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Outline of lecture

ÁCriteria of causality in road safety evaluation

ÁThe importance of control for confounding factors

ÁConfounding factors in common study designs

ÁHow to avoid confounding and assess study quality
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The concept of cause

ÁA cause is any action, event or process that produces a 

change that would otherwise not have occurred

ÁA cause is a necessary agent for change: without the 

cause, the change would not have occurred

ÁStatements about causal relationships can only be made 

if counterfactual conditions have been sufficiently well 

established

ÁA description of counterfactual conditions should tell us 

what would otherwise ïi.e. absent the cause ïhave 

happened

ÁRandomised, controlled trials
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Statistical relationships and causal 

relationships

ÁAll causal relationships are statistical (or deterministic)

ÁA causal relationships has two characteristics that 

distinguishes it from a non-causal statistical relationship

ÁThese are:

ÁA mechanism that generates the statistical association between 

cause and effect should be identified (answering the question of 

why the variables are related)

ÁThe relationship should be theoretically plausible or at least not 

be inconsistent with well-established scientific theory

ÁAssessing whether these characteristics are present or 

not is not always easy
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Causal relationships and 

probabilistic relationships

ÁCausal relationships have traditionally been thought of 

as deterministic

Á In modern philosophy of science, probabilistic (statistical) 

relationships are accepted as causal

ÁAny statistical relationship involving accidents is 

necessarily probabilistic

ÁThis means that statistical relationships involving 

accidents will be characterised by great variability ïand 

sometimes by a deceptively systematic pattern
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Hypothetical data for intersections

Count of accidents after treatment   Count of accidents 
before treatment 0 1 2 3 4 5 Intersections Accidents 

0 9 8 4 1 0 0 22 0 

1 11 12 6 2 1 1 33 33 

2 9 8 5 2 1 0 25 50 

3 5 5 2 1 0 0 13 39 

4 2 2 1 0 0 0 5 20 

5 1 1 0 0 0 0 2 10 

Intersections 37 36 18 6 2 1 100 152 

Accidents 0 36 36 18 8 5 103  
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Change in accidents by number of intersections
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Effect on accidents by number of accidents before treatment
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Operational criteria of causality

1. Statistical association (an effect should exist)

2. Strength of association (strong more likely to be causal)

3. Consistency of association (same cause, same effect)

4. Direction of causality (does A cause B or vice versa)

5. Control for confounding factors

6. Mechanism generating relationship

7. Theoretical plausibility

8. Dose-response pattern (if relevant)

9. Specificity of effect (if relevant)



Explanation of the criteria
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Criterion of causality Theoretical definition Operational definition 

1. Statistical association There should be a statistical association between cause and effect A statistically significant change in variables measuring safety associated with 
safety treatment 

2. Strength of association A strong association is more likely to be causal than a weak association Treatment effect stated in terms of effect size compared to effect sizes for other 
variables present in the data 

3. Consistency of association A consistent association is more likely to be causal than an inconsistent 
association 

The consistency in direction and size of effect attributed to safety treatment across 
subsets of the data or different model specifications, assessed by means of a 
consistency score  

4. Clear causal direction It should be clear which of two variables is the cause and which is the 
effect 

The temporal order between variables; a priori considerations; reversal of effect 
when treatment is removed 

5. Control for confounders The association between cause and effect should exist when confounding 
variables are controlled for 

The identification of potentially confounding variables; existence of an effect 
attributed to treatment after potentially confounding variables have been controlled 
for; completeness of the control for confounding variables 

6. Causal mechanism The mechanism generating an effect should be identified and measured Changes in target risk factors influenced by a road safety treatment and changes 
in risk factors representing behavioural adaptation to the treatment 

7. Theoretical explanation A plausible theoretical explanation of the findings of a study should be 
given  

Findings should not contradict well established laws of physics or laws of human 
perception and information processing 

8. Dose-response pattern Treatments administered in large doses should have larger effects than 
treatments administered in small doses 

Treatments that are intense or have large effects on target risk factors should be 
associated with larger changes in safety than less intense treatments or treatments 
with small effects on target risk factors 

