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Executive Summary

1.  INTRODUCTION

The International Labour Organization estimates that globally 395 million workers sustain non-
fatal work injuries and there are almost three million work-related deaths per year [1]. Safety
performance has traditionally been assessed using lagging indicators, such as work-related
illnesses and fatalities, which measure the occurrence of past events [2]. Since lagging
indicators are measures of past occurrences, they cannot be used to identify which factors
contribute to safety performance.

Leading indicators have been identified to be precursors of lagging indicators and are
considered to be conditions, events or measures that precede undesirable events and have
value in predicting or preventing the event’s arrival [3]. They are defined as proactive,
preventative and predictive measures that inform how effective health and safety practices are
[2, 4]. While implementing successful leading indicators should lead to improvements in lagging
indicators of safety performance, existing studies have struggled to find any significant
relationships and there are no known literature reviews on the topic [5, 6].

Lloyd’s Register Foundation (the Foundation) is supporting research into leading indicators as
part of its charitable mission to enhance the safety of workers globally, and across industries. In
order to address the absence of reviews in this area of research, the Foundation has
commissioned a rapid evidence assessment of the available evidence base for leading
indicators.

This scoping review aimed to map the key characteristics of studies that assess the impact of
leading indicators on lagging indicators in order to understand:

. For which leading indicators has effectiveness been evaluated?
. For which industries and in which countries does this evidence come from?

. Are different leading indicators evaluated in lower (LI) to middle income (MI) countries,
compared to high income (HI) countries?

- How has effectiveness been evaluated?

. Is there any evidence for the effectiveness of leading indicators, and what is the nature of
that evidence?

. How robust is this evidence base, and how can it be improved?

2.  METHODS

Studies published in the English language from 2010 onwards and evaluating the impact of any
leading indicator on workplace safety outcomes were eligible. For the purpose of this scoping
review we defined a safety leading indicator as a proactive measure that can be used to predict
current or future safety performance (e.g. safety audits, training, corrective action
measurements).



We searched Scopus, Web of Science Core Collection and the National Institute for
Occupational Safety and Health (NIOSH) NIOSHTIC-2 database on 1t August 2023. Study
selection, data extraction and risk of bias (RoB) assessment were carried out by a single
reviewer, with a second reviewer checking 10% of study selection decisions and the data
extraction and RoB assessments for 20% of included studies. Studies were summarised in
tables and discussed narratively to explore the quality of the studies, the relationship between
studies and patterns that we discerned in the data.

3.  RESULTS
Study selection

Following deduplication, 4,339 individual records were identified and assessed for relevance.
Of these, 4,073 were excluded at first pass and title and abstract review. The full texts of the
remaining 266 records were sought for retrieval but 50 were unobtainable. The remaining 216
full texts were examined and 48 studies were considered eligible and included in this review: 5
cohort studies, 12 before-after studies, 6 case series, 17 cross-sectional studies and 8 case
studies.

Study characteristics

The included studies were undertaken in the following industries: construction (n=18), energy
(n=13), mining (n=3), automotive (n=1), dairy manufacturing (n=1), logging (n=1), maritime
(n=1), newspaper publishing (n=1), mixed (n=8), not reported (n=1). Studies included data from
between 1 and 1,180 companies, although this detail was not always reported. Details on
worker characteristics were scarcely reported. Twenty-seven studies were carried out in HI
countries, 4 in upper middle income (UMI), 4 in lower middle income (LMI) and 13 studies were
carried out in multiple countries or did not report the country.

Leading and lagging indicators

Following categorisation, five different types of leading indicator were identified as having been
evaluated in the included studies: new guideline, tool or process (n=15); safety climate/culture
(n=5); audits and inspections (n=2); monitoring of safety (n=1); mixed (n=25).

Each included study evaluated between 1 and 11 lagging indicators, with 36 studies reporting
more than one. The lagging indicators were grouped into 10 categories: injuries (n=25),
accidents (n=18), incidents (n=14), near misses (n=8), lost time (n=6), fatalities (n=5),
compensation (n=4), sickness/iliness (n=3), safety (n=1) and ‘other’ (n=4 studies). Though
multiple studies evaluated the same lagging indicators, they were usually measured using
different methods and therefore could not be collated.



Study validity

At least one study design weakness was identified in each study, and so no studies were
considered at very low RoB. Seven studies were determined to be at low RoB, 27 at moderate
RoB and 14 at high RoB. Poor reporting was a common issue in the included studies, and
incomplete information on study methods posed challenges to identifying and assessing how
studies were conducted.

External validity of the studies was difficult to assess due to limited reporting of key information,
but overall, generalisability is likely to be weak. Common reasons for this were studies reporting
data from only one company or evaluating leading indicators that were specific to the company

or industry.

Effectiveness of leading indicators

Overall, 27 studies found that at least some of the leading indicators evaluated were favourably
associated with lagging indicators (in 20 studies it was unclear whether there was an effect and
in only one was there not an effect). However, studies were too heterogeneous in the methods
used and lagging indicators measured to present a meaningful distribution of leading indicator
effects. All 15 studies evaluating a new guideline, tool or process found an association with
lagging indicators however only three reported on the statistical significance of this association.
All five studies assessing safety climate/culture reported a favourable association with lagging
indicators but only four reported statistical significance. While two studies evaluated the impact
of audits and inspections and both reported statistical significance, one concluded that there
was no relationship between leading and lagging indicators. One study reported on the
relationship between monitoring of safety and lagging indicators and found a statistically
significant relationship. Sixteen of the 25 studies that evaluated mixed leading indicators
reported statistically significant relationships with leading indicators.

4. DISCUSSION

Overall, the studies identified by this review were found to be very heterogeneous in every
study characteristic examined. Reporting of study characteristics was also variable, with key
information missing from studies, particularly concerning worker characteristics.

For which leading indicators has effectiveness been evaluated?

Due to variations in terminology, it was challenging to identify whether studies had measured
the same leading indicator. We assessed that the included studies evaluated a large number of
different leading indicators, representing the wide range of safety practices. The most
commonly evaluated leading indicator was the implementation of some type of guideline,
framework, tool or process (n=15). More than half of the included studies (n=25) evaluated
multiple leading indicators either individually or through looking at composite scores. Across all
studies, leading indicators were often specific to either the industry or the company being
evaluated. The leading indicators evaluated in this evidence base did not all fully meet
previously published definitions of leading indicators from the Campbell Institute 2015 and Xu
2021.



For which industries and in which counties does this evidence come from?

Studies were carried out across eight different industries (most commonly construction [n=18]
or energy [n=13]) with a small number evaluating leading indicators across multiple (or in some
cases, any) industry. Country settings were inconsistently reported but of the 39 studies
providing this information, 22 different countries across all five continents were represented.

Are different leading indicators evaluated in lower to middle income countries,
compared to high income countries?

The World Bank classification of country income status could not be assessed for 12 studies
due to lack of reporting. Of the remaining studies, the majority (27/48) took place in HI settings,
four UMI, four LMI and one study took place in eight countries ranging from LMI to HI. There
did not appear to be any clear association between the type of leading indicator evaluated and
country income status.

How has effectiveness been evaluated?

Eligible studies used one of five observational study designs to assess the impact of leading on
lagging indicators, most commonly cross-sectional studies, but also cohort studies, before-after
studies, case series and case studies.

Methods of analysis varied across the 48 studies. Linear correlation and simple comparisons of
frequencies were the most commonly used methods. Other methods, such as modelling
approaches and interrupted time series, were each used by a single study. Leading indicators
were evaluated against a wide variety of lagging indicators covering 10 categories (injuries,
accidents, incidents, near misses, lost time, fatalities, compensation claims, sickness/iliness,
safety and other outcomes). The methods of defining and measuring these indicators differed
considerably between studies, restricting the meaningful synthesis of effects in future
systematic reviews.

