such a diver~
sity of different tissues, their etiology is so little undezstood,
and the agents that cause tumnors affect a subject in such diverse
vays, that it might seem that no general conclusions can be drawn.
Kowever, for a certain broad class of "directly-acting” chemical
carcinogens the range of uncertainty associated with the shape of
the dose response curve at low doses can be greatly narrowed. As
used in this paper, the term "directly-acting carcinogen" encom-
pesses {(Guess, Crump and Peto, 1977) carcinogenic agents for which
tither the agent itself or a metabolite acts directly at the
cellular level and péoduces a hereditable change which eventually
leads to the formation of a tumor. CcCarcinogens which are carcinc-
genic by reason of their mutagenicity should fall into the cate-
sory of "directly-acting carcinogens.” Accordingly, carcinogens
vhich test positively using the 2mes mutagenicity screening test
for carcinogenicity are very likely to be directly-acting. (See
McCann and Ames, 13976). In a recent study (McCann, Choi,

Yarasaki and Ames, 1975) in which about 100 carcinogens and non-
tarcinogens were tested using the Ames Test, 90V (157 out of 175)

0f the carcinogens were mutagenic including almost all of the
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xnown human carcinogens. This indicates that the class of
directly-acting carcinogens may encompass most of the known
carcincgens.

A partial solution to the low-dose extrapolation problem
for the case of di:ectly-acéﬁng chemical carcinogens has been
given in Peto (1977), Crump, Hoel, Langley and Peto (1976), and
Guess, et al. (1976). The key result is that, at least as long as
background carcinogenesis is present, wa should expect the dose
response curve not to be absolutely flat at zero dose. What this
means is simply that when risk is plotted against dose response
on otdina:y linear scales, the tangent line to the dose response
curve at zero dose should have a positive 5l10pe. When a dose ré-

sponse function has this property we will say it is linear at lew

dose. This simple property can have far-reaching consequences on
low-dose extrapolation, For example, consider the two potential
dose response functions 1) O.l(é%% d + ;%g dz) and 2) .ldz for
the dose interval 0 < d < 3. Both of the curves give a risk of
1/10 at a dose of ¢ = ) and are practically indistinguishable at
higher doses. HoweverI, at a dose of d = 1/1,000 1) predicts a
risk of 1/100,000 and 2) predicts a risk of 1/10,000,000, a dif-
ference of two ordecs of magnitude. We note also that 1) has a
tangent line with a positive slope at 4 = 0 whereas 2) doss not.
One explanation of why the dose response function shculd =
linear at low dose when background is present may be found in
Crump, et al. (1976) anc¢ Peto (1977) and will be briefly outlinec
here. When background carcinogencsis is present, the cellular

mechanism through which the test agent produces cancer shculd
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already be crerative in producing background tumors. ‘then this
is true thae effect cf the test agent is to add to an already c=-
going process. The result of this additive effect is illustratez
in Figure 1. The dose response curve is for all tumors produced
through the mechanism through which the test agent acts. Back-
ground carcinogenesis is allcwed for in the Figure by an effec-
tive background dose do. We see that, in this case, the added
1isk -caused by a dose d of the test agent should be expected to
inczease approximately linearly near d = 0 (i.e., the tangent
line at d = 0 will have a positive slope)., Implicitly assunmed
by the way Figure 1l is drawn is the fact that an added dose of a
carcinogen acting through this mechanism does not produce a
smaller risk. If background carcinogenesis is allowed for as in
Figure 1 by positing an effective background dose d, which is
estimated from the data then the wide range of risks obtained
using different models eflectively disappears (Peto, 1977). We
note that the existence of a tangent line with a positive‘slope
at zero dose does not, in itself, imply any lower bound for
extra risk at low doses since the slope of the tangent line
tovld possibly be very small,

The evidence given above for a positive slopes to the dose
response function at zero dose applies particularly %o the case
in which background carcincgenesis is operative. This does not
imply that we expect the dose response curve not to be linear at
lov dose in the absence of background carcinogenesis. For exam-
Ple, the multistage models of cancer (Armitage and Doll, 1961)

‘e a fairly broad class of models in which it is assumed that
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Figure 1. Illustration of why the dose response cu:rve
should be linear at low dose in the presence of background ¢ar-
einogenesis. d_ is the effective backsround dose and d is the
dose of the carsinogcn of interest,
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a nunber of events are reguiraed to occur at the cellular level t»
initfate cances. Although all models in this class are linear a%
low dose provided backgIound carcinogenesis is present, a sizable
subclass of them ace lingnr at low dose in the absence of back-
ground carcinogenesis {Czump, et al., 1976).

