
For a prominent feature of risk assessment, 

uncertainty factors attract few publica-

tions in the peer-reviewed literature. Ac-

cording to Web of Science, there are only 

79 toxicology citations with “uncertainty 

factor*” in the title. A number of these are 

conference abstracts rather than full jour-

nal papers. Of these publications, 50% have 

been cited 7 times or fewer. Only 25 have 

been published since 2003. 

Of these, a critical review by Martin et al. 

(2013) is fairly typical, attracting only two 

citations and going unmentioned in a re-

cent, purportedly comprehensive review by 

Felter et al. (2015). Here we ask if there is 

anything in the Martin et al. review which 

should give us cause for concern about the 

effectiveness of uncertainty factors in pro-

tecting health.  
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The use of uncertainty factors 
in chemical risk assessment 
Quantitative risk assessment is the pro-

cess by which chemicals are assessed for 

safety in the attempt to ensure that chem-

ical products do not excessively impact on 

human or environmental health. When it 

comes to understanding the effect a chem-

ical may have on health, human toxicity 

tests are obviously unethical. Most of our 

knowledge about the levels of exposure at 

which a chemical presents a health risk 

therefore comes from laboratory animal 

studies, from which safe (or at least, low-

risk) levels of exposure for humans need 

to be extrapolated. 

Determination of health risk begins (at 

least in theory, though most if not all 

chemicals lack a sufficiently comprehen-

sive toxicity database) with a comprehen-

sive battery of tests which are adminis-

tered to determine the critical health haz-
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ard for a chemical, i.e. the adverse effect 

which occurs at a lower level than any 

other. The lowest dose at which this ad-

verse effect can be observed (the No Ob-

served Adverse Effect Level, NOAEL) then 

becomes the point of departure for deter-

mining the maximum acceptable dose for 

the human population. Ideally, we would 

then know the relative toxicity of the 

compound in the animal model as com-

pared to humans, adjust the maximum 

allowable dose accordingly, and that 

would be sufficient for determining the 

levels at which people can safely be ex-

posed (the tolerable daily intake). 

Of course, the real world does not work 

that way: there is a great deal which is 

unknown in interpreting experimental 

results from animals to tolerable daily 

intakes for humans. Some of these un-

knowns represent things we could know 

but do not know, such as when we are 

presented with a chemical with incom-

plete toxicological data for which the criti-

cal end-point is therefore unknown. Some 

of these represent things we cannot 

know, such as the relative sensitivity of a 

new-born rat to a toxicant as compared to 

a new-born human, because the human 

test cannot be conducted ethically. 

To make allowance for these unknowns 

in extrapolating from the animal data the 

maximum acceptable exposure for hu-

mans, quantitative risk assessment makes 

use of uncertainty factors. Uncertainty 

factors assume that, in the absence of in-

formation, a human is to some degree 

more sensitive to toxicants than laborato-

ry animals. In the first incarnation of un-

certainty factors, as proposed by Lehman 

& Fitzhugh (1954), two assumptions were 

made to give enough space between the 

NOAELs observed in toxicology testing 

and the unknown NOAELs in humans, 

such that it could be assumed that the 

animal-derived human exposure limit 

would be safe. 

The first assumption was that humans 

are ten times more sensitive to a given 

toxicant than animals (thereby accounting 

for interspecies sensitivity); and the sec-

ond was that no human is more than ten 

times as sensitive to a given toxicant than 

any other human (accounting for intra-

species sensitivity). This yields a default 

safety factor of 100, such that the NOAEL 

for a critical end-point in an animal toxici-

ty test is divided by 100 to yield the maxi-

mum tolerable dose presumed to present 

minimal risk in humans. 

Barely three years had elapsed before 

the same uncertainty factor was made to 

do more work, with the Joint FAO/WHO 

Expert Committee on Food Additives 

(JECFA) recommending the use of a de-

fault uncertainty factor of 100 to cover 

five basic areas of uncertainty (JECFA 

1958): “In the extrapolation of this figure 

to man, some margin of safety is desirable 

to allow for any species differences in 

susceptibility, the numerical differences 

between the test animals and the human 

population exposed to the hazard, the 

greater variety of complicating disease 

processes in the human population, the 

difficulty of estimating the human intake 

and the possibility of synergistic action 

among food additives.”  

Things have changed very little to this 

day, with the default uncertainty factor of 

100 still considered largely protective 

unless there is evidence to the contrary. It 

may, however, seem a little odd that such 

a precise measure can be made of some-

thing either has not or cannot be meas-

ured; after all, why not an uncertainty 

factor of 12x12? Or 12x15? Or 11x9? Fur-

thermore, if uncertainties have expanded 

(such as JECFA adding statistical issues 

and mixture effects into the UF mix, with-

out changing the UF itself), is there any 

reason for thinking UFs might now be 

insufficient – and if so, how would we go 

about finding out? 

