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Background A novel approach to derive a threshold dose with respect to alcohol-
related harm, the benchmark dose (BMD) methodology, is intro-
duced to provide a basis for evidence-based drinking guidelines.
This study is the first to calculate a BMD for alcohol exposure
using epidemiological cohort data. With this BMD we will be able
to calculate the margin of exposure (MOE) for alcohol consump-
tion, which can be used for comparative risk assessment and
applied to setting public health policy.

Methods Benchmark dose–response modelling of epidemiological data gath-
ered during a recent systematic review and meta-analysis of alcohol
consumption as a risk factor for liver cirrhosis morbidity and
mortality.

Results For a benchmark response (BMR) of 1.5%, the resulting BMD
values were 30.9 g/day for males and 29.7 g/day for females; the
corresponding lower one-sided confidence values were 25.7 and
27.2 g/day, respectively. The intake scenario for the Canadian popu-
lation resulted in an MOE of 1.23. Intake scenarios for individuals
as based on the Canadian drinking guidelines led to MOE values
between 0.96 and 1.91. Using an uncertainty factor of 10, the
acceptable daily intake for alcohol would be 2.6 g/day.

Conclusions The BMD approach was feasible in developing evidence-based
guidelines for low-risk drinking. As our calculated MOEs result
around unity (i.e. 1) for moderate drinking, it is evident that the
current guidelines correspond very well to low risk on the dose–
response curve. The BMD methodology therefore validates current
guidelines. The results again highlight the health risk associated
with alcohol consumption.

Keywords Alcohol, ethanol, alcoholic beverages, liver cirrhosis, risk assess-
ment, dose–response relationship, margin of exposure, benchmark
dose, epidemiological methods

Published by Oxford University Press on behalf of the International Epidemiological Association

� The Author 2010; all rights reserved. Advance Access publication 6 September 2010

International Journal of Epidemiology 2011;40:210–218

doi:10.1093/ije/dyq150

210

D
ow

nloaded from
 https://academ

ic.oup.com
/ije/article/40/1/210/659655 by guest on 24 April 2024



Introduction
In the public health-risk assessment of alcoholic bev-
erages, the derivation of a threshold dose or a toler-
able upper alcohol intake level is fundamental in
providing scientifically founded drinking guidelines.
Previous approaches include interpretations of single
epidemiological dose–response studies on all-cause
mortality (e.g. Hoffmeister and colleagues defined
the threshold as the point within a dose–response
model at which the response starts to rise1), non-
formal attempts to interpret the literature by expert
committes,2 the use of cumulated lifetime risk3 and
use of the more formal ‘no observed adverse effect
level’ (NOAEL) methodology with an uncertainty
factor for deriving an ‘acceptable daily intake’ (ADI)
level.4–6

All of these methods have substantial limitations.
The single-article approach is problematic as it is
based on one underlying distribution of deaths and
is fraught with measurement problems of exposure,
especially since most cohort studies have only one
baseline measurement.7 Any intuitive or non-formal
interpretations are subjective, as a consequence differ-
ent committees using this method have had vastly
different results.8 The lifetime method has often
been based on models that do not allow for variation
in drinking over an entire lifespan, essentially disre-
garding the potential problem of differential impact of
drinking patterns9: the effect of one standard drink
per day in a week is different when consumed as all
seven on a single day as opposed to one per day.
Finally, the NOAEL/ADI is problematic when there
is a dose–response relationship with no apparent
threshold, as is the case for some alcohol-attributable
endpoints, such as certain cancers10 (for breast
cancer, as an example, the largest pooled study on
breast cancer shows significant effects for lower
than one drink daily11). In such a situation, the
NOAEL and subsequent threshold dose for the min-
imal risk value will be very low, possibly even 0.
However, from a public health perspective, the risk
of cancer at higher levels may be in fact counterba-
lanced by the protective effects of alcohol on ischemic
disease and diabetes (for an overview of the effects of
alcohol on disease see Rehm et al.12).

One of the most promising alternatives to the
NOAEL/ADI approach is the benchmark dose (BMD)
methodology.13 Based on dose–response modelling,
the BMD is the point on the dose–response curve
that characterizes adverse effects. This value can
then be used in combination with exposure data to
calculate a margin of exposure (MOE) for quantitative
risk assessment. The MOE is defined as the ratio be-
tween the BMD and estimated human intake of the
same compound. It can be used to compare the health
risk of different compounds and in turn prioritize risk
management actions. By definition, the lower the
MOE, the larger the risk for humans; generally, a
value <10 000 is used to define public health risks.