Watson (1977) has recently proposed a more specialized
model for cancer induction and premotion based upon reversible
epigenetic cellular changes. Watson concludes that his model
supports the low-dose-linearity hypothesis and states "as sug-
gested by a different argument of Crump, et al. . . . , it is
reasonable to assess the risk due to an additional carcinogen at
low constant dosage by a linear relation.”

The evidence for low-dose-llinearity given above applies
mainly to directly-acting carcinogens. An indirectly acting car-
cinogen might be one which causes some gross physiological change
such as suppression of ovulation which could predispose the sub-
ject to cancez. for such carcincgens the shape ol the dose re-
sponse curve at low dose is highly speculative. There could
possibly be a threshold dose below which the agent has no car-
cinogenic effect at all on an individual. Hewaver even if a
threshold mechanism is operative, there is likely to be con-
siderable variation in individual thresholds in a large popula-
tion. Consequently the dose response curve for the entire
population could still exhibit a linear trend at risks as low as
1/1,000,000 or lower.

The effects of metabolic activation and detoxification

upon carcinogenic <ose response have been recently considercd by
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cornfield (1977) through & kinetic mocdel that encompasses free
toxic substance, metabolite, deac:iva;o:, and the interactions of
these substances. ©Onlv a steacdy state situation is studied in
that variation over time of th. concentrations of these agents is
not consilered. The model predicts a threshold dose below which
there is no carcinogenic risk under the assumpticn that the de-
activator is 100t efficient in deactivating the careinogen. How-
ever, in a naturally occurring process it is likaly that deacti-
vation would not be parfect and would be less than 100% effective
in always combining with 1l00% of the carcinogen before an amount
of the active metabelite reaches a cancer target site. Any of a
number of modifications to the model to allow for non-perfect
deaciivation would rule out a threshold and would lead directly
to a model for which carcinogenic response varies linearly with
dose at low doses. Cornfield's own modificaticn of perfec:t de-
sctivation, that of allowing the deactivating reaction té be
reversible, leads, as Cornfield points out, to a model which is
linear at low dose. This occurs regardless of how slowly the
reverse reaction takes place, as long as the possibility is not
eliminated entirely. Furthermore, evan in the extremaly unlikely
case of perfect deactivation, an otherwise realistic model should
"still imply low-deose-linearity since the theoretical time re-
Guired for perfect deactivation would not be zero and would
lixely be infinite.

For most, perhaps all, carcinogens, the mechanisms through
vhieh cancer i{s produced is not sufficiently understood so that

the shape of the carcinogenic respense curve can be theoretically
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precicked with certainty. As pointed out earlier, neither can
experinments of sufficient size be conducted that would permit
direct experimental investigation of the dose response curve at
jow dose., Ve have noted thatithcrc are plausible arguments that
the ¢ose response cusve is linear at low dose for many carcano-
gens. On the other hand, this author knows of no serious pro-
posal of a mechanism that would lead to a more conservative dose
response relationship such as the risk varying approximately as
the sguare root of dose at low dose. In view of these uncertain-
ties it would seem feasonable to base estimates of added risk of
cancar upon a mathematical model that encompasses low-dose-
linearity unless, of course, the mechanism through which the
carcinogen operates is sufficientily understocd so that low-dose-
linearity can be ccnclusively ruled ocut. Once the principle of
low-dosc-liﬁelrity is accepted the problem of estimation of
risks at low dose is nearly solved., This is because the dis-
isreemant between the upper statistical confidence bounds eon
Tisk at low doses based upon a model that incezporates low-dose-
linearity and one that does not is typically several orders of
Mgnitude whereas the corresponding disagreement between two
‘tesonable medels both ©f which incergorate lecw-dose-linearity

is usually much less than this.

MONS 221370



in
L1

Specific Methods for Low Dose Rigk Estimation

A. Mantel-2-van

The Mantel-Bryan procedure (Mantel and 3ryan, 1961 and
Mantel, Bohidar, Brown, Ciminera and Tukey, 1975) has been
selected by the Food and Drug Acministration as par:s of their
procedures for evaluating assays for carcinogenic residues in

edible products of animals. Before the Mantel-Eryan procedures
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jtself is discussed, the "Scensitivity of Method" (SOM) docunents
(federal Register, Vol. 42, No. 35 = Tuesday, Feb. 22, 1977,
p. 10412) will be revieved briefly so that the role of the

Mantel-Bryan procecure in official FDA policy can be understood

ané appreciated.