Holding assumptions 
For default uncertainty factors to be pro-

tective, four conditions have to hold true: 

 firstly, that no human is more than 10x 

as sensitive to a toxicant than a test 

species; 

 secondly, that no individual is 10x more 

sensitive to a toxicant than any other 

individual; 

 thirdly, that an uncertainty factor of 100 

absorbs all other potential factors 

which can result in increased sensitivity 

of one individual compared to another; 

 fourthly, the application of uncertainty 

factors meets a suitable benchmark of 

protection. 

 

We can test these assumptions by look-

ing at empirical evidence of variance in 

sensitivity for (a) and (b), speculating 

reasonably about (c), and doing the maths 

on (d). For the sake of space, we will ex-

amine (a), (b) and (d) in detail. 

Interspecies sensitivity 

Assumption (a) is concerned with inter-

species differences in toxicokinetics 

(broadly speaking, the route which a toxi-

cant takes through the body: the organs it 

goes to; the metabolites to which it is bro-

ken down; and the route and speed of its 

excretion) and toxicodynamics (broadly 

speaking: how the molecule and its me-

tabolites interface with the body to exert 

toxic effects). Standard practice is to ac-

cord toxicokinetic and toxicodynamic dif-

ferences an uncertainty factor of 3.2, mul-

tiplying up to the total UF of 10 for inter-

species differences. 

While rats, mice, monkeys, guinea pigs, 

other animals and humans are able to 

clear toxicants at different rates, it is pos-

sible to make surprisingly accurate pre-

dictions of the difference in the relative 

clearance rate of a molecule using allome-

tric calorie scaling from the animal model 

to a human. This is because there is quite 

a neat predictive relationship between the 

rate at which a mammal can clear a com-

pound from its body and the ratio of the 

pace of the mammal’s metabolic activity 

to its body size. On this measure, the mean 

rate at which a rat clears many toxicants 

from its body is constant with the relative 

rate at which a human can clear the same 

compounds, which in theory allows calcu-

lation of a relatively precise uncertainty 

factor. 

The problem is, this is not always the 

case. Martin et al. discuss research which 

suggests mean clearance ratios following 

oral exposure to potential toxicants neu-

tralised via glucuronidation are as much 

as 6.2 times faster in rats and 10.2 times 

faster in mice than in humans (Walton et 

al. 2001). This is higher than the UF of 4 

used as the default uncertainty subfactor 

in this instance, and higher than the ad-

justment allowed for in allometric calorie 

scaling. For toxicodynamics the differ-

ences are much less studied but it is 

known that dioxin is about 10,000 times 

as toxic to guinea pigs as it is to rats, 

which is obviously in excess of the stand-

ard 3.2x UF for toxicodynamic differences 

(Karlbergh & Schneider, 1998). 

Intraspecies sensitivity 

Intraspecies sensitivities are a product 

of the differences between individuals in a 

population. These include: differences in 

genetic make-up, such as when the pres-

ence or absence of a particular group of 

genes might make a substantial difference 

to the rate at which a toxicant can be neu-

tralised by the body; differences in age 

and gender of the exposed individual; and 

any acquired susceptibility factors such as 

disease state, additional exposures such 

as tobacco smoke, diet and lifestyle etc. 

Martin et al. catalogue a number of 

studies which undermine confidence in 

the intraspecies UF. For example, one in-

terpretation of available data in healthy 



rats has suggested that 8% of chemicals 

would require a UF of more than 10x in 

order to account for intraspecies variabil-

ity (Dourson & Stara 1983); and an exam-

ination of intraspecies toxicodynamic 

data suggests that the standard toxicoki-

netic UF of 3.2 will leave 19,000 individu-

als per million unprotected (Renwick & 

Lazarus, 1988). 

Acquired sensitivities, such as expo-

sures to other environmental factors in-

cluding other chemicals (mixture effects), 

tobacco smoke, and dietary differences 

are almost impossible to test for and vali-

date in the form of uncertainty factors. 

There are also the complicating disease 

factors in humans: not only might unwell 

humans be more sensitive to toxicants, it 

may not be possible to model these dis-

eases in animals – or at best, a surrogate 

outcome such as reduced organ weight 

might be observed instead of the effect 

which exposure would have in a human. 

Numerical differences and meeting 

a protection benchmark 

A NOAEL is not an observation of no 

health effect of an exposure to a potential 

toxicant in a population; rather, it is the 

absence of a statistically significant effect 

of exposure to the potential toxicant in a 

relatively small test population. This point 

was recognised by JECFA in its 1958 en-

dorsement of UFs, whereby the UF allows 

for “numerical differences” between the 

size of the test population and the larger 

exposed human population. 

Since the TDI is derived from the NO-

AEL via the application of uncertainty 

factors, there has to be an assumption 

that the true NOAEL in the human popula-

tion is within two orders of magnitude of 

the observed NOAEL in the animal study 

population (assuming a default UF; other-

wise within whatever range the adjusted 

UF allows for), and that the remaining 

differences in sensitivity are absorbed by 

what remains of the UF in the TDI calcula-

tion.  