Is there any evidence for the effectiveness of leading indicators, and what is the nature
of that evidence?

All but one included study reported a positive effect of leading indicator on lagging indicator
outcomes. However, results were very varied and while most studies reported multiple
analyses, none found all analyses to produce evidence of an effect. Additionally, claims of
impact were not always verified through appropriate statistical tests, therefore this review
concluded that evidence of impact of leading on lagging indicators was produced by 27 out of
48 studies.



How robust is this evidence base, and how can it be improved?

Overall, the quality of the included studies means that their ability to demonstrate that leading
indicators have causal impacts on lagging indicators is weak, for three reasons:

1. The evidence base for this review consisted entirely of observational studies which are
not designed to demonstrate causality or draw conclusions as robust as a controlled,
comparative study design could.

2.  The internal validity of included studies (whether the results of the study are likely to
reflect true differences) was determined to be moderate to low, indicating findings might
be explained by problematic study design. Over 80% of studies included in the review
were deemed to be of a moderate or high RoB and therefore are more likely to report
distorted estimates of effects.

3.  The evidence base was considered to be poorly generalisable across occupational
settings due to limited and inconsistent reporting of key study information, and the
common evaluation of a single company or company-specific leading indicator.

Strengths and limitations

A strength of this review is the use of explicit, systematic methods captured in a predefined
review protocol that was registered on the Open Science Framework (OSF). Furthermore, we
consulted with occupational safety and health (OSH) experts from varying backgrounds during
the development of the review protocol to ensure validity of research aims, objectives and
review methods. The results of our search underscored the absence of existing reviews and
therefore makes a unique contribution to the research literature.

Search terms were limited to retrieve records which referred to the concept of leading
indicators. Studies that only referred to specific indicators would not have been retrieved. Date
and language restrictions were applied in the review. In addition, a large proportion of
documents could not be obtained for assessment of relevance at full text stage (50 of 266)
which may have resulted in a number of missed eligible studies. Single reviewer study selection
and data extraction were used in this review, increasing the possibility of missing studies or
incorrectly extracting information. However, both were performed in duplicate for the first 20%
of studies to ensure consistency of approach.

The review focussed on published studies, which may have missed relevant unpublished data
that demonstrate positive impacts of leading indicators, such as internal company
benchmarking data. While we did obtain and examine some unpublished reports, those not
known or available to our expert group could not be considered or included. The impact of this
to the conclusions in this review cannot be quantified. It is also not possible to determine
whether organisations that were represented by the included studies would be judged to have a
good safety performance, since this review did not set out to examine the interdependencies
between programmes and leading indicators.

The number of included studies that evaluated multiple or mixed leading indicators could
suggest that our approach of looking for associations between individual leading indicators and
safety outcomes does not reflect real practice where a range of indicators, appropriate to the
company’s health and safety needs, are tracked in tandem.



Finally, this review was not designed to consider how leading indicators impact occupational
health outcomes (including wellbeing), which could in turn affect safety outcomes through
improved decision-making and situational awareness. This review can therefore not contribute
to an understanding of whether occupational health outcomes could be valid surrogates for
downstream impacts to safety.

Implications for practice

This review shows a huge amount of variation in the current evidence base for leading
indicators which makes it difficult to identify recommendations for practice. This reflects the
findings of previous studies and suggests that practitioners should exercise caution when
evaluating leading indicators.

The biggest challenge in evaluating the impact of leading indicators was the inability to
compare findings across studies. If comparability across sites, units, companies or industries
remains a goal of future research, then more standardised data collection and wider data
sharing should be encouraged.

Currently, the greatest value of leading indicators may be for organisations to tailor them
specifically for their own setting and perform evaluations that set out to assure the
organisation’s key risk control systems. The challenge for this more introspective goal will be to
identify a set of indicators that demonstrate the ongoing integrity of that safety and
management system.

Future research

There is a clear need for research to address whether leading indicators can improve
occupational health, and to investigate whether this outcome could be a valid surrogate for
downstream safety performance.

To understand whether specific leading indicators improve safety outcomes across settings,
syntheses with statistical pooling of effects would ideally combine the results of prospective,
comparative studies that have controlled for confounders, selection bias and measurement
bias. To achieve this, standardised metrics to measure and report leading and lagging
indicators should be developed.

Primary studies should also report study methods more completely to ensure their results can
be applied in practice, and to help understand the reliability of their results. Future research is
also needed to understand whether the tool used to appraise the methodological quality of
studies in this review captures the most important potential sources of bias in OSH studies of
leading indicators.

Creating a more comparable evidence base would also enable researchers to identify and
investigate reasons for not observing expected associations with lagging indicators. Further
research is needed to determine which lagging indicators are the most valid to reach
conclusions on safety performance. Clarity around the definition of a leading indicator is also
needed.



The heterogeneity of evidence included in this review may also reflect the complexity of how
leading indicators are typically used in practice, where multiple indicators covering a range of
safety management functions are selected and tracked together. A key challenge to future
research will be to identify methods by which more controlled evaluations of groups of
indicators can be performed, and what level of heterogeneity might be acceptable when
seeking to compare results across multiple studies.

Considering the differences in practice and decision-making between healthcare and OSH, it
may be valuable to consider developing evidence standards that are specific to the OSH
context. Such standards would help to ensure that future research in this area is useful and
contributing to improvements in leading indicator practice and implementation. Developing the
standards through active engagement with a range of stakeholders will also be important to
ensure that the standards produce the most appropriate evidence, and to maximise the
potential for it to impact on OSH practice.

Conclusion

This review has identified a substantial, though disparate, evidence base evaluating the impact
of leading indicators on safety lagging indicators. Almost all studies reported a positive impact,
though the degree to which these findings are reliable indicators that leading indicators cause
changes to lagging outcomes remains unknown for several reasons.

The overriding characteristic of the evidence base is the heterogeneity of topics evaluated, and
the methods used to evaluate them. This research effort provides an optimistic signal to the
discipline that leading indicators are being empirically evaluated. Yet the variation may also
prevent generalisations to be made regarding the ability of individual (or specific groups of)
leading indicators to reliably improve the safety performance across industries.

To gain an understanding of the general utility of leading indicators and which leading
indicators are best to deploy in different setting, future studies should improve their approaches
to minimising bias, and identify common tools to measure both leading and lagging indicators to
facilitate the comparison of studies. Developing an OSH-specific evidence standards
framework is likely to guide and assist this process.
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1 Introduction

1.1 Background

The International Labour Organization estimates that globally 395 million workers sustain non-
fatal work injuries and almost three million die due to work related accidents and diseases per
year [1]. The performance of safety has traditionally been assessed using lagging indicators
which measure the occurrence and incidence of events in the past [2]. Lagging indicators, most
commonly including work-related injuries, ilinesses and fatalities, show safety has improved in
some industries [7]. However, because they measure past occurrence, they are not considered
to provide any indication of which factors contributed to improvements in safety.

Leading indicators have more recently been identified as precursors to lagging indicators,
including for example conditions, events or measures that precede undesirable events that
have some value in predicting or preventing the arrival of the event [3]. Leading indicators are
defined as proactive, preventive, and predictive measures that inform how effective the
performance of implemented health and safety activities is [2, 4]. Implementation of leading
indicators by definition would suggest that the lagging indicators would subsequently decline.
However, previous studies examining the interaction of leading and lagging indicators have
struggled to find significant relationships and no reviews of this evidence are known to exist [5,
6].