The so-called Delaney clause of Section 409 of the Federazl
Fool, DOrug and Cosmetic Act of 1958 prohibited the approval of
any food additive that "is found to induce cancer when ingested
by man oz animal, or if it is found, after tests which are ap-
propriate for the evaluation of safety of food additivies, to
induce cancer in man or animeal ., . . . This language was inter-
preted as forbidding FDA to approve the use of a carcinogeniec
substance as a fead additive for food-producing animals whather
of not'tho cempounds might leave any residues in the edible pro-
ducts of the aninmals. However, in 1962 Congress modified this

prohibition as part of the Drug Amendments of 1962, Section

409{c) (3) (A) now reads in part:

e « « [N]lo additive shall be deemed to Le safe if it
is found to induce cancer when ingested by man or animal,
or if it is found, after tests which ace appropriate for
the evaluation of the safety of focd additivies, to in-
duce cancer in man or animal, except that this proviseo
shall not apply with respect to the use of a substance
as an ingredient of feed for animals which ars raised
for food production, if the Secretacy finds (i) that,
Uncer the ccncicions of use and feedi=g specified in pro-
posed labeling and reazcna:zly certain to be follcwed in
practice, such adcitive will not adversely affect the
aniszals for which such feed is intended, and (ii) that
no residue of the additive will be found (by methods of
examination prescribed or approved by the Secretary by
regulations, which regulations shall not be subject to
subsections (f) and (g)) in any edible portion of such
animal after slaughter or in any food yielded bv or
derived from the living animal . . .
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Originally, the FDA applied this so-called "DES proviso"

on a case-by-case basis without published criteria. However the

FCA on February 22, 1977 published the "Sensitivity of Methoed"
document which established objective criteria for acceptance of
in assay methed for detecting resicues of a carcinogenic feed

idéitive and for establishing pest-administration withdrawal per-

lods for these additives. 7Thus the document furnished an opera-

iional definition of the no-residue requirement of the DES

woviso., This opearaticnal definition involves the application

f the Mantel-Bryan procedure to animal experimental dose re-

onse data. The test-animal species/strains to be utilized ares

) have "the greatest possible susceptibility te the test com-

nnd® while at the same time being "appropriate models for man.”

tderal Register, vol. 42, 1977, p. 10418). The Mantel-

yan procedure is applied to the animal test data to determine
tesidue level, designated so, corcsesponding to a risk of

000,000 in test animals (i.e., S, is the "safe” dose level

+rmined by the Mantel-Bryan precedure). The level S, is

tessed as a fraction of the total diet (i.e., parts per

lion). This level f{s adjusted to account for the respective

‘ortions of the humnan die: that {s represented by the various
! products containing residues of the carcinogen being tested,

transfer from anirals to man being made on a fractionh of

1 diet basis. The resulting dose leval S, is "the level of

| residues of carcinogenic concern that can be operaticnally
‘ed as satisfying the no-residue requirement of the act for

fic cissues” (Federal Register, Vol. 42, 1977, -~

Yy hamm
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The dose level Sm thus rcpresents the uzper bound to the lovest
1imit of reliable mezsurcment that an approved assay method mus=s
satisfy.

The Mantel-Bryan procedure is thus an integral part of the
"Sensitivity of Method" document. The procedure as originally
set forth {Mantel and Bryan, 1961) and “improved” (Mantel, et al,
1978) is for the purpose of conservatively choosing a "safe” dose
of a carcinocen, a "safe"” dose being defined as one for which it
can be expected that, with a given level of statistical assur-
ance (e.g., 99%), the true dose producing a preassigned "safe"
level (e.g., 1/1,000,000) of risk will lie abeve the "safe" dcse.
In the Mantel-Bryan procedure the mathematical nodel used for the

dose response mocel is the probit function
P(d) = C + (1-C) [3*PTO910¢(20)71/2 oup {-x¥/2) &x AL

where d represents the dose of the carcinogen and P{d) represents
the probability of a cancerous response in an animal subjected to
a dose ¢. The parameters in the model are an intercept parameter
a, a probit slope parameter b, and C, which represents the
probability of a respense i untreated animals. The parameter b
is not estimated from the data but rather is acbitrarily set
equal to 1. This choice is stated as being conservative (Mantel
and Bryan, 1961), the argument for this being that typical deose
data exhibit a probit slope in the experimentally cbservable
Tegion above 1V incidence that is greater than one. In Mantel
and Schneiderman (1975) it was observed that a set of DS data

{(Gass, G. H., Coats, D., Graham, N., 1964, CIH females) exhidbited
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a probit slope of 1/2, but the general use of a probit slope of
b=l wvas still suggested. A slope of b=l was adozted in the SOM
docurent unless the experimental data exhibit a smaller slope, in
which case the smaller value would be used.

wWith the probit slope parameter fixed at b=l the remaining
parameters, a and C, are estimated from the data and then ad-
justed s0 ag to produce 2 higher level of risk as a given dose
that corresponds to a uppes 99t statistical limit on the true
risk at a given dose. The value 99t is the one used in the SOM
document but the choice is arbitrary. The safe dose is then de-
termined to be the one producing 4 given low risk (e.g.,
1/1,000,000) based upen the adjusted values of a and ¢. The
risk value of 1/1,000,000 was alsc adopted in the SOM document.