The BMD approach was developed by Crump in
1984,14 and has since been adopted by the US
Environmental Protection Agency (EPA),15 as well as
the European Food Safety Authority (EFSA),16 mainly
in the area of risk assessment of genotoxic carcino-
gens. In later years, the BMD approach was broad-
ened to other agents with a wide range of effects
(e.g. pesticides, mycotoxins and natural toxins),17 as
well as macroconstitutents in food such as sugar and
fat.13 Originally and traditionally in regulatory toxicol-
ogy, data from animal experiments were used for
BMD modelling;14,17–21 only more recently has the
approach been applied with epidemiological data
(e.g. for risk assessment of mercury,22 methylmer-
cury,23,24 arsenic,25,26 cadmium,27 chromium,28

lead,29 styrene30 or respirable coal mine dust31). It
should be noted that calculations generally use the
lower one-sided confidence limit of the BMD
(BMDL) as the point of departure.

In the alcohol field, the BMD methodology was
applied in a study of 1100 Japanese salesman to
find thresholds for the effect of alcohol on blood pres-
sure and biochemical markers for liver injury.32,33

The BMD/MOE model was also used to evaluate the
carcinogenic substances acetaldehyde and ethyl carba-
mate in alcoholic beverages.34–37 In the carcinogenic
potency project, a large-scale cancer risk assessment
utilizing analyses of animal cancer tests, Gold et al.,38

based on rodent data, estimated an MOE of 3 for
alcoholic beverages (daily consumption of 22.8 ml
ethanol), which was the highest risk for non-
occupational exposures in the entire project.

In this study, we will be the first to calculate a BMD
and BMDL for daily alcohol consumption based on
epidemiological (cohort) data, specifically the excess
lifetime risk for liver cirrhosis, which is the most im-
portant single fatal chronic disease condition attrib-
utable to alcohol globally.39,40 Plausibility will be
assessed by comparison with the other previously dis-
cussed approaches as well as comparison with BMD
modelling of animal experiments. With this BMD we
will be able to calculate the first MOE for alcohol
consumption based on epidemiology, which can be
used for comparative risk assessment (e.g. between
ethanol itself and other health-relevant substances
contained in alcoholic beverages) and applied to
setting public health policy.

Methods
Epidemiological and animal data
The epidemiological data gathered during a recent
systematic review and meta-analysis of alcohol con-
sumption as a risk factor for liver cirrhosis morbidity
and mortality in humans was re-evaluated to allow
for benchmark modelling.40 According to the method-
ology of Morales and Ryan25 for BMD estimation
based on epidemiological cohort data, a dose–response
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model between dose and excess lifetime risk should
be used to calculate the BMD. In this case the risk
relations from the meta-analysis were re-calculated to
estimate the excess lifetime risk for the Canadian
population for several average volumes of daily aver-
age drinking (see Rehm et al.3 for details of the gen-
eral methodology of calculating excess risk).

Additionally, as a sensitivity analysis, animal experi-
ments regarding the effect of ethanol on the liver and
suitable for dose–response modelling, were identified
using the recent literature review of the International
Agency for Research on Cancer.41 Most animal studies
demonstrating the causal relationship between etha-
nol ingestion and liver injury42–46 were unfortunately
unsuitable for dose–response modelling, as only single
dose levels were compared with controls. A notable
lifetime carcinogenicity study by Soffritti et al.47

again did not meet the criteria, as it also only re-
searched a single dose level. Only the 2004 National
Toxicology Program (NTP) 2-year rodent bioassay48,49

contained data meeting the criteria for the modelling
of the dose–response relationship for lifetime expos-
ure to ethanol.

BMD and MOE calculation
The BMD and BMDL were calculated for the epi-
demiological data using the methodology presented
in Morales and Ryan.25 A benchmark response
(BMR) of 1.5% referring to excess risk was selected
as this response was in the experimental range for
both sexes. The BMD was then found by backsolving
from an excess risk of 1.5% to the corresponding al-
cohol intake. The BMDL was estimated in the same
way as BMD by finding the exposure that

corresponded to 1.5% on the upper confidence limit
for BMD. For comparability, we also calculated BMD
and BMDL values using the US EPA’s BMDS 2.1.1
software (available for free at the US Environmental
Protection Agency website: http://www.epa.gov/
ncea/bmds/index.html). The data from animal experi-
ments were also evaluated using this software.