Lloyd’s Register Foundation (the Foundation) is supporting research into leading indicators as
part of its charitable mission to enhance the safety of workers globally, and across industries. In
order to address the absence of reviews in this area of research, the Foundation has
commissioned a rapid evidence assessment of the available evidence base for leading
indicators. York Health Economics Consortium (YHEC) designed and undertook the review,
consulting at all key stages with a group of experts in occupational safety and health (OSH)
including a representative from the Foundation, in order to ensure a useful contribution to the
field.

1.2 Review Objectives

This scoping review aimed to map the key characteristics of studies that assess the impact of
leading indicators on lagging indicators in order to understand:

. For which leading indicators has effectiveness been evaluated?
- For which industries and in which countries does this evidence come from?

. Are different leading indicators evaluated in lower (LI) to middle income (MI) countries,
compared to high income (HI) countries?

. How has effectiveness been evaluated?

. Is there any evidence for the effectiveness of leading indicators, and what is the nature of
that evidence?

- How robust is this evidence base, and how can it be improved?
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2 Methods

The review was conducted according to the methods for scoping reviews, outlined by the
Joanna Briggs Institute [8]. The following methods were captured in a review protocol, which
was registered on the online Open Science Framework (OSF) in advance of data extraction.
Review methods were discussed with the expert advisory group (EAG) prior to beginning the
review.

2.1 Eligibility Criteria

To ensure that relevant studies were consistently identified, a clear definition of the eligible
study participants, concept and context was developed. These eligibility criteria are
summarised in Table 2.1 below and described in detail in Appendix A, Section 1A.1.

As per the JBI guidelines for scoping reviews [8], the PCC (Population, Concept, Context)
criteria were used as opposed to the PICO (Population, Intervention, Comparators, Outcomes)
criteria usually used in standard systematic reviews. The concept of interest refers to the focus
of the scoping review and includes elements from standard systematic review eligibility criteria
such as “interventions” and “outcomes”. Context involves such factors and geography, industry
and setting.

Table 2.1: Eligibility criteria

Inclusion Criteria Exclusion Criteria
Studies of workers of any age, including employees and
Population contractors (including people providing casual labour). Nonjworkers e.g., members of the
Studies including both workers and non-workers will only public.
be eligible if data are reported separately for the workers.
Studies of any leading indicator reporting any safety
lagging indicator.
Concept A leading indicator is a factor linked to the practice of None.
safety and health within a workplace, which is intended to
prevent future accidents or other adverse safety
outcomes, or otherwise improve workplace safety.
Any workplace setting.
Context Studies of participants in a mixture of occupational and Non-occupational settings.
non-occupational settings will only be eligible if data are
reported separately for workers in occupational settings.
= Case studies of fewer than 10
Study design ?ny primary study design measuring outcomes in at least workers.
0 workers. = Case reports.
= Reviews*.
= Primary studies published only as
= English language studies only. pre-prints.
Limits = Conference abstracts. = Primary studies published before
= For primary studies, inclusion will be limited to papers 2010.
published in and after 2010. = Editorials or news items.
® Non-English language papers.

*

The included studies lists of systematic reviews published in the last five years were checked for eligible primary
studies (systematic reviews were not eligible for inclusion themselves).
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2.2 Identification of Relevant Studies

Searches were conducted to identify studies on the impact of leading indicators on safety
outcomes in the workplace. The search strategy design and resource selection reflected the
pragmatic scoping review context. The search methods were not designed to be exhaustive.
They were designed to target a selection of potentially relevant studies, whilst enabling
searches to be conducted and results assessed within the context of the project resource and
timeline. The searches were conducted on 1 August 2023. Full details of the search methods
are provided in Appendix A, Section 1A.2, and the search strategies are reported in Appendix
B.

2.3 Selection of Relevant Studies

Following the removal of obviously irrelevant records by a single reviewer, two reviewers
independently assessed the titles and abstracts of 10% of the remaining records, and a single
reviewer assessed the remaining records. Subsequently, two reviewers independently
assessed 10% of the records at full text review and a single reviewer assessed the remaining
records.

The number of records included and excluded at each stage is reported in Appendix C, Figure
C.1. Studies excluded after assessment of the full document, with the reasons for exclusion are
listed in Appendix D, Table D.1.

24 Data Charting

A data extraction template was developed in Excel and piloted by two reviewers on 10% of
included studies before progressing to full data extraction.

One researcher extracted data from the remaining included studies, and a second researcher
checked all data points for another 10% of included studies.

The elements extracted in the scoping review are reported in Appendix A, Section 1A.4.

2.5 Risk of Bias Assessment

One reviewer appraised the internal validity of each included study, and a second reviewer
checked 20% of these assessments. This was performed using a simple tool designed by
Robson and coauthors for reviews of effectiveness in OSH published as part of a systematic
review of OSH management systems [9]. More information on this tool and how it was used in
this review is reported in Appendix A, Section 1A.5.

Risk of bias (RoB) results are reported in Section 3.1.6.1 and detailed RoB assessments for
each included study are reported in Appendix E, Table E.1.

13



2.6 Synthesis and Reporting

Following extraction of information, simple coding of study design characteristics was
conducted to enable the breadth of the evidence base to be characterised and summarised.
This was performed by a single reviewer.

This scoping review report conforms to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines [10] and includes detailed transparent descriptions
and justifications of all aspects of the review methods, including the review eligibility criteria, full
search strategies, a study flow diagram, a table of studies excluded at full text assessment and
detailed tables of the data from eligible studies.

The studies were summarised in tables providing data on their methods and results, alongside

a narrative summary exploring the quality of the studies, the relationships between studies and
any patterns that we discerned in the data. This was accompanied by an overall assessment of
the strength of the research evidence in relation to the research question.

In order to ensure that the report’s conclusions were useful to the OSH discipline, results of the
review were discussed with the EAG who assisted with identifying and describing implications
for practice, and for future research. The report does not necessarily reflect the opinions of
Lloyd’s Register Foundation.

14



3 Results

A total of 48 studies (reported in 48 documents) were included in the review and are presented
in Appendix F, Table F.1. Results of the literature search and study selection, including
PRISMA flow diagram, are reported in Appendix C. A list of the 168 studies excluded at full text
is provided in Appendix D, Table D.1.

3.1 Included Study Characteristics

Included studies were published between 2010 and 2023, 35 as full text journal articles, 12
were reported in conference papers [11-22], and one was a report published directly by the
Campbell Institute [23]. Articles were published in 28 journals, of which seven published more
than one included study: Safety Science reported nine studies [5, 6, 24-30], the Journal of
Safety Research reported five studies [31-35], Accident Analysis and Prevention reported three
studies [36-38], the Journal of Construction Engineering and Management reported two studies
[39, 40] and Resources Police reported two studies [41, 42]. Two conference papers were
published in Society of Petroleum Engineers (SPE) [20, 22] and two in SPE Latin American and
Caribbean Health / Safety / Environment / Social Responsibility Conference 2013: Sustainable
Solutions for Challenging Health, Safety, Security and Environment (HSSE) Environments in
Latin America and the Caribbean [14, 18].

3.11 Study methods

Approximately one third of included studies (17 / 48) reported the study design used, and for
seven of these the review team considered the reported study designs to differ from standard
study designs used in healthcare research [5, 24, 29, 43-46]. Author reported study design for
the included studies is reported in Appendix G, Table G.1. The reviewers identified five different
types of study design used in the included studies which are defined in the context of this
review in Table 3.1. Using these definitions, the review team assigned a standardised design to
each study based on its description of methods.

