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ABSTRACT

Objective: The objective of this study was to summarize existing knowledge on the association
between driving under the influence of alcohol and road safety outcomes and to assess factors
that may explain why these estimates vary.

Methods: Based on studies of the association between blood alcohol concentration (BAC) levels
and crashes, we used multilevel metaregression to calculate summary effects of BAC level and
analyze potential moderators of the association.

Results: Based on 60 studies and 393 effect estimates, we found that BAC level, outcome severity,
use of hospital data, and geographical region contributed to heterogeneity in results.

Conclusion: The effect of BAC on crash and injury risk and culpability is stronger at higher BAC levels
and for more serious outcomes. The relationship between BAC level and outcome is approximately
exponential. The relationship is stronger in studies from Nordic countries than in studies from other
countries, possibly because of the relatively low level of drunk driving in these countries. Studies based
on hospital data and studies using non-crash-involved control groups find smaller effects on average.
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Introduction

It is well established that alcohol impairs skills and abilities
required for safe driving (Global Road Safety Partnership
2007; Schnabel et al. 2010). An association between driving
under the influence of alcohol (commonly assessed by blood
alcohol concentration, BAC) and crash involvement has
been found across numerous studies. However, the strength
of the reported association varies. Detailed knowledge on
the association between driving under the influence (DUI)
of alcohol and adverse road safety outcomes is of great
importance for policymakers in prioritizing and selecting
countermeasures. Differences in study design, context, and
biases that may explain variation in effects have been pub-
lished by Gjerde et al. (2015) and Houwing et al. (2013).
However, to our knowledge, the joint influence of potential
moderators has not been investigated for the extensive lit-
erature relating drunk driving to road safety outcomes.

The current study aims, by means of meta-analysis, to syn-
thesize estimates of the risk associated with DUI and assess
how several potential moderators influence this association.

A typical study investigating the relationship between BAC
level and road safety outcome involves a 2 x 2 comparison;
for instance, numbers of BAC-positive vs. BAC-negative driv-
ers may be compared between fatally and nonfatally injured
drivers. In the following, we refer to drivers with the more

unfavorable outcome (e.g., fatal) as cases and those with the
less unfavorable outcome (e.g., nonfatally injured) as controls.

Potential moderators investigated and assumptions about
how they may affect estimated effects of DUI are described
in the following,

BAC level

Generally, because the inhibition of skills and abilities
increases with higher BAC (Moskowitz and Fiorentino 2000;
Ogden and Moskowitz 2004), we expect a positive associ-
ation between BAC level and crash/injury risk.

Severity level and controls

A general assumption is that the effect of DUI is stronger
for more serious outcomes (Desapriya et al. 2006). One may
also expect to find stronger effects in study designs based on
culpable vs. nonculpable drivers than in studies that do not
take into account culpability (Gjerde et al. 2014).

The choice of controls may affect study results as well.
Most empirical studies compare either crash-involved drivers
at different severity levels or crash-involved vs. non-crash-
involved drivers. The latter may yield overestimated effects of
alcohol because the proportion of BAC-positive drivers may
be overestimated among non-crash-involved drivers. For the
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latter, testing is not always compulsory and may be based on
suspicion (McLean et al. 1980; Blomberg et al. 2005).

Control for confounding variables

Some studies have only reported crude effects of DUI,
whereas others have controlled for potential confounding fac-
tors such as driver age/gender, speed limit, or time of day.
The adjustment for such factors can potentially affect the esti-
mated effects of BAC (Gjerde et al. 2015).

Other psychoactive substances

Most studies have not reported the presence of other psycho-
active substances, presumably leading to the inclusion of
some drivers influenced by other substances among both
BAC-positive and BAC-negative drivers. However, some
studies included only drivers not influenced by any other sub-
stances, and a third group of studies included drivers under
the influence of alcohol and other substances.

Data source

Most studies are based on official crash statistics and some
studies are based on hospital data. Such studies may suffer
from selection bias due to, for example, the exclusion of
crash scene fatalities and the types of injuries included in
the comparison group (Koval et al. 2008; Chang et al. 2020).