As pointed out in Mantel, et al., (1975), the Mantel-3:cvan
procedure rewards larger and better experiments in that the more
evidence thcr.‘is of safety, the higher the calculated safe dose
will be. However this advantage should be shared by any extra-
polation method that uses Teascnable statistical procedures.

Some have considered the Mantel-3ryan procedure as adopted

in the sSOM document to be toe conservative (Federal Register,

‘Vol, 42, 1877, p. 10419) in that it invelves three conservative

choices (99% statistical assurance, lifetime risx of 1/1,000,000,
and probit slope set equal to 1) and that any one of these
assumptions alone could provide aceguate protection to the public.
The first two ©f these choices are regulatory decisions that would
have to be made With any extrapolation procadure. However, the
trhjtrary selection for the slope parameter seems te be peculiar
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to the Mantel-Bryan procedure. To investigate its effect upon
the extzapolation procedure a typical fit is presented in

Figure 2 (from Crump, 1977b) of the Mantel-3ryan probit curve [Al)
to experinmentzl carcinogenicity data when the probit slope para-
meter is fixed at b = 1, As can be seadily seen the probit curve
typically provides a very peoor fit, curving downward even when
the w-¢nt of “he data is toward an increasingly upward curvaturs.
This typically bad fit to data of the probit curve raises serious
questions regarding the validity of statistical procedures asso-
ciated with the Mantel-3cyan method. (See Salsburg, 1977 and
Crump, 1977b.)

On the otherz hand, the Mantel-3ryan procedure utilizing
the choice b = 1 was put forth as consexvative procedure and it
gives that appearance in Figure 1 since the probit curve appears
to lie far above the toend of the data at the lowest doses. FKow-
ever as mentioned earlier and also pointed out by Mantel {Mantel
and Bryan, 1961, p. 458) 2 procedure may, wWhile appearing con-
servative at experimental dose levels, at the same time seriously
overestimate the "safe” dosa (i.s., be seriously anticonservative)
if the assumed dose response relationship does not apply at the
low risk levels to which extrapolation is being made. Thus,
telore the degree of conservation can be evaluated for any pro-
cedure, the properties of the dosa response curve at very low
doses must be evaluated.

As described earlier, there are streng arguments that indi-
cate the dose response curve should be 'linear at low dose' (see

p.50 for the definition of this concept) particularly for

MONS 221376



62

o
@ indicates data point
(no. responders /no. animals tested)

- Mantel Bryan
maximum likeliho¢d

CUTVE\

—
Q L
2 _o7x
S a - [}/lanrg'l Bryan
Q- safe" dose curve
S -~
.

>
S
)
)
o
a.

2

®)

0] 2 4q

Dose

ii”;":’:’z' " Typical fit of Mantel-2ryan curve to evrerimental data (from CoTP.
¢ .

RONS 221372



63

directly acting carcinogens in the presence of background carcino:
cenesis. This has led Peto (1974) to recormend extrapolation pro-
cedures using only dose response functions frcm a class containing
only dose response functions which are linear at low dose. At the
very least, however, it would seem prudent not to go to the
ofFposite extreme and use a dose response function which rules out
linearity at low dose by assumdtion. However, the Mantel-Bryan
procedure, through its use of the probit curve fAl] zules ocut
linearity at low dose in favor of a “"flatness property” (see
Hartley and Sielken, 1977, Mantel, 13877, and Crump, 1977b) at low
dose which is anticonservative to the extreme. This property im-
plies that mathematical derivatives of all ordecs of the probit
curve approach zero (through positive values) as the dose
approaches zero. This unusual property is most often discussed
within the context of mathematical oddities rather than in con-
nection with a scientific investigation. It implies that if the
true dose response curve comes f-om an extrermaly broad class of
functions known as analytic functions and which pervade scienti-
fic applications of mathematics, then the probit curve will
eventually underestinate the true risk at low doses., Further-
more, at low enough doses, the degrce to which the risk will
be underestimated will be arbitrarily large (i.e., the ratio of
the true risk to the probit estimate will grew arbitrarily large).
It was emphasized earlier that it {s important when extra-
polating to low doses for the assumed dose response function to
incorzcrate Xnown or at least plausible facts about the mecha-