15



Table 3.1: Study design definition

3tut_1y Definition Included studies
esign
A comparison between lagging indicators measured in two or more groups that
each used different leading indicators (or where one used a leading indicator
Cohort and one did not), to determine which leading indicator had an impact on 5
stud lagging indicators. For example, in Van Derlyke 2022, staff from different [18, 21, 27, 36,
y companies were surveyed about both leading indicators and safety outcomes 47]
to evaluate which leading indicators were associated with which lagging
indicators [47].
A comparison of lagging indicators before and after a leading indicator was
implemented, such as a new programme or guideline (differs from a case 12
Before- series where both the leading and lagging indicators are measured at the [12-14, 16, 17
different time points). For example, Choe 2016 calculated trends in safety data " e o
after study . o . 19, 20, 22, 24,
for five years before and five years after the revision of the OSHA steel erection 42,48, 49]
standard, and compared these to identify whether changes in trends were due o
to the leading indicator [24].
Follows multiple companies using the same leading indicators and evaluating 6
Case leading and lagging indicators over time. For example, Laitinen 2013 collected
- e g . . [28-30, 40, 45,
series data from all eligible companies in the region and evaluated the correlation
. : 50]
between audit scores and accident rates [30].
Measurement of both leading and lagging indicators is performed at one
Cross- timepoint, to assess the relationship between the two at one point in time 17
sectional (rather than examining trends over time). For example, Chen 2017 [11, 25, 26, 31-
stud administered a questionnaire to eligible workers to collect data on leading and 33, 35, 37-39, 43,
y lagging indicators simultaneously, and then evaluated the correlation between 44,46, 52-55]
them [51].
A study of a single company evaluating leading and lagging indicators over 8
Case time. For example, Winge 2019 used company data from a large construction
. . o [5, 6, 15, 23, 34,
study company to evaluate the correlation between leading and lagging indicators 1 51
[34]. 41, 51, 56]

Abbreviations: OSHA - Occupational safety and health administration.

Only one study identified itself as a cohort study and was described by the authors as national
cohort surveys [27]. The remaining four cohort studies did not report the design used [18, 21,
36, 47].

No study described itself as a before-after study, although Choe 2016 was described by the
authors as an interrupted time series [24], which is a common method of analysis employed in
before-after designs. Two of the studies that the reviewers classified as before-after studies
were described by the authors as case studies [48, 49]. Although both included data from only
one company, the reviewers considered them before-after studies because the leading
indicators were something that was implemented at a specific timepoint, rather than measured
on an ongoing basis, with lagging indicators compared before and afterwards. The remaining
nine before-after studies did not report a study design [12-14, 16, 17, 19, 20, 22, 42].

Two of the six case series did not report the design used [40, 50]. Amir-Heidari 2017 was
defined by the authors as a framework development and case study but was reclassified in our
review as a case series as multiple companies were included and evaluated together [28].
Laitinen 2013 was described by authors as “cross-sectional study design, even though the
study covered a 3-year period” which the reviewers classified as a case series [30]. The other
two studies that the reviewers classified as case series were reported by the authors as a “real-
life long-term evaluation” [29] and “descriptive-analytic applied research” [45].
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Twelve of the seventeen cross-sectional studies did not report their design, two were described
by authors as cross-sectional studies [52, 53], one was described as a survey [43], one as a
“deductive quantitative study” [44] and one as a “cross-cultural validation study” [46].

Of the eight case studies, three were reported as case studies [6, 41, 56], one was described
as a retrospective analysis [5], and four did not report their study design [15, 23, 51].

The forty studies reporting information on study dates collected data between 1990 [12, 29] and
2022 [41] and for periods of between two months [11] and 16 years [29], with only six studies
collecting data for less than 12 months [11, 23, 25, 42, 44, 46].

Twenty-four studies did not report how the study was funded [12-14, 17-20, 22-26, 28-30, 37,
38, 40, 41, 44, 49, 51, 54, 56]. The remaining twenty-four studies received funding from a
variety of research and occupational organisations, as reported in Appendix G, Table G.1.

3.1.2 Population and setting

3.1.2.1  Industry

Studies were most commonly undertaken in construction industries (n=18 studies) [5, 6, 15, 16,
21, 24, 29, 32, 34, 38, 39, 46, 48, 51-53, 55, 56], followed by energy (oil and gas but also
energy transportation, n=13) [12-14, 18-20, 22, 25, 26, 28, 35, 40, 54] and mining (n=3) [41, 42,
49]. Five industries were each represented by one study: the automotive industry [45], dairy
product manufacturing [47], logging [43], maritime [50] and newspaper publishing [17]. An
additional eight studies included participants from multiple (where reported, between three and
ten) industries [11, 27, 30, 31, 33, 36, 37, 44], and the final study did not report the industries
involved (a paper containing five case studies each based at a different company) [23].

3.1.2.2 Population: companies and workers

Eighteen studies evaluated a single company [5, 6, 12-17, 19, 20, 22, 34, 39, 41, 48, 49, 51,
56] and twelve did not report the number of companies included [18, 21, 24, 27, 29, 31, 32, 37,
42, 43, 45, 46]. The rest included between two [54] and 1,180 companies [38] or up to 2,148
individual contractors [53]. Details on individual workers such as ethnicity and gender, were
scarcely reported and the characteristics that were reported varied and were reported to
varying levels of detail. Reported worker characteristics are summarised in Appendix G, Table
G.3.

While the companies involved and their staff were almost always stakeholders, in some cases
managers or supervisors specifically were also stakeholders, such as in Breitsprecher 2019 in
which the leading indicator was training for managers [22]. A range of other stakeholders were
identified including developers of the DrivingChange programme [13], OSH experts [45],
professional organisations such as the National Institute for Occupational Safety and Health
(NIOSH) [31] and insurance companies such as the Ohio Bureau of Workers’ Compensation
[31].
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Studies within the construction industry (n=18) included between one [5, 6, 15, 16, 34, 39, 48,
51, 56] and 1,180 companies [38] or 2,148 contractors [53]. Those that reported the setting of
the study (n=10) reported it as construction or building sites [5, 16, 29, 32, 34, 38, 46, 48, 52,
56] while the other eight did not report whether they evaluated staff involved in construction
sites alone or also those from other industry settings, such as office or transport staff [6, 15, 21,
24, 39, 51, 53, 55].

Each construction industry study evaluated data from between eight and 1,180 sites [15, 29,
32, 38, 46, 48, 52], although this detail was not reported by 11 studies [5, 6, 16, 21, 24, 34, 39,
51, 53, 55, 56]. Zahoor 2017 included data from 40 sites across five cities (in Karachi, Lahore,
Islamabad/Rawalpindi, Faisalabad and Hyderabad [46]). Dennerlein 2020 reported that 64
surveys were completed by subcontractors across 24 sites from 43 unique companies from a
variety of trades within construction [52]. Seven studies provided information on company size,
four describing them as mid-sized [6] or large [15, 29, 34] but without providing further
definition; two evaluated companies of a range in sizes [32, 38] and one reported average
worksite size in square feet, full time equivalent (FTE) staff and staff costs [52].

The 13 studies in the energy industry included one [12-14, 19, 20, 22], two [54] or three [28, 35]
companies, or 261 contractors [40], or did not report the number of companies included [18, 25,
26]. Ten did not report the setting of the study [12, 13, 18-20, 22, 25, 26, 28, 40] and the
remaining three were set in driving [14], on ships [54] and on oil platforms [35]. Four studies
reported the number of sites included (nine [20] or ten sites [35], 55 facilities [25] and 59
tankers [54]) but the remaining nine did not report number of sites [12-14, 18, 19, 22, 26, 28,
40]. One study described the included organisation as large but did not define this [54] and the
remaining 12 did not report company size.

Of the three mining studies, one included one company but did not report number of sites
included [41], a second included nine mines but did not report how many companies those
represented [42] and the third included one mine from one company [49]. One was set in
diamond mines [41], one in surface and underground mines [49] and one did not report the
setting [42]. None reported company sizes.