In determining whether we can expect 

those differences to be absorbed we need 

a target. Selecting the target is arbitrary, 

but here we can assume that in order to 

be protective of a diverse population 

across all life stages, there should be no 

more than 0.0001% increase in adverse 

health outcome over background levels 

(i.e. that if one can expect 10,000 cases of 

an outcome in a given population, expo-

sure to a chemical should increase the 

number of cases to no more than 10,001). 

Note that this is an example value which 

should not be assumed to be sufficiently 

protective. 

This sort of statistical power can in the-

ory be designed in to animal experiments; 

however, testing to within a 0.0001% 

increase in adverse health outcome over 

background levels, particularly for rare 

outcomes, would require an impractically 

large number of animals. Instead, relative-

ly small numbers of animals are given 

high doses, which are diminished to the 

point at which no statistically significant 

effect is observed in that group. 

The problem is, there might be no sta-

tistically significant evidence of an effect 

on 100 animals at the NOAEL if intraspe-

cies differences mean the dose will only 

affect 1% of the test animals. A cohort of 

1000 animals might, however, be able to 

show that effect (it is much easier to see 

10 in 1000 than 1 in 100). Whatever the 

difference in dose that amounts to, the UF 

is supposed to be able to absorb it – all the 

way through to 1 in 10,000. Can we expect 

it to do so? 

In an animal study, it is relatively 

straightforward to power an experiment 

to detect a dose to which only 5% of indi-

viduals respond. If that is divided by 10, 

to account for intraspecies differences, 

one might predict that almost no individu-

al in a population of the same species 

would respond to it. The problem is, while 

this assumption might hold true for a sin-

gle chemical, the degree of protection this 

offers a large population dwindles as the 

number of chemicals to which it is possi-

ble to be exposed increases. Note this is 

not a mixture effect, but simply treating 

chemicals as if they are acting in isolation: 

while risk from exposure to chemical A 

might be insignificant, if people can be 

exposed to A or B or C or D etc. then the 

probability of a response will increase. 

According to the results of one model 

highlighted by Martin et al. (Hattis et al., 

2002), if 50% of chemicals are considered 

then 2 people per 10,000 would respond 

to a chronic dose which is 10% of the 

dose which elicits a response in 5% of 

people: in other words, if one takes a real-

istic level of sensitivity to a toxicant which 

is detected in laboratory studies, and then 

multiplies this by the intraspecies UF of 

10, it leaves 2 people per 10,000 unpro-

tected, when half the chemicals in the 

Hattis et al. toxicity database are taken 

into consideration. 

If 95% of the chemicals in the Hattis et 

al. database are considered, the level of 

protection drops to 3 people per 1,000. 

This makes the 10x intraspecies UF seem 

very unlikely to be sufficient. This is par-

ticularly so in light of limitations of the 

model, which include how the toxicity 

database is not representative of all chem-

icals and makes the assumption that pop-

ulation sub-groups are all equally sensi-

tive to the effects of toxicants. 

Conclusion 

Uncertainty factors are supposed to offer 

a conservative level of protection 

(SCHER / SCENIHR / SCCS, 2013); howev-

er, there are a number of challenges to the 

assumptions which underpin the claim to 

conservativism. Firstly, it is not clear that 

no human is more than 10x as sensitive to 

a toxicant than a test species; secondly, 

sensitivity between humans appears like-

ly to vary by a factor of more than 10; and 

thirdly, application of default UFs does not 

appear to meet a suitable benchmark of 

protection for the population as a whole.  

 It therefore appears that, rather than 

being conservative, the 100x UF is unable 

to absorb even the observed variation in 

inter- and intra-species response, let 

alone the extra complications of mixture 

effects, to any sort of extent which could 

be considered as approaching a 1 in 

10,000 protection benchmark – if that 

benchmark is itself even sufficiently pro-

tective as a target, which seems unlikely.  

The problem is to some, perhaps even 

large, degree intractable because valida-

tion of the uncertainty factors in humans 

is ethically impossible. We could add extra 

safety factors and still be unable to deter-

mine if they were sufficiently protective 

(though they would certainly be more 

protective than the current defaults). This 

therefore requires a discussion of how to 

manage this problem, rather than make 

bland assertions of the satisfactoriness of 

the UF approach. 

As with many things, the consequences 

of uncertainty about uncertainty factors 

cuts two ways: a clearer understanding of 

what we don’t know about chemical tox-

icity and the limits of uncertainty factors 

can open up reasoned discussion of the 

circumstances in which a UF may be un-

necessarily large. In the interim, reducing 

uncertainty factors seems premature, giv-

en how much uncertainty they have to 

absorb and how unlikely it seems they are 

protective, as it makes a lot of assump-

tions about the spare capacity in the sys-

tem. 
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