The EFSA harmonized approach, as previously men-
tioned, was used to conduct the dietary intake assess-
ment.16 For this, relevant substance-specific dietary
intake estimates in humans are needed. Such data
on alcohol consumption were obtained from the
Global Information System on Alcohol and Health
(GISAH)50 based on data primarily from the Food
and Agriculture Organization51 for the year 2002
(averaged from 2001 to 2003) for the population
415 years of age. The data on unrecorded consump-
tion were also based on estimated volume for the
population 415 years of age.52 The MOEs were calcu-
lated by dividing the reference point, in this case the
BMDL, by the estimated human intakes, based on
either Canadian data as derived from the triangula-
tion of survey and per capita data,53 or low-risk drink-
ing guidelines for Canada (13.6 g pure alcohol per
standard drink).54 The ADI was calculated according
to the guidelines of the WHO International Pro-
gramme on Chemical Safety (IPCS).55

Results
The excess lifetime risk for alcohol-related liver cir-
rhosis dependent on daily alcohol consumption
amount is shown in Table 1. These data were used

Table 1 Excess liver cirrhosis mortality calculated for the Canadian population 455 years of age

Alcohol
consumption

(pure alcohol g/day)

Rate of alcohol attributable
liver cirrhosis mortality

for every 100 000 population
Excess

mortality (%)

Excess mortality
95% CI upper
boundary (%)

M F M F M F

10 5.5 6.2 0.60 1.09 0.74 1.12

20 10.0 7.7 1.09 1.35 1.28 1.38

30 13.6 8.5 1.48 1.50 1.69 1.53

40 16.4 9.0 1.79 1.59 2.01 1.62

50 18.7 9.4 2.03 1.66 2.26 1.69

60 20.4 9.6 2.22 1.70 2.45 1.74

70 21.8 9.8 2.36 1.74 2.60 1.77

80 22.8 10.0 2.48 1.77 2.71 1.80

90 23.6 10.1 2.56 1.79 2.80 1.82

100 24.2 10.2 2.63 1.81 2.83 1.84

110 24.6 10.3 2.68 1.82 2.83 1.86

120 25.0 10.4 2.72 1.83 2.83 1.87

130 25.3 10.4 2.74 1.84 2.83 1.88

140 25.5 10.5 2.77 1.85 2.83 1.89

CI, confidence interval; M, male; F, female.
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to calculate the BMD and BMDL as shown in Figures
1 and 2. For a BMR of 1.5%, the resulting BMD1.5
values were 30.9 g/day for males and 29.7 g/day for
females; the corresponding BMDL1.5 values were
25.7 and 27.2 g/day, respectively. Calculated for per-
sons weighing 60 kg, the values were very similar
for both sexes, with an average BMD1.5 of 0.5 g/kg
body weight (bw)/day and a BMDL1.5 of 0.4 g/kg
bw/day.

Using the US EPA BMDS software, very similar
values to our calculations were obtained. The dichot-
omous hill model had the best fit, with P-values of
0.9722 (male) and 0.9992 (female). The BMD1.5
values were 29.8 g/day for males and 27.9 g/day for

females; the corresponding BMDL1.5 values were
29.0 and 25.1 g/day, respectively. As the EPA software
does not calculate based on experimental confidence
limits, we gave preference and used the data calcu-
lated from our own models.

The data of the NTP animal study allowed for the
BMD calculation with the usual BMR of 10%, as well
as 1.5% for comparison with the epidemiological re-
sults. According to the authors of the NTP study, the
incidence of hepatocellular adenoma or carcinoma in
male mice was the only endpoint with a significant
(P < 0.05) dose-related trend with respect to ethanol
(Table 2). We therefore used this endpoint for dose–
response modelling. From the model choices available
in the US EPA software, the multistage cancer
model showed the best fit with a P-value of 0.9689
(Figure 3). The BMD10 and BMDL10 were 2.07 and
0.72 g/kg bw/day, and the BMD1.5 and BMDL1.5 were
0.78 and 0.10 g/kg bw/day, respectively.

Table 3 shows the values determined in this study
as compared with those found in the literature,
which are in reasonable agreement (see Discussion
section). The comparison therefore substantiates the
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Figure 2 BMD modelling of excess liver cirrhosis mortality
in the female Canadian population (data from Table 1). CI,
confidence interval; bw, body weight
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Figure 1 BMD modelling of excess liver cirrhosis mortality
in the male Canadian population (data from Table 1). CI,
confidence interval; bw, body weight

Figure 3 BMD modelling of animal study (data from
Table 2). bw, body weight

Table 2 Incidence of hepatocellular adenoma or carcinoma
in male B6C3F1 mice administered ethanol in drinking
water for 2 years48,49

Ethanol
(% in

drinking
water)

Ethanol
(g/kg

bw/day)

Number
of

animals

Incidence
of hepatocellular

adenoma
or carcinoma

0 0 (Control) 46 12 (26.1%)
2.5 2.2 47 16 (34.0%)

5 4.2 48 25 (52.1%)

bw, body weight.
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plausibility of our calculated values and allows for
their further use in MOE estimation. As such, we
decided to use the BMDL1.5 of 0.4 g/kg bw/day
(�26 g/day) from the epidemiological data for our fur-
ther calculations.