nisms of carcinogenesis. 1In neither the original paper
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(Mantel and Bryan, 1961) nor in the paper ocutlining the improved
version is biological justification given for the selection of 2
curve having the above descrited "flatress property.” It should
be mentioned at this point that the incorperation of background
carcinogenesis into the Mantel-3ryan probit model [Al] using the
parameter C implies that the mechanism through which the test
carcinogen produces cancer is independent ¢f the mechanisms
through which all of the background cancers are produced (Crump,
et al, 1976). 1In keeping with the discussion in the last sectic:n
it would seem : moro-: proper to incorperate background into the
probit model by pesiting an effective background dose d° which
adds to the dose & of the test carcinogen. If background is
incorporated in this way the probit curve no longer has the
"flatness property” and becomas linear at low dose (Guess, et
al, 1977). 1In fact, with background incorporated in this way,
the probit cuzve assumes a shape sinmilar to the one-hit mocel,
sometimes referred to as the most conservative of all procedures
{(e.9., Mantel, 15877).

Even though the “flatness preperty” implies the probit
curve should at sulitably low doses be anticonservative to the
extreme, the "Zlatness" propecty holds only for doses apprcaching
zerc and the feature of arbitrarily fixing the prcbit slcpe at 1
mitigates the anticonfervativeness implied by the "flatness”
property at any given low dose (although the property itself:
will hold for all choices of the parameters a, b, C). The cancer
risks that are typically exirzapolated to are in the risk rances

1/10,000 to 1/100,000,000. e will examine the outcome of
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Mantel-Bryan extrapolations to these risk laevels in a later sec-

tion when we compare several diffecent extrapolation procedures.

B. Linear Extranolation

—

The technique for linear extrapolation was recommended by
Hoel, Gaylor, Xirschstein, Safiotti and Schneiderman (1975) for
use on an interim basis until better procedures could be devel-
oped. The procedure is straightforward and is based upon an
assuned linear relationship between dose and response at low doss.
The procedure utilizes only the data for the group of control ani~
nals and a single other dose group, usually either the highest
dcse that elicits no response or else the lowest dose that elicits
some response, In the case there are no cancers in the control
anitals the 'safe' dose, based upon a maximum risk of 1/1,000,000
and 99% statistical assucance, is calculated as follows: An upper
99% confidence bound is calculated for the cancer risk in the dose
group of animals. From this risk and dose one extrapolates back
toward zero dose and zero risk using a straight line relationship.
The dose corresponding to a risk of 1/1,000,000 on this straight
line is taken toc be the "safe” dose. If there are cancers in the
control animals this procedure is modified to allow for ths sta-
tistical t-eatment of the response in the control group while re-
taining the straight line relationship. When data at cther
experimental doses are available this method of lincar extrapola-
tion has the cocbvious shortcoming of not fully utilizin§ the
available cata.

A linear dcse response curve is linear at low dose but

the converse is not necessarily true. A curve can be linear at
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low dcse and still have a high degree of nonlinearity at higher
doses.

Linear extrapclation is viewed by soms as a very conserva-
tive proceduce. For example, comments were made during the
decision on which cxtrapolation procedure to incorporate into
the SOM document to the effect that linear extrapolation is the
most conservative of all procedures. Crump, et al (1976)
examined the extent of the conservatism of a linear dose response
function when compared with a multistage dose response model
(Armitege and Doll, 1961). The multistage model assunes that a
cell must go through a number of different stages before cancer
is initiated in that cell and the model can encompass a high
degree of nonlinearity. It was determined that the maximum pes-
sible degree of conservatism of a linear model relative to a
multistage model depended rather heavily upoen the incidence at
the experinental dose relative to the background incidence.

{This is consistent with the general relationship between back~
ground carcinogenesis and linearity at low dose as discussed
sarlier.) For axample, when the incidence at the expsrimental
dose 1xs four times the incidence at zero dose the extra incidence
at low doses derived from the linear dose response differs f{roem
the incidence derived frem the multistage model by, at most,

less than a factor ©f 2.5 regardless of the numbter of stages in
the multistage process. Thus, when background carcinogenesis is
present, the linear dose response curve i{s not overly conserva-
tive relative to the multistage dose responce curve. In fact the

lincar Cose response curve is anticonservative when cempared to
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the one-stage or one-hit mcdels,

Linesar ex:irapolation has long been proposed for use in
radiation carcinogenesis (see Brown, J. M., 1976, for a review o’
the relevant reports)., The BIZR (1972) report on radiation risks
from the National Acadenyv of §cienco recemmended linear extra-
pelation as a “"best estimate”™ approach as opposed to a conserva-
tive approach. Brown revisvwed arguments both for and against
linearity and concluded that "linear extrapolation effhuman data
from high doses of low LEZT radiation cannot be said to overesti-
mate the risk at low doses. In faot, there is some doubt as %o
vhether the risk is not undo:es:inagod.'