Geography

The relationship between BAC and road safety outcomes
may differ between geographic regions (e.g., Houwing et al.
2013; Gjerde et al. 2014). Geographic differences may reflect
differences in the incidence of DUI and how DUI is related
to other risk factors, among other things.

Methods
Literature search and data extraction

The aim of the literature search was to identify as many stud-
ies as possible within a limited time frame. We therefore used
a simplified search strategy based on Google Scholar and
screening reference lists of relevant studies. The search was
conducted in June-July 2020 for studies from any year.
Search terms combined “alcohol” or “drunk/drink driving”
with “fatal®,” “injur®,” “crash,” or “accident.” Because records
were sorted by relevance, each search was terminated when
10 consecutive pages of results did not yield a single relevant
study. In total, we screened several thousand records.

To be included, a study had to report at least one estimate
of the effect of a specified BAC level on a crash outcome. The
main reasons for the exclusion of potentially relevant studies
were as follows: Self-reported data, weights for meta-analysis
could not be calculated, specific crash types (e.g., single-
vehicle or motorcycle crashes only) or injury outcomes (e.g.,

specific type of complication at hospital), no BAC levels
reported, or simulator study.

For each study, one or more effect estimates were calcu-
lated as the odds ratio (OR) of an unfavorable outcome (vs.
a less unfavorable outcome) for BAC-positive drivers (vs.
BAC-negative drivers). For each effect estimate, information
was extracted about all predictor and moderator variables
investigated in this study, and a weight was calculated based
on the number of drivers in each study group, standard
deviations, or t values.

Meta-analysis

Results from individual studies were summarized by means
of meta-analysis; that is, weighted averages were calculated
for effect estimates referring to the same BAC levels and the
same type of outcome (Elvik 2013, 2016). Weights are pro-
portional to the inverse of the variance (Elvik 2016). To
identify moderator variables that may contribute to explain-
ing parts of the heterogeneity in the results, analyses were
conducted in 2 steps:

1. Exploratory moderator analysis: To identify relevant
moderator variables, we first assessed one potential mod-
erator variable at a time, controlling for BAC level and
outcome severity. Statistically significant variables were
then included as moderators in a joint metaregression
model.

2. Final models: To calculate summary effects for different
levels of BAC, metaregression analyses were conducted
separately for different severity levels, controlling for
moderators that were significant in the joint model in
step 1.

All analyses were conducted with R v4.0.2 using the meta-
for package (Viechtbauer 2010). To account for expected
covariance between estimates from the same study (typically
several BAC levels), we used multilevel metaregression models
with effects nested within studies. This approach assumes
independent sampling errors of the estimates, which may be
violated in this case (e.g., use of common control group for
estimates from the same study), possibly biasing the standard
errors and thus the confidence intervals (Cls). To correct for
this, we constructed cluster robust estimates using a sand-
wich-type estimator in the metafor package. Hence, results
are reported as odds ratios with robust 95% Cls.

Results

The literature search resulted in a total of k=60 studies and
n=393 effect estimates (see references in Appendix 1,
online supplement) for inclusion in meta-analysis.

Exploratory moderator analysis

In the following, results from the exploratory moderator ana-
lysis are described for each moderator. Details from the
Moderator x Moderator analysis are given in Appendix 2
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Figure 1. Odds ratios and robust 95% Cls from joint metaregression. X-axis
cropped for readability. Dotted vertical line at OR = 1.

(Table Al, see online supplement). ORs and robust Cls for the
joint metaregression are presented in Figure 1. This metaregres-
sion model contains only those moderator variables that were
found to be potentially relevant in the Moderator x Moderator
analysis. All predictor variables in the model are defined as
dummy variables. The ORs for the BAC dummy variables can-
not be interpreted as summary effects of being BAC-positive vs.
BAC-negative. For example, the OR for a BAC of 0.01-0.08
means that effect estimates referring to a BAC of 0.01-0.08 (vs.
BAC-negative) are on average significantly greater than effect
estimates referring to a BAC of 0.01-0.05 (intercept).