Table 4 shows the corresponding MOEs for several
scenarios. The intake scenario for the entire Canadian
population resulted in an MOE of 1.23. Intake scen-
arios for individuals as based on the Canadian drink-
ing guidelines led to MOE values of 1.91 or 1.49 for
females (drinking one drink per day, or nine drinks
per week), with lower MOEs for men at 0.96 (with
drinking two drinks per day, or 14 drinks per week).
For a heavy drinking scenario, the MOE was 0.48.

Finally, to calculate an ADI, the traditional default
uncertainty factor (UF) of the Joint FAO/WHO Expert
Committee on Food Additives (JECFA) was chosen
(10), which assumes that the difference of sensitivity
within the human population is in a 10-fold range.56

According to IPCS,55 the ADI based on BMD model-
ling is calculated as ADI¼BMDL/UF. With the BMDL
of 26 g/day, the ADI for ethanol would therefore be
2.6 g/day.

Discussion
For the BMD modelling of cohort data on liver cir-
rhosis, the suggested standard BMR of 10%, e.g. by
the EFSA,16 cannot be used as it is outside the ex-
perimental range. This is typically the case for studies
based on epidemiological data, for which an excess
risk of 10% seldom occurs.25 To address this issue,
other BMD studies based on such data used BMRs
in the range of 1–5%.24–27,32,33 We decided to use a
BMR of 1.5% as this was in the experimental range
for both sexes; this would not have been the case for
1 or 2%. For the evaluation of the animal experi-
ments, we used the standard BMR of 10% as well
as 1.5% for better comparability.

Using this approach we observed similar results from
both the epidemiological and the animal data. It must

be noted that with respect to the inherent uncertainties
of BMD modelling, even between different mathemat-
ical models of the same study, differences up to a factor
of 3 are typically acceptable and allow for an averaging
of the values. In our case, the BMD1.5 values from epi-
demiological (0.5 g/kg bw/day) and animal experiment
(0.8 g/kg bw/day) data did not even differ by this factor
of 3. This is in line with previous research showing good
agreement between these types of studies,57 which can
be taken as an indicator for the concurrent validity of
the approach. Even between the different studies and
approaches (Table 3), the values are in good accord-
ance. Our modelling of the animal data (BMDL10 of
0.7) is also in reasonable agreement with the
modelling of Gold et al.38 (BMDL10 of 0.93), which is
the only BMD for ethanol present in the literature, also
based on animal experiments. Furthermore, the results
from our epidemiological data on liver cirrhosis are in
excellent agreement with those for liver markers and
blood pressure from the Japanese studies of Dakeishi
et al.32,33 Finally, our indicators are in reasonable agree-
ment with the conventional thresholds.1,4–6,58

Notably, our approach allows for the first compari-
son of the overall effect of alcoholic beverages with
that of minor constituents and contaminants in
beverages that might additionally contribute to the
health risk. For acetaldehyde directly contained in
the beverages (i.e. outside ethanol metabolism), we
had previously calculated an average MOE of 498.35

For ethyl carbamate, the MOE was �5000.36 This
signifies that alcoholic beverages per se (i.e. mechan-
istically the direct effects of ethanol and/or metabol-
ically formed acetaldehyde) are 4100 or even 1000
times more potent than the most relevant contamin-
ants acetaldehyde and ethyl carbamate, which are
regularly found in addition to ethanol. This compari-
son additionally provides evidence against the argu-
ment, often misleadingly exaggerated by the alcohol
industry, that these minor contaminants are the main
health threats of unrecorded alcohol products.59