Certainly much remains to be learned abou: both radiation
and chemical carcinogenesis. However, if both radiation and
chemicals cause cancer through similar mechanisms then it should
be cxpcdtod that there would also be similarities betwesn the
zespective carcinogenesis dcse response functions. Direct damage
to DNA by the carcinogenic agent has been inmplicated as one cancer.
initiating mechanism for both radiation and chemicals (Browm, J. M.,
1976 and McCann and Ames, 1976). Thus, the findings related to
the potential linearity of the dose response function for radia-
tion has implications for chemical carcinogens as well, particu-
larly for "directly-acting"™ carcinogens.

The results of linear extrapolation will be compared with

other methods in a later section.
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C. Extrapolation Methols Based Unon the Myltisctace Model

T™wo methods of low dose extrapelation which are alterna-
tives to the Mantel-Bryan or linear procedures have recently been
proposed independently by Guess, Crump, and Deal (Guess and Crump,
1976, 1978 and Crump, Guess and boal, 1977) and Hartley and
Sielkin, 1977. B3oth of these methods utilize a mvltistage dose

response function of the form

et
e

+

P(a) = l-expl-1q, + qyd + ;8% + «ov & g a¥)) [A2;

where Qg 9y’ ves, qx are all nennegative parameters to be esti-
mated from the cata. This dose response functicn is general
enough to yield a considerably wide range of responses at low
dose. ©On the one hand, if qy>0 and q =0 for i>2 the dcose response
function [A2] becomes the one-stage model which yields risks at low
doses comparsble to what would be obtained with linear extrapola-
tion. On the other hand, the model can produce risks even as low
as the probit curve [Al] down to any fixed positive low dose.

Thus this model is capable of fitting both highly linear and
highly nonliﬂcar dose respornse relations. Since the mocel has the
property of “linear at low dose” {f q,>0 and does not have this
property if qy=0. use of this model does away with having to make
the arbitrary but crucial cdecision of having to either assume
linear at low dose as in linear extrapclation or else assume a
highly nonlinear dose response relationship at low dose as in
Mantel-Bryan extrapolation. Thus "safe” doses computed using this
model should provide a more realistic measure of the true un=

certainty of low dose extrapolation than would "sa‘fe” doses basad
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on either an assumed linear curve shape or an assumed highly
nonlinesr Surve shape.

The dose response relation [AZ] contains all of the Armitage
and Doll (l3%61) multistage dose response models asx spscial cases
but also contains curves which are much flatter at low dose than
any of the multistage curves.

The two extrapolation procedures based uponeﬁl have some
features which .are different. When computing 'aéii‘likcly' esti-
mates the procedure of Guess, Crump and Deal uses an infinite
dimensional maximization procedure so that it is not necassary to
specify a value of k, the degree of the polynomial in [A2). How-
ever, the two methods differ chiefly in the way the statistical
conficence intervals are computed. There have not yet been suf-
ficient compazative calculations made to determine how safe doses
may differ using the two approaches. Mantel (1977) has made a
critical review of the statistical procecdure used by Sartley 2nd
Sielkin for calculating the ‘safe’ dosa.

Both the Hartley and Sielkin and the Guess, Crump and Deal
(as extended by Crump, 1977) procedures can utilize times at
which cancer is detected in the experinental animals rather than
just the dichotomous information of whether or not an animal
contracted cancer before it digd of some other cause or before
the termination of the experiment. The utilization of time data
{n low dose extrapolation is important for at least two reasons:
l) The age at which cancesrs occur should be important in assessing
the magnitude of the harmful effect of a carcinogen upon man

le.g., cancers that occur early in life should be viewed as more

X3
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serious than those which occur in extreme old age), 2) In many
animal carcinogenicity experiments the response data at the
highest doses lies below the trend of the lowver dose data. This
sometimes appears to be due to the fact that at the highest doses
gsome of the animals are being poisoned by the chemical bafore
they have a chance to develop cancer. When this ogeurs the high
dose data is often just deleted from the analysis. Rowever if
the times at which the animals die is properly used the high dose
data might not appear anomolous. More Tesearch needs to be dene
on the proper utilization o:laninal time of death data to assess

the haraful effects of chenicals to man.