9. Specificity of effect Effects of a cause operating only in a certain clearly defined group should 
only be found within that group 

An effect of safety treatments targeted at clearly defined groups should only be 
found in those groups and not in other groups 
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Existence and strength of association

 

Dependent variable Explanatory variables Coefficient P-value Standard error Lower 95% limit Upper 95% limit R-squared 

Accident rate - 1 Inspections -0.056 0.309 0.052 -0.158 0.046 0.273 

 Constant (annual trend) -3.758 0.194 2.675 -9.001 1.485  

 New drivers 0.017 0.661 0.038 -0.057 0.091  

 Annual GNP growth 0.699 0.409 0.808 -0.885 2.283  

Accident rate - 2 Inspections -0.075 0.295 0.068 -0.208 0.058 0.239 

 Constant (annual trend) -6.367 0.099 3.464 -13.156 0.422  

 New drivers 0.036 0.484 0.050 -0.062 0.134  

 Annual GNP growth 0.485 0.654 1.046 -1.565 2.535  

Accident rate - 3 Inspections -0.069 0.278 0.060 -0.187 0.049 0.375 

 Constant (annual trend) -4.732 0.186 3.052 -10.714 1.250  

 New drivers -0.001 0.974 0.044 -0.087 0.085  

 Annual GNP growth 1.336 0.181 0.922 -0.471 3.143  

 



27/05/2010 © Institute of Transport EconomicsPage 12

5

7

4

7

5

3

5 5

1 1

2

1

0

1

2

3

4

5

6

7

8

1 2 3 4 5 6 7 8 9 10 11 12

Year

Accidents with ordinary pedestrian guardrail and visirail

Ordinary

Visirail



27/05/2010 © Institute of Transport EconomicsPage 13

Relevant variables in road safety studies

 

Confounding 

variables

Concurrent 

variables

Road safety 

measure

Conditions for 

adaptation

Target risk 

factors

Behavioural 

adaptation

Moderating 

variables

Outcome 

variables



Causal mechanism ïcausal chain
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Panel A. Salting of roads 

 

 Panel B. Childrenôs Traffic Club 

 

   

Spread of salt  Membership of traffic club 

Ď  Ď 

Removal of snow and ice from road surface  Improved knowledge 

Ď  Ď 

Improved road surface friction  Improved behaviour 

Ď  Ď 

Shorter stopping distance  Reduced accident rate 

Ď   

Fewer accidents   

 



Assessing causal mechanisms
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Stage of causal chain Values observed Salted roads Non-salted roads Difference in road safety 

     

Road surface condition Bare road 85% of the time 58% of the time 47% gain for salted 

Ď Snow or ice 15% of the time 42% of the time Ď 

     

Road surface friction Mean at sampled road Friction = 0.570 Friction = 0.488 17% gain for salted 

Ď    Ď 

Braking distance Metres at mean speed 41.1 metres 42.9 metres 4% gain for salted 

Ď    Ď 

Accident rate During winter 0.163 0.204 26% gain for salted 

(per million vehicle km) During summer 0.158 0.147 (adjusted) 
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Relative importance of criteria

ÁControl for potentially confounding factors is the most 

important criterion

ÁConfounding is very common in road safety evaluation 

studies and can greatly influence the results

ÁMultivariate modelling has been proposed as a method 

of controlling for many confounding factors at the same 

time

Á In principle, this is correct, but multivariate analyses do 

not automatically ensure adequate control for 

confounding factors
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Main study designs in road safety 

evaluation

ÁRandomised controlled trials (experiments)

ÁBefore-and-after studies (several versions exist)

ÁCase-control studies (several versions exist)

ÁComparative cross-section studies (without modelling)

ÁMultivariate accident modelling (several versions exist)

ÁTime-series analyses (several versions exist)
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Confounding in experiments

ÁUnsuccessful randomisation

ÁDiffusion of treatment to control group

ÁDifferential attrition between groups

ÁHawthorne effects

27/05/2010 © Institute of Transport EconomicsPage 21



Test for confounding in Norwegian study of 

periodic motor vehicle inspection
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 Experimental condition 