The five studies evaluating different industries also varied widely in reported worker and
company characteristics. The study in the automotive industry included 11 experts but did not
report the number of companies that they represented (or the companies’ size or number of
sites) or the setting [45]. The study in the dairy product manufacturing industry included 82
companies (five small [11 to 19 employees], 13 medium [20 to 99 employees] and 64 large [100
or more employees]), but the setting and the number of sites were not reported [47]. The study
in the logging industry reported neither the number of companies or sites, nor their size or
setting [43]. The study in marine transport included 102 vessels from three companies in both
the shoreside and shipboard setting and measured size by the weight of the ship (ten vessels
were less than 25,000 deadweight tonnage, 34 vessels were between 25,000 and 50,000
deadweight tonnage, and 38 vessels were more than 50,000 deadweight tonnage) [50]. The
study in the newspaper publishing industry evaluated one company with more than 2,200
employees but reported no further details on study setting or size [17].
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The eight studies conducted in multiple industries evaluated between 23 [36] and 1,240
companies [33] although three did not report this detail [27, 31, 37]. Company size was defined
by the number of employees [30, 31, 37], using definitions based on European and American
standards [44], or was not defined [11]. Two studies did not report the size of the companies
[27, 36], and none of the eight studies in multiple industries reported the study settings or
number of sites. The study that did not report the industry included five companies (and named
them) but did not report further population or setting characteristics [23].

3.1.2.3 Countries
Twenty-seven studies were conducted in HI countries:

. Nine in the United States (US) [13, 17, 24, 31, 39, 43, 49, 52, 56], six in Canada [6, 15,
16, 32, 33, 55], and two in both [21, 53].

- Two were conducted in Australia [5, 37].
. Two in Finland [29, 30].

. One each in Chile [38], Denmark [27], Norway [34], Portugal [11], Qatar [12] and
Singapore [51].

Four studies took place in UMI countries: one study included companies in South Africa,
Botswana and Namibia [42], one study in just Namibia [41] and two in Malaysia [26, 35].

Four studies were performed in Iran [28, 45, 48] or Pakistan [46], classified as LMI countries by
the World Bank 2022-2023 classification [57].

Of the remaining 13 studies, three included the US (HI) as well as other countries that were not
reported [23, 36, 40]. One study included eight countries ranging from LMI to HI [25]. Four were
international studies but did not list the included countries [18, 20, 47, 54]. Three reported the
continents but not countries (Africa [22], Middle East [14] and Europe, Asia, Australia, South
America, North America and Africa [44]). Two studies did not report the country at all [19, 50].
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Table 3.2:

Study population and setting

Location of studies

[5]

Study Setting (income level Nug:)eesr of N of companies Company or worksite size N of workers
classification)
Construction
Micro (£9 employees), small
. . (10 to 49), medium (50 to
[Agg]rcon 2016 %‘(’)’;rs]”:r‘;tg;” Chile (HI) 1,180 1,180 199), and large companies NR
P (=200 or more). Number of
each NR.
Cao 2019 [51] NR Singapore (HI) NR 1 NR NR
Micro (1 to 4
. employees)=5.1%
[032‘]"” 2017 Construction Canada (HI) 112 NR Small (5 to 99)=55.7% 783
Medium (100 to 499)=25.7%
Large (500+)=13.5%
[%T]’e 2016 NR US (HI) NR NR NR NR
Dadashi Haji . .
2023 [48] Construction site Iran (LMI) 35 1 NR NR
Average worksite was
245,850 (SD 358,790)
Dennerlein - . square feet; involved 116
2020 [52] Building sites US (HI) 24 43 FTE staff (SD 124), and cost 1,426
$116.80 million (SD $215.82
million).
;‘glze 2013 NR US (HI) 57 projects NR NR NR
426 (in 2006)
sites in the
Laitinen 2010 region, of NR (80% of construction "Large companies" (not
Building sites Finland (HI) which 310 Co . ) NR
[29] (73%) companies in the region). defined by the authors).
participated in
the contest.
Lingard 2017 Building site Australia (HI) NR 1 NR NR
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Location of studies

Study Setting (income level NursI}:Jeesr of N of companies Company or worksite size N of workers
classification)
Manjourides US and Canada (both
2019 [53] NR HI) NR 2,148 NR NR
Mohammed 8 construction Described as large company,
2019 [15] NR Canada (HI) projects ! definition NR NR
EeGr]elra 2017 Building sites Canada (HI) 8 projects 1 NR NR
Quaigrain
2023 [55] NR Canada (HI) NR 8 NR NR
Rajendran Construction
2013 [56] sites Us (HI) NR 1 NR NR
Versteeg 2019 NR Canada (HI) 48 projects 1 Qompany described as mld- NR
[6] sized', but no numbers given.
Wei 2020 [21] NR Ca”a‘(’so";‘r?f{f;‘e US NR NR NR 587
Described as one of
Winge 2019 Construction . Norway's biggest
[34] sites Norway (HI) 12 projects 1 construction clients but size NR
not reported.
40 under- 40
construction Karachi: 28
multi-storey Lahore: 7
[Z4a6r]100r 2017 | puilding projects Pakistan (LMI) Islamabad/ NR NR 426
in Pakistan (at Rawalpindi: 3
least 70 metres Faisalabad: 1
high). Hyderabad: 1
Energy
Amir-Heidari Three ofl and
2017 [28] gas drilling Iran (LMI) NR 3 NR NR
companies.
55 facilities in 8
countries:
Angola (LMI)
An upstream Azerbaijan (UMI)
Bitar 2018 [25] | Organisation Georgia (UMI) 55 facilities NR NR 3,514

with an oil and
gas company.

Indonesia (LMI)
Norway (HI)
Trinidad (HI)

UK (HI)
uUs (H)
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Location of studies

Study Setting (income level NursI}:Jeesr of N of companies Company or worksite size N of workers
classification)
Breitsprecher WA "
2014 [22] NR NR ("Africa region") NR 1 NR NR
NR (reported by authors that
[D1(;r]1erty 2010 NR Qatar (HI) NR 1 NR at its peak the company had
>35,000 workers onsite).
Us (HI)
Gale 2011 [13] NR NR 1 NR NR
HI
'['1‘;‘;92 2013 Driving NR ("Middle East") NR 1 NR NR
One organisation described
Merrick 2014 . Multinational . as large (the authors do not
[54] Shipboard (countries NR) 59 tankers NR (2 shipping fleets) define 'large'). The other was 915
described as global.

Salas 2016 Both the US and

NR internationally (US — NR 261 contractors NR 261
[40] HI)
[S1t§]“9h 2012 NR Global (NR) NR NR NR NR
[Tzzrl‘g 2017 NR Malaysia (UMI) NR 172 NR 172
E}'}g 2018 Platforms Malaysia (UMI) 10 3 NR NR
Tauseef 2012 NR NR NR 1 NR NR
[19]
Thananan .
2014 [20] NR International (NR) 9 1 NR NR
Mining
Gogee 202 Mines Namibia (UMI) NR 1 NR >900
Govender South Africa,
2022 [42] NR Botswana and 9 mines NR NR NR

Namibia (all UMI)
Mines (surface
;g?s 2018 and US (HI) 1 mine 1 NR >450
underground).