Table 4 MOE for alcohol in different Canadian exposure scenarios

Exposure scenario
Alcohol consumption

(g/day)
MOE

Canada, population 415 years of agea 21.1 1.23

1 standard drink per day (low-risk drinking guideline for females)b 13.6 1.91

2 standard drinks per day (low-risk drinking guideline for males)b 27.2 0.96

9 standard drink per week (low-risk drinking guideline for females)b 17.5 1.49

14 standard drinks per week (low-risk drinking guideline for males)b 27.2 0.96

Heavy drinkers (four drinks per day, own categorization) 54.4 0.48

Calculated with BMDL1.5 of 26 g/day (MOE¼BMDL/exposure).
aValue based on 9.77 l of pure alcohol (total consumption, recorded and unrecorded) per year divided by 365 to get the daily intake
and multiplied with 0.789 g/ml (density of alcohol) to correct from volume to mass.
bA standard drink in Canada is considered to have a total of 13.6 g of alcohol.54
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Our results underline again that alcohol is truly no
ordinary commodity.60 If ethanol were in fact treated
like any other food ingredient, an ADI of 2.6 g/day,
which could be exceeded by just a single portion per
day, would be considered as outside the safety
requirement for foods.

As our calculated MOEs vary around unity (i.e. 1)
even for moderate drinking, it is evident that the cur-
rent guidelines correspond very well to low risk on
the dose–response curve. However, as normally an
uncertainty factor of at least 10 would be introduced
for evaluations based on human epidemiology, they
do not provide any added safety. There is also the
likelihood the uncertainty factor for alcohol would
have to be even larger to allow for the genetic risk
associated with ADH and ALDH polymorphisms.
There is currently limited evidence for increased risk
of liver disease associated with carriers of these poly-
morphisms,61,62 in addition to evidence on their effect
on cancer63 and cardiovascular risk.64 At least for
populations with predominantly active ADH/ALDH,
uncertainty factors above 10 would appear overly con-
servative. Victorin et al. suggested uncertainty factors
in the range of 2–10 for alcohol.5 Rydberg and
Skerfving used the default factor of 10 in their tox-
icity evaluation of ethanol.6 We agree with Vermeire
et al.65 that until better data are available it appears to
be most appropriate to remain consistent with the
traditional default value of 10 and to assume that
this value protects the majority of the general
human population.

If we would have to suggest a ‘virtually safe guide-
line’ based on our ADI of 2.6 g/day, this could be for
example a maximum of one drink every 5 days, or six
drinks per month. In this context, the additive risk
stemming from heavy drinking behaviours must be
mentioned. The evidence in the literature has consist-
ently found that heavy drinking occasions pose a
risk over and above the risk of the volume of alcohol
consumed,9 in particular for ischemic heart disease
and injury, with the possibility of playing a role in
other alcohol-attributable disease,12 possibly including
liver cirrhosis.40 As a consequence, low-risk drinking
guidelines should incorporate limits for drinking per

occasion in addition to limits for average volume.2

Finally, our MOE values allow for an epidemiology-
based comparison of the health risk of alcoholic bev-
erages with other risk factors of modern lifestyle. In
the list of agents evaluated by this model (e.g. see
refs21,38), alcoholic beverages are confirmed to be
at the top position. This is another proof for the
major necessity, priority and relevance of risk man-
agement and policy actions for reducing alcohol
consumption.60

Conclusion
There are two main conclusions. First, the approach,
derived from regulatory toxicology, was feasible for
developing evidence-based guidelines for low-risk
drinking. This can provide a foundation for future
risk assessments using the BMD methodology with
epidemiological data and for calculating an MOE.
Moreover, it is recommended that this methodology
be applied to potential harmful substances with
applicable epidemiological data (e.g. other life style-
related risk factors such as tobacco or illegal drugs),
in order to more accurately assess risk for priority
setting in public health policy.

Secondly, the derived lower threshold of �26 g/day
is in line with the current drinking guidelines in
Canada, derived from other methods.2,54 This indi-
cates that the values produced using the BMD meth-
odology in this study are consistent with those of
the other methods used in the current guidelines.
Moreover, the BMD methodology and values in this
study can also be considered as a validation of the
current guidelines.

In conclusion, this study has provided a novel new
approach to risk assessment in epidemiology, based
on toxicological methodology. Furthermore, it has
added to the evidence for health risks associated
with alcohol consumption and provides more reason
for appropriate public health measures to reduce
alcohol-attributable harm.60

Conflict of interest: None declared.

KEY MESSAGES

� The BMD/MOE methodology was found to be usable in evaluating epidemiological data from life
style-related risk factors such as alcohol consumption.

� The BMD allows for the derivation of evidence-based low-risk drinking guidelines, which are in good
agreement with previous approaches.

� The MOE allows for the comparison of the overall effect of alcoholic beverages with that of minor
constituents and contaminants in the beverages that may additionally contribute to the health risk.

� The further use of this approach for assessing life style-related risk factors may allow for more
accurate priority setting in public health policy in the future.
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