D. The Camna Multihit Cazcinocenesis Dose Resconse Mcdel

Rai and Van Ryzin (1978) have proposed basing risk estima-

tion on the gamma multihit model

id uk-l.-u
P(d) = C + (I'C)I YRR du k20
]

- k-1
-2 (l-C){l-o “[1 +1d 4+ -‘-ﬁ#’ RPN L J}

k=11,2,... [A3)

wheze P(d) iz the lifetize probability of cance- in a tissue when
subjected to a constant dose-rate d of the carcinogen. This model
is obtained by assuming that cancer due to the carcinogen oceus
when the tissue has been hit k times, these hits occurring
randomly according to a Poisson distributicn. The manner in which

backgrocund carcinogenesis is incorporated into the model is
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equivalent to assuzing that the event "cancer occurs dus to the
action 6! the carcinogen” is incependent of the event "cance:
occurs spontanecusly.” This assumption would not apply, for
example, to processes in which the effect of the carcinogen is

to speed up the rTate at which tha "spontaneous” events occur which
lead to the background cancers. At low dose ratss, the ctespornse

is approximately given by
pea) « 1%a%x1.

Conseguently, this dose response model is linear at low cose
rates when and only when kX = 1, Rai and Van Ryzin calculate
confidenca inte=vals for added risk at a given dose and for the
dose producing a fixed added risk using asymptotic maximum
likelihcod theory. Although in the theoretical development k
must be an intager, in the applications k is allowed to asswe
any positive value.

Upper statistical confidence intervals on extra risk at a
given low dose computed using this procedure can be compared with
those computed from the multistage model [A2] by considering two

seneral classes of data.

If the data exhibit a general downward curvatuce as illus:trazez

in Figuce Ja, upper conficence bounds on extra risk computed fronm
the garma multihit model [A3] should genecally be greater than or
egual to corresponding uprper confidance bounds ccmputed from the
multistage model {A2). In certain instances the gamma multihit

upper bounds could be much greater than the corresponding multi-

stage upper bounds. This could occusr when the data is consistent
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with k < 1 in the gaxma multihit model (presumably correspond:
to a fraction of a hit}.

On the other hand, if the data exhibit a general upward
curvature as illustrated in Figure 3b the reverse situation wi.
hold; camma multihit ugpes conéidcncc bounds on extra risk wil.
generally be less than or equal to corresponding multistage
bounds. Cammc multihit bounds will not in general share the
low=dose-linearity of multistage bounds and because of this may
be smaller than the multistags bounds by orders of magnituds a=
low doses. The reason these large differences can occur is as
#6llows. The multistage family of models contains members whic:
are simultaneously linear at low dose and exhibit upward curva::
at moderate doses. For example, the particular multistage
model

- z

is linear at low dose since q; > 0 and still can exhibit upward
curvature at moderate doses since q; > 0. This meezns thecze

are dose rasponse curves in the multistage class which are

both linear at low dose and can adeguately cdescribe data of

the tyra exemplified Dy Figure 2b. On the other hand, this will
generally not be true of gamma multihit models. All dose-resgcns:
curves in the gamma multihit class which ars lineac at lew dose
must exhibje ggggxgrd curvature and consecuently would generally
not be csnsistent with the data in Figure 3b., When this is true
gamma multihit confidence upper bounds will be sublinear (e.g..

quadratic) at low dose and consezuontly much smaller than the

multistage confidence bounds.
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Confidence bounds basad upon the gamma multihit medel will
be approximately correct whenever this model is the correct mod:
A similar statement could be made for the probit model, multi=
stage model, or any other modal to which reascnable statistical
methods are applied. Howaver, there may be considerable uncer-
tainty as to what the true model may be in a particular situatic
The multistage model not only reflects socma reescnable assumptic
regarding the carcinogenic process which dovetail nicely with
spidemiological data for many cancers (Peto, 1977b), but it alse
reflects some of the uncertainty with regard to the true model
by virtue of encompassing a relatively lacge class of dose-

response functions. For example, as noted earlier, the multissa

class contains dose response functions which are linear at low
dose and also exhibit upward curvature at moderate doses. On
the other hand, the gamna multihit class is more restrictive at
this point in that it does not permit such behaviour. 1Is this
extra rastrictiveness of the gamma multihit model justified?

To help answar this question, consider the following medifica-
tion to this mocel. Suppeose that the hits (phenomenclogical
events which are required to occur in a tissue in order that a
cancsr appear) can possibly occur spontanecusly in the absense
of the carcinogen. Part of the effect of the carcinogsn would
then be to speed up the rates at which the spontaneosus hits

are occurring. For example, if one of the “"hits" {s an in-
correct base substitution in DNA during mitosis, the carcinogan

could speed up the rate at which these “"hits® are occurring in

imdividral enlra % mumitd dimm mavn thammaeas basar faw tha = Aaa
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an incorrect substitution. With this mocdification to the model,
the garma multihit upper conficence bounds will no longer be
sublinear at low dose ancd will likely be very close to corre-
sponding bounds calculated fzom the multistage model [A2). oOn
the other hand, versions of the garma model which incorperate
such an assunption as this could still be consistent with data
with strong upward curvature as exemplified by Figure 3b. Thus,
{n ordez to obtain sublinea= upper confidence intarvals with the
garma multihit medel a modification such as the one degcribed
above must be ruled out, not on the basis of cata, but by

assumption.