Automotive
Vosoughi Reported to be conducted in
2021 [45] NR Iran (LMI) NR NR the largest automobile 11

companies in Iran.
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Location of studies

Study Setting (income level NursI}:Jeesr of N of companies Company or worksite size N of workers
classification)
Dairy product manufacturing
Small (11 to 19 employees)
Van Derlyke . (n=5 par.ticipants from small
2022 [47] NR International (NR) NR 82 companies), medium (20 to NR
99) (n=13), large (>100)
(n=64)
Logging
Lagerstrom
2019 [43] NR Us (HI) NR NR NR 743
Marine transpo
Ten vessels were less than
25,000 deadweight tonnage,
Grabowski Shorfeside and NR 102 vessels 3 34 \é?gggs;/\r/%resg,%t&een Shipboard n=_1 ,599
2010 [50] shipboard d . Shoreside n=157
eadweight tonnage, and 38
vessels were more than 50
000 deadweight tonnage.
Newspaper publishing
>2,200 employees.
o Categorized as medium
[5107']"‘“" 2013 NR US (HI) NR 1 manufacturing facilities. >2,200
Circulation is 250,000 daily
and 350,000 on Sunday.
Multiple industries
[Bzr?]”dt 2023 NR Denmark (HI) NR NR NR 63,500
i Average company size: 186
'['3""(;;'”6” 2013 NR Finland (HI) NR 126 employees (range: 4 to 993 23,399
employees).
Employer size (number, %):
1to 10 (265, 4%)
11 to 49 (3,030, 48%)
?:"3‘1’;”9 2022 NR US (HI) NR NR 50 to 99 (1,700, 27%) 2,295
100 to 249 (1,163, 18%)
250 to 999 (197, 3%)
>1,000 (7, <1%)
. Europg, Asia, Small and medium (n=57),
Mousavi 2020 NR Australia, South NR 112 large (n=55). Defmitions of 112

[44]

America, North
America, Africa (NR)

sizes based on European
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Location of studies

Number of

Study Setting (income level sites N of companies Company or worksite size N of workers
classification)
and American standards but
specifics NR.
E%?SO” 2017 NR Canada (HI) NR 1,240 NR (all >20 employees) NR
"The vast majority are
Sa 2023 [11] NR Portugal (HI) NR 59 medium and large sized" - NR
sizes not defined
Workplace (site) size ranged
Sheehan 2016 . from 4 to 532 employees
[37] NR Australia (HI) 66 NR with 2 mean size of 54 3,578
employees.
Study 1: mean number of
Wachter 2014 NR US and multinational NR Study 1: 330 NR employees per establishment
[36] (US —HI) Study 2: 23 was 632
Study 2: 650
Industry not reported
Campbell Mixed (not all
Institute 2015 NR reported but included NR 5 NR NR
[23] Us [HI])

Abbreviations: CDMS3 — construction disability management maturity model, FTE — Full time equivalent, HI — High income, LMI — Lower middle income, NASA - National
aeronautics and space administration, NR — Not reported, SD — Standard deviation, UMI — Upper middle income, US — United States, USG — United States gypsum

corporation.
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3.13 Leading indicators

Following categorisation, a total of five different types of leading indicator were identified as
having been evaluated in the included studies. Table 3.3 summarises the leading and lagging
indicators in each study, as well as the relationship being assessed in the study, and more
detailed descriptions of the leading indicators and the way they were measured are reported in
Appendix G, Table G.2.

3.1.31 New guideline, tool or process

The most common leading indicator category was the implementation of a new guideline, tool
or process, evaluated in 15 studies including all 12 before-after studies [12-14, 16, 17, 19, 20,
22, 24, 42, 48, 49], one cross-sectional study [11], a case series [29] and a case study [41].
Leading indicators were measured using company records [41], publicly available data [29] or
by questionnaire capturing the self-reported use of the leading indicator [11]. In the 12 before-
after studies, leading indicators were not measured, rather the lagging indicators were
measured before and after the leading indicator was implemented.

These leading indicators varied considerably in terms of which guideline, tool or process was
being evaluated; the majority of these studies (8 / 15) [12, 13, 16, 19, 20, 41, 42, 49] set out to
assess the impact of introducing a new safety programme, such as the ‘4Cs framework’ in the
two diamond mining studies [41, 42]. Others evaluated the impact of a national guideline, [24],
a regional contest of safety behaviours and performance [29], or the use of ‘lean tools’ (not
further described) [11]. In the remaining studies the leading indicator appeared to be specific to
the company such as the RasGas Elements of Excellence [12], and evaluating its effect on
safety outcomes.

Studies evaluating a new guideline, tool or process varied in the extent to which these leading
indicators met the definitions posed by Xu et al 2021 or the Campbell Institute. Seven studies
measured safety performance while proactively improving it and so met the Xu et al 2021
definition [12-14, 16, 17, 20, 29]. The rest were considered to partially meet the definition
because they were either a proactive safety intervention that did not include the measurement
of current performance [11, 22, 24, 41, 42] or it was a new way to measure safety performance
but not in itself a proactive action to improve safety [19, 48, 49]. Ten studies met the Campbell
Institute definition of leading indicators and five only partially met the definition due to the
indicators not including the monitoring of current safety performance [11, 22, 24, 41, 42].

Most studies (n=8) were conducted in HI countries [11-13, 16, 17, 24, 29, 49], with a minority in
UMI (n=2) [41, 42] or LMI (n=1) countries [48]. Four did not report the country or countries in
which they took place [14, 19, 20, 22].
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3.1.3.2 Safety climate/culture

Five studies evaluated safety culture or climate, all using a survey or questionnaire to measure
this leading indicator [21, 27, 32, 43, 46]. Two used the Nordic Occupational Safety Climate
Questionnaire (NOSACQ-50), including a cross-sectional study in logging [43] and a cohort
study comparing companies with different numbers of safety climate problems in multiple
industries [27]. Three studies (two cross-sectional [32, 46] and one cohort [21]) used
questionnaires adapted from previous studies and modified by the study authors.

An assessment of safety culture partially meets the Xu et al definition of a leading indicator
because it is an assessment of current safety that can identify the strengths, weaknesses and
risks of a system, but it is not a proactive action to correct risks. Safety culture meets the
Campbell Institute definition of a leading indicator because it provides information about current
safety performance.

Four of these studies were conducted in HI countries [21, 27, 32, 43] and one in a LMI country
[46].

3.1.3.3 Audits and inspections

Two studies evaluated the use of audits and inspections as leading indicators, a case series
[30] and a cross-sectional study [33]. The case series included multiple industries in Finland (a
HI country) and looked the Elmeri+ method which was developed as an easy and simple tool to
measure occupational health and safety [30]. In the cross-sectional study, firms were audited
as part of the WorkWell programme in Ontario, Canada (also a HI country) [33].

Although not in themselves a corrective action, audits and inspections do identify the strengths,
weaknesses and risks in a workplace and therefore meet the Campbell Institute’s definition of a
leading indicator and partially meet Xu et al’s definition.

3.1.3.4 Monitoring of safety

One cross-sectional study in multiple industries in the US (HI) used the Safety Management
Self-Assessment Questionnaire (SH-26) by the Ohio Bureau of Worker's Compensation to
assess safety hazards and management practices, which was also judged to meet the
Campbell Institute’s definition of a leading indicator and to partially meet Xu et al’s definition.

3.1.3.5 Mixed

Twenty-five studies reported multiple and varied leading indicators, either assessing each one
individually or all together [5, 6, 15, 18, 23, 25, 26, 28, 34-40, 44, 45, 47, 50-56].
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Alarcén 2016, a cross-sectional study in the construction industry in Chile (a HI country),
assessed different prevention management practices, alone or in combination with each other
[38]. Amir-Heidari 2017, a case series of three oil and gas drilling companies in the US (HI),
evaluated a composite score of twelve leading indicators [28]. Dennerlein 2020, a cross-
sectional study in the construction industry in the US (HI), used a survey designed by the study
authors to assess safety performance through different leading indicators [52]. Stough 2012, an
international cohort study in the energy industry, compared lagging indicators in companies with
different numbers of leading indicators [18]. Van Derlyke 2022, an international cohort study in
dairy product manufacturing, compared outcomes between companies that did and did not
implement the eight leading indicators [47].