The OR before including moderators in the analysis (inter-
cept-only model with clustering) was 7.16 (95% CI 5.46, 9.39),
based on 1 =280 effect estimates. Adding the moderators in
the joint metaregression led to a proportional reduction in
residual variance of 69% (pseudo-R2 = 0.69). More variation
(2.5 times as much) was explained by differences between
effect estimates (6> = 0.48) than between studies (¢* = 0.21).

BAC level
Studies reported results for different BAC levels. We
grouped BAC levels to minimize imprecise categorizations
while limiting the number of categories, resulting in 5 closed
intervals (e.g., 0.01-0.05) and 5 half-bounded intervals (e.g.,
0.104). For instance, a BAC range of 0.01-0.05 mainly
includes results for this range but results for a BAC range of
0.02-0.05 or 0.04-0.05 are also included. All BAC levels are
blood (not breath) alcohol levels.

The ORs for unfavorable outcomes increased with increas-
ing BAC level (Figure 1). The specific relationships are
described below (final models).

Severity levels and controls

Severity levels for which effect estimates are available include
killed or seriously injured (KSI), crash-involved/injured, and
crash culpability. Controls were divided into 2 categories:
Crash-involved at lower severity (e.g., involved in a nonfatal
crash) and non-crash-involved.
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The Moderator x Moderator analysis showed that studies
using non-crash-involved controls for KSI drivers found
larger effects on average than those using non-KSI drivers as
controls (OR = 9.30; 95% CI 3.85, 22.46). However, only a
few results are available for non-KSI crash-involved controls.

No systematic difference was found between non-crash-
involved and crash-involved controls for culpability (OR =
0.90; 95% CI 0.43, 1.61) or for crash/injury (OR = 4.25; 95%
CI0.53, 39.51).

Some of the studies using non-crash-involved drivers as
controls adjusted for potentially missing non-crash-involved
drunk drivers (who refused testing). However, there was no
statistically significant difference between adjusted and
unadjusted effects (OR = 1.14; 95% CI 0.49, 2.64). Similarly,
results from 2 studies that directly compared results with and
without this type of adjustment (McLean et al. 1980; Connor
et al. 2004) found no statistically significant difference.

Based on these results, in the joint metaregression, effect
estimates were grouped as follows according to severity levels
and controls: KSI vs. non-crash-involved, KSI vs. non-KSI,
crash/injury (vs. uninjured or non-crash-involved), and culp-
ability (vs. nonculpable or non-crash-involved; reference).
The results indicate that only KSI (vs. non-crash-involved)
differed significantly from culpability but not crash/injury.
Therefore, in the final models, we distinguish only between
KSI and crash/injury/culpability.

Control for confounding variables

In the Moderator x Moderator analysis, a comparison of
adjusted and unadjusted ORs from studies that reported both
showed that adjusted ORs were on average smaller (OR
=0.87; 95% CI 0.72, 1.06). Because the difference was not stat-
istically significant, this moderator was not included in the
joint metaregression or the final models. All models are based
on adjusted effect estimates whenever available and
unadjusted effect estimates otherwise.

Substances other than alcohol

Effect estimates from individual studies were grouped accord-
ing to the (possible) presence of other substances among
BAC-positive and BAC-negative drivers: Unspecified, no
other substances present, or other substances present among
BAC-positive (but not among BAC-negative) drivers. Most
studies were in the unspecified category, which means that
information about the presence of other substances was
lacking.

Relative to unspecified other substances, effect estimates
were larger for both no other substances (OR = 1.71; 95%
CI 1.20, 2.44) and alcohol plus other substance (OR = 2.90;
95% CI 1.42, 5.94) in the Moderator x Moderator analysis.