 Inspected annually Inspected once Not inspected 

 Check of pre-trial equivalence 

Percentage with collision insurance 75.2 75.0 75.1 

Mean deductible amount on  collision insurance (NOK) 1836 1841 1828 

Mean annual insured driving distance (km) 13370 13370 13280 

Mean year of birth of car owner 1947.2 1947.1 1947.0 

Percentage of male car owners 77.0 77.0 77.8 

 Check of treatment implementation and diffusion 

Percentage of cars treated 67.8 68.6 14.2 

 Check of differential rates of attrition 

Percentage of cars scrapped at the end of the period 6.1 6.1 6.6 

 Check of unintended side-effects 

Percentage of cars changing owners in last year of study 4.8 5.0 5.0 

Defects repaired by owner before inspection 0.60 0.71 0.69 

 



Confounding in before-and-after 

studies

ÁRegression-to-the-mean

ÁLong-term trends

ÁExogenous changes in traffic volume

ÁCo-incident events

ÁUse of several measures

ÁAccident migration

ÁTreatment of zero counts
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The treatment of zero counts

Á It is not uncommon to observe a zero count of accidents 

either before-, after- or in both periods

ÁThis is problematic when synthesising results from several 

sites or several studies

ÁOmitting sites with zero counts can introduce bias

ÁSome options for the treatment of zero counts:

Á Ignore the problem; include zero counts as unbiased (implausible)

ÁOmit observations with one or more zero counts (can introduce 

bias)

ÁAdd an arbitrary constant to all observations (conventionally 0.5)

ÁAdjust results by means of an empirical continuity correction (to be 

preferred)
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An example: 100 intersections

Option Before After Effect

Include all 152 103 0.678

Omit zero sites 95 84 0.884

Add 0.5 to all cells 202 153 0.757

Add grand mean 185.44 141.11 0.761
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Confounding in case-control studies

Á Inadequate control for exposure to risk

ÁSampling endogeneity with respect to outcome variables

ÁCombined exposure to several risk factors

ÁConfounding by individual characteristics (age, gender)

ÁFailure to specify potentially moderating factors

ÁFailure to consider severity gradient in risk

ÁNon-equivalence of cases and control with respect to 

prognostic factors

ÁHeterogeneity of treatment
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Correlated exposure to risk factors
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  Risk factors present in exposure and injuries 

Correlation in exposure Exposure and risk None Factor 1 Factor 2 Both Total 

None (0.00-0.15) Exposure 640 160 160 40 1000 

 Injuries 640 240 240 90 1210 

 True relative risk 1.00 1.50 1.50 2.25  

 Crude risk attributed to 
factor 1 

1.00 1.65   0.115 

 Crude risk attributed to 
factor 2 

1.00  1.65  0.115 

 Total attributable risk    1.58 0.174 

 



Correlated exposure, continued
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  Risk factors present in exposure and injuries 

Correlation in exposure Exposure and risk None Factor 1 Factor 2 Both Total 

 Perfect (0.85-1.00) Exposure 760 40 40 160 1000 

 Injuries 760 60 60 360 1240 

 True relative risk 1.00 1.50 1.50 2.25  

 Crude risk attributed to 
factor 1 

1.00 2.00   0.167 

 Crude risk attributed to 
factor 2 

1.00  2.00  0.167 

 Total attributable risk 1.00   2.00 0.194 
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Confounding in cross-section studies

ÁSelf-selection to safety treatment

ÁEndogeneity of treatment

Á Inadequate control for exposure to risk

ÁDifferences in traffic composition

ÁDifferences with respect to any other relevant risk factor

ÁUse of aggregated data
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Self-selection to driver training
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 Males Females  

Outcomes  Training  No training  Difference  Training  No training  Difference  

Accidents per driver; 
not adjusted 

0.135 0.176 ī 23 % 0.086 0.108 ī 20 % 

Accidents per million 
miles; not adjusted 

31.834 37.862 ī 16 % 17.901 22.805 ī 22 % 

Accidents per million 
miles; adjusted for 
self-selection bias 

34.273 33.862 + 1 % 19.167 20.877 ī 8 % 
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Confounding in accident modelling