The remaining 20 studies evaluated multiple leading indicators and reported the results for
each one separately. They include one cohort study [36], three case series [40, 45, 50], nine
cross sectional studies [25, 26, 35, 37, 39, 44, 53-55] and seven case studies [5, 6, 15, 23, 34,
51, 56]. Each of these 20 studies reported data for between two and 38 leading indicators.

Eleven of these twenty studies were set in HI countries [5, 6, 15, 23, 34, 37, 39, 51, 53, 55, 56].
Two took place in Malaysia, an UMI country [26, 35] and one took place in Iran, a LMI country
[45]. One study included eight countries: four HI (Norway, Trinidad, United Kingdom (UK) and
US), two UMI (Azerbaijan and Georgia) and two LMI (Angola and Indonesia) [25]. Four studies
were multinational and did not report the included countries [36, 40, 44, 54], although two did
report that they included the US (HI) [36, 40]. One study did not report where it was set [50].

More studies fully met the Campbell definition of a leading indicator than the Xu definition (12
and seven respectively), with the remaining studies partly meeting both definitions.
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Table 3.3:

Leading and lagging indicators

Study

Study design

Leading indicator(s)

Lagging indicator(s)

Relationships assessed

New guideline, tool or process

Breitsprecher 2014
[22]

Xu et al 2021

Campbell Institute

Before-after
study

HSE Leadership Academies.

TRincR and motor vehicle accident rate.

Rates of lagging indicators before and
after the leadership academies for senior
and middle managers.

Choe 2016 [24]

Xu et al 2021

Before-after

Revision of the Steel Erection Standard.

Fatality rate, days away injury rate,
normalised fatality rate and normalised

Trends of safety data for 5 years before
and 5 years after the revision of the steel

Campbell Institute

and HPH, lost time injuries medical
treatment cases, first aid cases, days
lost.

study days away injury rate. erection standard.
Campbell Institute
Coetzee 2023 [41] Loss of life, all injury frequency rate, tptal
recordable case frequency rate, lost time Th lationship bet the f K
injury frequency rate, MPI and HPI, MPH € refationship between the framewort
Xu et al 2021 Case study Integrated 4C framework. ’ i and safety performance indicators over

time.

Dadashi Haji 2023
(48]

Xu et al 2021

Before-after
study

A tool integrating BIM and knowledge
base.

Accidents, injuries and fatalities.

The rates of accidents, injuries and
fatalities before and after the framework
was implemented.

Doherty 2010 [12]

Before-after
study

RasGas Elements of Excellence.

TRincR and also heat injury rate during
Ramadan.

The effect that the health and safety
management tools had on incident rates
at the company.

Gale 2011 [13]

Before-after
study

DrivingChange program.

Motor vehicle incidents and field worker
safety.

Relationships between leading and
lagging indicators over time after
DrivingChange was implemented.

Xu et al 2021

Campbell Institute

Govender 2022 [42]

Before-after
study

Integrated 4C safety framework.

Loss of life, total recordable case
frequency rate, lost time injury frequency
rate, lost time injury severity rate, all
injury frequency rate, high potential
incident.

Impact of the Integrated 4Cs framework
evaluated through lagging indicator
trends over time.
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Study

Study design

Leading indicator(s)

Lagging indicator(s)

Relationships assessed

Haas 2018 [49]

Xu et al 2021

Before-after

Days lost scores over time but no

Laitinen 2010 [29]

study Field-level risk assessment program. Incidents. statistical relationship is reported.
Implementation of a contest based on Accidents per cubic meter of Accidents over time before and since the
Case series the standardised TR-observation P implementation of the contest. The index

method.

construction.

and subindex scores are also compared.

Lépez 2013 [14]

Before-after
study

Implementation of a RIMC.

Automotive Accidents CMS (industry
recognised)

AARM-CMS (industry recognised)

Total rollover (company and contractors)
Automotive Accidents CMSL (industry
recognised)

AARM-CMSL (industry recognised).

The number of accidents before and
after the first ROIMC was implemented.

Pereira, 2017 [16]

Before-after
study

Behaviour-based safety program.

TRincR and TIR.

TRincR and TIR before and after the
implementation of the program.
Correlations between specific report
types and incident rates.

Sa 2023 [11]
Xu et al 2021

Campbell Institute

Cross-sectional
study

Implementation of Lean tools.

Accident rates.

Accident rates following the
implementation of Lean tools.

Schiavi 2013 [17]

Before-after
study

"Resurrected safety process".

Percentage reduction in total work-
related accidents, lost time accidents
and musculoskeletal diseases.

Change in numbers of accidents and
injuries over time.

Tauseef 2012 [19]

Xu et al 2021

Before-after
study

Observation intervention program.

TRIFR and automotive accident rate.

Trends in TRIFR and accident rates over
time.

Thananan 2014 [20]

Before-after
study

Step Change roadmap.

LTIF, TRIR and process safety event.

SSHE performance after the
implementation of the Step Change
program.
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questionnaire).

Study | Study design Leading indicator(s) Lagging indicator(s) Relationships assessed
Safety climate/culture
Brandt 2023 [27]

Cohortstudy | Safety climate (NOSACQ-50 LTSA. Hazard ratios of LTSA for different

numbers of safety climate problems.

Chen 2017 [32]

Cross-sectional
study

Safety climate and individual resilience.

Physical safety outcomes.

Six hypothesized safety climate factors
in relation to physical safety outcomes.

Lagerstrom 2019
[43]

Cross-sectional
study

Safety climate (NOSACQ-50 survey).

Presence of musculoskeletal symptoms
or missed work due to musculoskeletal
symptoms.

Safety climate (leading indicator) and
musculoskeletal symptoms (lagging
indicator).

Wei 2020 [21]

Cohort study

Safety culture factors, as well as number
of projects in previous 3 years and work
hours per week.

Physical injuries and unsafe events.

Relationship between safety culture and
safety performance.

Zahoor 2017 [46]

Cross-sectional

Safety climate. Also 2 of the 3 elements

Safety performance included three broad
indicators of which one was eligible for
this review: number of self-reported

The relationships assessed that are
relevant to this review are the

x
=

@

~—
L
N
o
N
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hours/blue collar worker.

Xu et al 2021 - -
study of safety performance. . C X . correlations between safety climate and
accidents/injuries and near-misses in - L .
accidents/injuries and near misses.
 Campbell Institute past 12 months.
Audits and inspections
Laitinen 2013 [30] Cor_relatlon betwgen Elmeri+ score and
. 5 . accident rates, with subgroup analyses
Accidents/10° working hours, blue collar looking at the same relationshios in
Case series Elmeri+ score. accidents/108 working hours and lost 9 P

specific industries as well as the
correlation between sub index scores
and accidents.

Robson 2017 [33]

Xu et al 2021

Cross-sectional
study

Audit score.

Lost time claims and non-lost time
claims.

Association between audit scores and
claims.
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Study

Study design

Leading indicator(s)

Lagging indicator(s)

Relationships assessed

Monitoring of safety

Moore 2022 [31]
Xu et al 2021

Campbell Institute

Cross-sectional
study

Safety hazards and management
practices.

Worker's compensation claims.

Relationship between the SH-26
assessment ratings and worker's
compensation claims.

Mixed

Alarcén 2016 [38]

Cross-sectional

221 practices were identified, grouped
into 7 categories:

Accidents & incidents investigation
Safety planning & resources
Management commitment

Accident rate.