In the joint metaregression, “no other substances” was no
longer statistically significant (OR = 1.36; 95% CI 0.86, 2.16),
whereas “alcohol plus other substance” was still statistically
significant (OR = 2.29; 95% CI 1.03, 5.07). In the final mod-
els, results that refer to alcohol plus other substances were
excluded, and “no other substances” (vs. unspecified) was
included as a moderator.
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Data source

Studies based on hospital data yielded lower ORs than
other studies on average. This was found in both the
Moderator x Moderator analysis (OR = 0.10; 95% CI 0.05, 0.22)
and the joint metaregression (Figure 1; OR = 0.31; 95% CI1 0.17,
0.56). Data source was therefore included in the final models.

Geography

We grouped the studies by geographical regions that main-
tained a high resolution while retaining at least 20 results
per region: United States, Canada, Oceania, Asia, France,
the Nordic countries, and other European countries.

In the Moderator x Moderator analysis, only the pre-
dictor for Nordic countries was statistically significant (OR
= 4.72; 95% CI 1.07, 20.70; reference: United States). Results
for other regions are available in Table A1 in Appendix 2.

The joint metaregression analysis also indicated that stud-
ies from Nordic countries found larger effects than studies
from other regions (Figure 1), although the difference was
smaller in this analysis (OR = 3.19; 95% CI 1.17, 8.70).

Final models

Based on the results from the exploratory analysis, 2 final
models were developed to predict the effects of BAC level
on an unfavorable road safety outcome:

1. KSI (N=129 effect estimates): For the most part based
on results referring to KSI vs. non-crash-involved.

2. Injury/crash/culpabiliy (N=136): For the most part
based on injured (vs. uninjured crash-involved) or culp-
able (vs. nonculpable or non-crash-involved; n=105)
and some results for crash/injured vs. non-crash-involved
(n=35).

The type of control (non-crash-involved or less serious
crash-involved) was statistically controlled for in the KSI
model but not in the injury/crash/culpability model where
no difference was found. Other moderator variables that
were statistically controlled for included other substances
(none vs. unspecified), data source (hospital vs. no hospital),
and geography (Nordic vs. other).

Figures 2 and 3 show the model-predicted ORs from
both models for closed- and open-ended BAC intervals,
respectively. Both figures include exponential trend lines for
KSI and crash/injury/culpability. ORs with confidence inter-
vals and full models are reported in Appendix 2 (Tables A3
and A4, see online supplement).

Most ORs had relatively large Cls, ranging from about
half to twice the model-predicted OR. For the largest ORs,
Cls were even larger.

In both models, ORs increased with increasing BAC, for
both closed- and open-ended BAC intervals, with the excep-
tion of the BAC range 0.01-0.08 in the KSI model, the OR for
which was greater than that for the BAC range 0.05-0.80. This
was most likely due to general heterogeneity (overlapping Cls)
and should not be interpreted as a lower BAC being less risky.
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Figure 2. Model-predicted ORs from multilevel metaregression models for KSI
and crash/injury/culpability; closed BAC intervals (statistically significant ORs in
bold; OR = 242.9 for KSI in the BAC range 0.12-0.20).
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Figure 3. Model-predicted ORs from multilevel metaregression models for KSI
and crash/injury/culpability; open-ended BAC intervals (statistically significant
ORs in bold).

The ORs increased more at higher BAC levels, except for
the highest level included (0.20+), and the ORs for KSI
were generally higher than those for injury/crash.

Discussion

Meta-analysis indicated that the odds of unfavorable safety
outcomes increased with increasing BAC levels and that the
effects of increasing BAC were considerably larger for serious
crashes than for other crashes. The relationship between BAC
level and outcome was approximately exponential, similar to
the one found by Blomberg et al. (2009). Whereas the curve
flattened from a BAC level of about 0.22 in the Blomberg
et al. study, our study did not provide results at the same level
of detail. However, even our curve cannot be extrapolated to
BAC levels above about 0.20 because those driving with a
BAC above about 0.20 are likely to be quite alcohol tolerant
(Keall et al. 2004), but at some point even the most alcohol-
tolerant drivers will be unable to drive.