ÁSmall sample and low mean value bias

ÁBias due to aggregation, averaging or incompleteness of data

ÁOutlying data points

Á Inappropriate dependent variable

ÁEndogeneity of safety treatment

ÁWrong functional form

ÁCo-linearity

ÁOmitted variable bias

ÁMisspecification of systematic variation or residuals

ÁMixing levels of accident severity

Á Inappropriate model form
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Systematic study quality 

assessment

Lecture for Ph. D. course in Traffic Safety, Spring 2009

Rune Elvik, Institute of Transport Economics, Oslo, Norway 

(re@toi.no)
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The assessment of study quality

ÁWhat is study quality?

ÁThe extent to which a study is free of methodological weaknesses 

that may influence study results

ÁThis is just one definition ïthere is no consensus on the meaning of 

the concept

ÁWhy should study quality be assessed?

ÁThe quality of road safety evaluation studies varies a lot and study 

quality is related to study findings

ÁHow can study quality be assessed?

ÁThere are many approaches, ranging from informal assessment to 

highly formal instruments

ÁDoes a numerical scale for study quality make sense?

ÁOpinions differ; some say yes, other say no ïit is too arbitrary
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The validity framework of Shadish, 

Cook and Campbell

ÁFour main types of validity:

ÁStatistical conclusion validity

ÁThe presence of statistical errors in study findings

ÁConstruct validity (theoretical validity)

ÁTheoretical plausibility of study findings

Á Internal validity

ÁThe basis for inferring a causal relationship between treatment and 

effect

ÁExternal validity

ÁThe possibility of generalising study findings to other contexts
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Threats to statistical conclusion 

validity

ÁThe widespread use of convenience samples (i.e. samples 

based on data availability, not drawn by random sampling 

from a known sampling frame)

ÁSmall samples

Á Incomplete and biased accident reporting

ÁThe risk of aggregation errors ïSimpsonôs paradox

Á Inappropriate statistical analysis of data
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Assessing statistical conclusion 

validity

Problem Assessment and solution

Convenience samples Inevitable; replication of findings in 

different contexts

Small samples Mostly inevitable; synthesis of many 

studies by means of meta-analysis

Incomplete accident reporting Inevitable; adjusting for it statistically 

is possible in rare cases

Aggregation errors Analyse data at the most 

disaggregated level; then aggregate

Inappropriate analysis Develop a theoretical framework for 

analysis
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Inflated estimates of effect due to 

incomplete accident reporting

Reported Not reported Reported Not reported Estimate of True

before before after after effect effect

Fatalities 100 0 50 0 0.50 0.50

Serious injury 500 500 350 550 0.70 0.90

Slight injury 3000 7000 2700 7150 0.90 0.99

PDO 10000 80000 9700 80300 0.97 1.00



27/05/2010 © Institute of Transport EconomicsPage 49

Threats to construct (theoretical) 

validity

Á Inadequate operational definitions of theoretical concepts

Á Incomplete or imprecise formulation of hypotheses tested

ÁModel specification bias

Á In general, the problem of road safety research is that its 

theoretical foundation is underdeveloped

ÁFew studies rest on a firm theoretical basis and few 

findings can be ruled out on theoretical grounds
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Assessing theoretical validity

Problem Assessment and solution

Inadequate operation definition of 

theoretical concepts

The discriminative power of 

operational definitions; multiple 

operational definitions

Incomplete or imprecise formulation 

of hypotheses to be tested

State hypotheses numerically if 

possible; precise criteria of 

falsification; avoid data mining

Model specification bias Sort variables into main categories
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A case of mono-operation bias

Drivers failing test Drivers passing test Correctly

True positive False negative True negative False positive classified

Visual acuity 10 27 39 1 64 %

Amsler 17 20 32 8 64 %

UFOV 11 26 39 1 65 %

Trail making 8 29 37 3 59 %

In total 29 8 28 12 74 %
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Threats to internal validity