By was of summary, confidence intervals based upon the mulsi-
stage mcdel will always be linear at low dose. Confidence inter-
vals based upon the garma multihit model may be either "super
linear” (corresponding to k < 1} or "sublinear" (corzesponding
to k > 1}. Superlineazity is achieved by making the model too
broad in that a fracticn of a hit is allowed which has no bio-
logical basis. On the other hand, sublinearity is achieved by
making the modal pessibly too restrictive in that models which
are reasonable from a biclogical viewpoint are ruled out by

assurption.

Comparisons and Discussion

To comgpare low dosa extrapolations using the Mantel-3ryan
prooit model {Al] with those using the multistace model {A2] we

present Figure 4 based upon the same data as Figure 2. In this
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Figure 4, Comparisons of 'safe’' doses computed from the Mantel-
Bryan prececure and from a grocedure basec upen the multistage
model (fzom Crump, 1977b}.
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Figure are plotted on a log-leg scale the Mantel-3ryan 'safe' dose
as well as both the multistage 'most likely' curve based upon [:2)
and the 'sa’e’ dose based upon {82 and computed as outlined in
Crump, et al. (1977). A 99% statistical assurance was used for
both ‘'safe’ dose curves. We note that the Mantel-3ryan 'safs’
dose lies adove the multistage safe SdO3e curve at values of added
risk below 5 x 1074, The Mantel-Bryan “"safe” doss curve lies
ahove the multistage 'safe’' dose curve by a factor greater than

20 for an adéed risk of 10 ° and by a factor greater than 300

for an added risk of 10”8  Because of the ‘flatness’ p-operty

of the Mantel=Bryan probit functicn |Al] described esarlier, the
Mantel-Bryan 'safe' dose curve will lie above the multistage safe
dose curve by arbitrarily large factors at extreme lqw doses.
Cuess, et al. (1977) have compared the Mantel-3ryan 'safe' dose
curves to tha multistage 'safe’ dose curves and found this to be
a typical situation. Thus it i{s clear that if the true dose re-
sponse curve could be similar to the multistage dose response
function A1] then the Mantel-3ryan procecdure could not be justi-
fiably called conservativae. (Sees also Crump 1977 for further
discussion of this point.) O©On the other hand, we have seen that
there are qQuite plausidle arguments for the true dose response
curve to hava the same shace at low dose (linear) as the estimated
multistage curve. |

We note that both the multistage 'safe’ dose curve and
‘most likely' curve have a slope 1 in Figure 4 as plotted on the
log~log scales which is cquivalhnt to the curves being linear at

low cdose. The fact that the 'most likely' curve has slope 1 is
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due to the fact that with this particular data set the linea:s

coefficient q, in (A2] was estimated to be positive. However i
‘safe' dose curve using the multistage model [A2] will alwavs :¢
linear at low dose regardless of whether or not the linear cce?
ficient 9, is estimated to be positive. This property should : '
shared by any valid statistical procedure based upon a dose re-
sponse function that does not rule out linearity at low dose b
assumption as Mantel~Bryan cdoes. Just as it is mot possible t=
prove statistically the existence of a threshold, it is likawis

not: possible to rule out the possibility that the true dose

response curve is linear at low dose on the basis of statistics
analysis. (See Guass, et al. (1977) for a thorocugh discussion
this impertant point.) The Mantel-Bryan obtains 'safe' dose
estimates which are considerably higher -than those obtained usi:
the multistage model becausa it zssumes away linearity at low
dose, an assumption that we have seen is probably unwarrented I:
that majority of carcinogens which are classified as 'directly-
acting' carcinogens.

Since extra®olation based upon a model such as the multi-
stage model (A2] must always be linear at low dose, the guestion
arises as to how different the result will be from simple linezrs
extrapolation. For some data the difference will be minimal.
For example, for the data upon which Figure 2 is based, 'sa’e
doses' computed using the multistage model is almost identical
with 'safe' dosas based upon linear extrapolation. For some

data sets, however, the difference could be considerable. For

example, with the Casg, et al. (1964) DES usgimm *ha 19 frmada
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mice, the ‘safe’ dose based upon linear extrapolation is lcver
than the 'safe' dose based upon the multistage model by a facto:s
of about five ancd there are doubtless cases where this difference

could be greater than an order of magnituda.
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