The size of the effects of increasing BAC on crash/injury
risk also resembled the results from Blomberg et al. (2009) that
are based on crashes of all severities. Our relative risk estimates
for injury/crash were somewhat higher than the unadjusted
risk estimates in the Blomberg et al. study. This was expected
because Blomberg et al. argued that the unadjusted estimates
were likely to be underestimated. Compared to the adjusted



risk estimates in the Blomberg et al. study, our estimates were
of about the same size or a bit lower. However, the estimates
cannot be compared directly because of the grouping of BAC
levels in our study. Our risk estimates for KSI were higher than
the adjusted risk estimates in the Blomberg et al. study.

The odds of unfavorable safety outcomes increased most
for more serious crashes, which was expected. Most effect
estimates from the Nordic countries, where effect estimates
generally were higher than in other countries, were for KSL
However, Nordic country was statistically controlled for in
the metaregression model and thus was unlikely to have
biased the results.

We identified several factors that contributed to explain-
ing the heterogeneity in effect estimates and that were statis-
tically controlled for in the final models.

First, studies using non-crash-involved controls for KSI
drivers found greater effect estimates than other studies.
Because most effect estimates for KSI were obtained in stud-
ies with non-crash-involved controls, the results for KSI can
be interpreted as referring to the odds of being KSI vs. not
being involved in any crash.

Second, effect estimates were on average smaller in studies
based on hospital data than in other studies (OR = 0.35),
which may be due to systematic bias (Koval et al. 2008; Chang
et al. 2020). Rather than excluding hospital data-based stud-
ies, this potential bias was statistically controlled for to
include the information these studies provided about the rela-
tionship between different BAC levels and outcome.

Third, effect estimates for the Nordic countries (Norway,
Finland, Sweden) were on average greater than those for
other countries. This may be due to a higher prevalence of
aberrant behaviors and health problems among drunk driv-
ers in Nordic countries, where drunk driving is less com-
mon than in other countries. We found no clear differences
between remaining regions (Gjerde et al. 2014).

Effect estimates were not systematically different between
studies that did and did not control for potential confounders
(e.g., gender, age). Whether or not studies controlled for
potential confounding variables was therefore not included in
the final models. However, this finding should not be inter-
preted as support for reporting unadjusted effects only.
Which variables were adjusted for and the effects of adjust-
ment varied between studies. In some studies, such as Connor
et al. (2004), effects that were adjusted for factors related to
alcohol impairment (like age, gender, and seat belt use) were
smaller than unadjusted effects. Other studies found the
opposite. For example, in the study by Blomberg et al. (2009),
adjusted effects of alcohol were far larger than unadjusted
effects, mostly likely because of differences between case and
control drivers in test refusal rates and availability of informa-
tion about covariates, as well as higher BAC rates among
hit-and-run drivers. When only demographic variables were
controlled for but not these 3 factors, there were only slight
differences between adjusted and unadjusted effects.

Meta-analysis showed that crash risk increased nearly
exponentially with increasing BAC level and that the increase
was far steeper for KSI crashes than for less serious crashes.
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The extremely large effects on KSI crashes at high BAC
levels indicated that even small decreases in the number of
impaired drivers at these levels were likely to have large
safety effects. Additionally, even at less extreme BAC levels,
crash risk increased considerably more than for most illegal
and prescription drugs, except possibly amphetamines and
opiates (Elvik 2021).

Specific risk estimates for different BAC levels may, among
other things, contribute to effective prioritization of road
safety measures. For example, they can be used to compare
expected effects on number of road injuries of measures
against drunk driving for which effects on drunk driving are
known from other studies, such as police enforcement (affects
many drivers, mostly at relatively low BAC levels) and
restrictive measures for DUI recidivists (affects fewer drivers
but those who might otherwise drive at very high BAC levels).
Or one might compare expected effects of police enforcement
targeting drunk driving to expected effects of other measures
for which expected effects are known.

Limitations

The study is based on a simplified literature search strategy,
because a full systematic review is extremely time-consum-
ing, and the benefit in terms of increased precision was not
in proportion to the required resources. Inclusion of other
relevant studies might have led to different results. However,
because of the large number of included studies, the differ-
ence is unlikely to be substantial.
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