ÁAmbiguity about causal direction

ÁConfounding

ÁErroneous causal models
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Correlation Í causation

ÁA statistical relationship (correlation) is generally 

regarded as a necessary condition for a causal 

relationship

ÁBut not all statistical relationships are causal

ÁTo cause: to produce a change that would otherwise not 

have occurred

ÁHence we need to establish: (1) what actually occurred, 

and (2) what would otherwise have occurred (ñthe 

counterfactualò) and (3) compare the two
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Operational criteria of causality

1. Statistical association (an effect should exist)

2. Strength of association (strong more likely to be causal)

3. Consistency of association (same cause, same effect)

4. Direction of causality (does A cause B or vice versa)

5. Control for confounding factors

6. Mechanism generating relationship

7. Theoretical plausibility

8. Dose-response pattern (if relevant)

9. Specificity of effect (if relevant)
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Approaches to controlling for confounding factors
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External validity

ÁThe possibility of generalising study findings from one 

context to another

ÁThis does NOT refer to statistical generalisation ïit is 

rather the answer to the question: Do we think these 

findings apply in our country or not?

ÁExternal validity can to some extent be assessed 

numerically, but mostly it has to be judged, according to, 

for example:

ÁThe number of countries in which studies have been reported

ÁThe similarity of findings between countries

ÁKnowledge of factors that affect the generality of findings
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Effects of road lighting in studies reported in different countries
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Effect of traffic separation on bicycle accidents in different countries
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Concluding remarks

ÁAssessing study quality systematically is both possible 

and necessary

Á It is fruitful to apply the validity framework of Shadish, 

Cook and Campbell to assess study quality

ÁA system for scoring studies numerically for quality can 

be developed

ÁHowever, any such system will have large elements of 

arbitrariness and subjective judgement

ÁDespite these limitations a numerical quality scoring 

system can be useful
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Outline of lecture

ÁThe basic problem of identifying hazardous road 

locations

ÁAssessing diagnostic performance in terms of 

epidemiological criteria

ÁA theoretical definition of a hazardous road location

ÁChoices to be made in implementing operational 

definitions of hazardous road location

ÁComparing various approaches for identifying hazardous 

road locations

Á Identifying road user groups at risk ïdecomposing 

contributions of three different factors
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The basic problem in identifying 

hazardous road locations

ÁWe want to identify locations whose long-term expected 

number of accidents is abnormally high

ÁWe cannot observe the long-term expected number of 

accidents ïit has to be estimated

ÁWe can only observe the recorded number of accidents 

and some of the factors influencing it

ÁBut the recorded number of accidents is not a good 

estimator of the expected number of accidents
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Some hypothetical data

 Groups according to the expected number of accidents   

Count  0.2 0.5 1.0 3.0 4.0 Total  

0 532 61 37 5 1 636 

1 106 30 37 15 4 193 

2 11 8 18 22 7 66 

3 1 1 6 22 10 40 

4 0 0 2 17 10 29 

5   0 10 8 18 

6    5 5 10 

7    2 3 5 

8    2 1 3 

9     1 1 

Total 650 100 100 100 50 1000 
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Four categories of sites

ÁCorrect positives:

ÁExpected and recorded number of accidents above critical value

ÁFalse positives:

ÁRecorded number of accidents above critical value, expected 

number of accidents below

ÁCorrect negatives:

ÁExpected and recorded number of accidents below critical value

ÁFalse negatives:

ÁRecorded number of accidents below critical value, expected 

number of accidents above
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Performance of different criteria of deviance (for a 

critical expected number of accidents of Ó 4)

Critical 
number  

Correct 
negatives  

False 
negatives  

Correct 
positives  

False 
positives  

Total sites 
identified  

1 635 1 49 315 364 

2 823 5 45 127 172 

3 883 12 38 67 105 

4 912 22 28 38 66 

5 931 32 18 19 37 

6 941 40 10 9 19 

7 946 45 5 4 9 

8 948 48 2 2 4 

9 950 49 1 0 1 

 



27/05/2010 © Institute of Transport EconomicsPage 66

Epidemiological criteria of diagnostic 

performance

Sensitivity = 
positives ofnumber  Total

positivescorrect  ofNumber 
 

Specificity = 
negatives ofnumber  Total

negativescorrect  ofNumber 
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ROC-curve for hypothetical data
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An optimal criterion of deviance

ÁMaximises the sum of sensitivity and specificity (since 

both are desirable, but there is a tradeoff between them)

ÁFor the hypothetical data, using 2 accidents is optimal

ÁA total of 172 sites will be identified, of which 45 are 

correct positives and 127 are false positives

ÁTo reduce the number of false positives, one may, for 

example use 4 accidents as the criterion

Á66 sites will then be identified, of which 28 correct 

positives and 38 false positives
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A theoretical definition of a 

hazardous road location

A hazardous road location is any site that

ÁHas a higher expected number of accidents

ÁThan other similar sites

ÁAs a result of local risk factors present at the location

ÁAll three elements of the definition are necessary for the 

concept to make sense
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Implications of the theoretical 

definition

ÁHazardous road location should be identified in terms of 

the expected number of accidents, not the recorded 

number of accidents

ÁComparison of the expected number of accidents at 

hazardous road locations to the expected number of 

accidents at similar locations should be possible

Á It should be possible to identify sources of variation in 

the expected number of accidents, in particular the likely 

contribution of local risk factors
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Estimation by means of the empirical 

Bayes method

A weighted mean of the recorded number of accidents 

and the normal number of accidents for similar sites:
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Number of accidents in 1996 and 1997 on 1-kilometre road sections on 

national roads in Norway
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Regression-to-the-mean

Number of Accidents Accidents

sections in 1996 in 1997

20003 0 0.099

1882 1 0.349

344 2 0.834

99 3 1.404

29 4 2.207

10 5 3.500

9 6 4.778

9 7 3.556

8 8 7.375

3 9 8.333

3 10 3.333

3 11 14.000
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Regression-to-the-mean (2)

ÁAbnormally high numbers regress towards the mean (go 
down) ïabnormally low numbers go up

ÁThis can seriously bias the identification of hazardous 
sites and before-and-after studies of road safety 
measures

ÁThe empirical Bayes (EB) method can be used to 
control for regression to the mean
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Predicting with the EB-method

Number of Accidents Accidents Predicted

sections in 1996 in 1997 for 1997

20003 0 0.099 0.087

1882 1 0.349 0.499

344 2 0.834 0.910

99 3 1.404 1.322

29 4 2.207 1.733

10 5 3.500 2.145

9 6 4.778 2.556

9 7 3.556 2.968

8 8 7.375 3.379

3 9 8.333 3.791

3 10 3.333 4.202

3 11 14.000 4.614
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Predictions improve with more data

Number of Accidents Accidents Predicted

sections 1996-1999 in 2000 for 2000

15731 0 0.069 0.052

4019 1 0.152 0.214

1277 2 0.312 0.376

537 3 0.443 0.538

274 4 0.697 0.699

146 5 0.836 0.861

79 6 1.000 1.023

53 7 1.434 1.185

40 8 1.500 1.346

31 9 1.839 1.508

13 10 2.154 1.670

13 11 1.692 1.831

12 12 2.333 1.993

63 13- 4.095 3.553
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Choices to be made in developing 

operational definitions of hazardous 

road locations

ÁDefining populations of elements or not

Á Identifying hazardous road locations by a sliding window

ÁReference to the normal level of safety or not

ÁLength of period used to identify hazardous road 

locations

ÁCriterion of deviancy

Á Inclusion of accident severity or not
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Populations of roadway elements

Á It is adviced to define a set of populations of roadway 

elements, all members of which can be enumerated

ÁExamples of such populations are:

ÁSections of a given length

Á Intersections (can be further divided into subpopulations)

ÁCurves with radius within a certain range

ÁBridges

ÁTunnels

Á Identifying hazardous road locations can be modelled as 

sampling from a known population, allowing precise 

statistical criteria of deviancy to be formulated and 

providing a basis for controlling for regression-to-the-mean
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Use of a sliding window is common

 