The relationship between the different
prevention management strategies and

study Workers’ safety training accident rate in different companies.
Management safety training
Audits & certifications
Safety incentives & rewards.
A similar composite score including: rate | Composite scores for leading and
of occupational accidents which lead to lagging indicators over 5 years are
Amir-Heidari 2017 Case series A composite score of 12 leading fatality, rate of recordable occupational reported for each company, but no

[28]

indicators.

accidents, rate of occupational illness/
health problem reports and amount of
legal fines/ costs related to HSE.

statistical tests were done to assess the
significance or strength of the
relationships.

Bitar 2018 [25]

Cross-sectional

Operating discipline communication,
operating discipline implementation,

Recorded injury frequency and near miss
frequency (both Control of Work related

Relationship between operating
discipline communication, operating
discipline implementation, leadership

study leadership expectations and trust index. and not). expectatlops anq trust index a.n.d HSE
outcomes including recorded injury
frequency and near miss frequency.
. Training hours, safety observations, Incident rates, accident rates, hazard . L
Campbell Institute o . M . . . . Correlations between leading indicators
Case study incident investigation, site audits, rates, near miss reporting and stop-work o
2015 [23] . - and incident rates.
leadership engagement. authority.
Project delay, project man hours, PPE,
overhead protection, excavation work,
machine safety guarding, safe means of . . . .

. i Time series analyses to identify how well
access, operating crane/lifting, scaffold, health and safet tis bei
tower/mobile scaffold, mech elevated heallh and satety management IS being
work platform, falling hazard/opening implemented by assessing relationships

Cao 2019 [51] Case study ’ ’ Accident rates. between leading indicators and

electrical hazard, first aid facilities,
emergency preparedness, handling and
storage of hazardous materials, safe
work procedures, power tool safety,
earth control measures, noise/vector and
others.

accidents over different time periods to
establish if they can be considered
predictors.
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Study

Study design

Leading indicator(s)

Lagging indicator(s)

Relationships assessed

Dennerlein 2020 [52]

Cross-sectional
study

ACES

OSHA reportable injuries, injuries
resulting in DART.

Correlation between worksite level ACES
scores and safety climate scores.
Regression coefficients between
worksite ACES score and OSHA
recordable injuries (per 100 FTEs) and
DART injuries (per 100 FTEs).
Regression coefficients between
subcontractor ACES score and OSHA
recordable injuries (per 100FTEs) and
DART injuries (per 100FTEs).

Grabowski 2010 [50]

Case series

Safety factors.

Safety performance.

Correlations between safety factors and
safety performance.

Hinze 2013 [39]

Cross-sectional
study

Implementation of various safety
practices (e.g., health and safety
manual, safety prequalification,
subcontractors’ participation in general
contractors' orientation and training).

Recordable injury rate.

Correlations between safety practices
(presence of certain safety practices as
well as the number of safety practices)
and RIR.

Lingard 2017 [5]

Case study

Management activity (toolbox meetings,
pre-brief meetings/ pre-start meetings,
safety observations, site surveillance
inspections carried out, penalties/
infringements, occupational health and
safety audits, non-compliances, hazards
reported, hazards closed out, statutory
authority inspections carried out, alcohol
tests, drug tests, safe work method
statements/ JSA documents review and
amended, site inductions).

TRincFR.

Assessing temporal relationships
between leading and lagging indicators
and the causal relationships between
them.

Manjourides 2019
[53]

Cross-sectional
study

Safety Management System, Safety
Program Elements Hazards, Safety
Program Elements Programs, Special
Elements Non-drug and alcohol, Special
Elements Drug & Alcohol Screening and
OSHA Citations.

Recordable injury cases and DART.

Correlation between leading (Safety
Management, Safety Programs [e.g.
falls, hearing protection], and Special
Elements [drug testing, return to work])
and lagging indicators (recordable injury
cases and days away, restricted, or
transferred, both calculated per 100 full-
time equivalent person-hours billed).

Merrick 2014 [54]

Cross-sectional
study

Organisational and crew member
decision frames.

Safety performance.

Interactions between different decision
objectives and their individual
contribution to the model to look at the
relationship between the leading and
lagging indicators.

Mohammed 2019
[15]

Case study

Project performance safety and
scheduling data

Accidents.

Correlations between project data and
safety performance data.
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Study

Study design

Leading indicator(s)

Lagging indicator(s)

Relationships assessed

Mousavi 2020 [44]

Cross-sectional
study

Lean maturity.

OHS performance.

Modelling carried out to establish the
significance of the different indicators in
being able to predict OHS performance.
Combined effects of variables on OHS
performance is also assessed.

Quaigrain 2023 [55]

Cross-sectional
study

CDM3.

Recordable injury rate, lost time case
rate and severity rate.

Relationship between maturity of
disability management indicators and
safety performance.

Worker safe behaviour observation, pre

Near miss incident rates, first aid injury

Correlation between the three leading

Rajendran 2013 [56] | Case study task plan and site safety audits. rates', O.SHA 're'cordable injury rates, and indicators and the four lagging indicators.
total incident/injury rates.
The robust ordinary least-square
Salas 2016 [40] Case series Contractor safety data. TRIincR and Severity rate. stepwise multiple regression analysis to

identify factors with predictive power and
to determine the most predictive model.

Sheehan 2016 [37]

Cross-sectional
study

Aggregate OPM-MU score and safety
leadership aggregate score.

Reported occupational health and safety
incidents, unreported occupational health
and safety incidents, and near misses.

The association between leading and
lagging indicators in occupational health
and safety and the moderating effect of
safety leadership on that relationship.

Stough 2012 [18]

Cohort study

Operating assets and proactive activities.

Total recordable injury rates and
severity-weights total recordable injury
rates, incidents, near misses,
investigations and corrective actions.

Relationship between proactive safety
activities and safety outcomes.

Tang 2017 [26]

Cross-sectional
study

Safety performance (inspection and
maintenance, management and work
management on safety, number of
incidents and near misses, personal
safety, constrictor's safety, management
of plant changes, plant operation and
operating procedures, competence, plant
design, instrumentation and alarms,
hazard identification and risk
assessment, documentation, start-ups
and shutdown, emergency
management).

Incident occurrence.

Relationships between safety factors and
incidence occurrence (Z values, R?
values, p values).

Tang 2018 [35]

Cross-sectional
study

Safety performance (inspection and
maintenance, emergency management,
management and work management,
number of incidents and near misses,
personal safety, constrictor's safety,
management of change, operation and
operating procedures, competence,
hazard identification and risk

Fatality, fatal accident rates, TRincR,
LTIR and reported near-misses.

Correlation between the scores of safety
factors and the actual performance of the
offshore oil and gas platforms.
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Study Study design Leading indicator(s) Lagging indicator(s) Relationships assessed
assessment, plant design,
instrumentation and alarm, start-ups and
shutdown).
Safety audits, preventative maintenance,
safety training attendance, safety
observations, safety inspections, near- Agreement among respondents on the
Van Derlyke 2022 miss reporting, stop work authority, Lo most important leading indicators and
[47] Cohort study JHA/JSA, safety meeting attendance, OSHA incident rates and DART rates. the performance of OSHA incident rates
corrective action completion rate, worker and DART rates.
perception survey, and attendance
tracking.
Versteeg 2019 [6] Case study Toolbox talks, number'of site inspections Numb.er' of medical injuries, number of Thg relationship 'be.tween leading
and number of near misses. first aid injuries. indicators and injuries.
Total number of work-related lost time
Safety indicators and educational injuries, frequency severity index, Identification of the most 'important’
Vosoughi 2021 [45] Case series o percentage of total number of work- leading indicators and their relation to
indicators. L . ST
related lost time injuries reduction work related lost time injuries.
compared to previous year.
Wachter 2014 [36] Cohort study Safety management practices. Accident rates. Betwee’? safely management practices
and accident rates.
Projects were compared and
Winge 2019 [34] Case study Safety practices. Safety performance. connections between leading indicators

and safety performance were identified.

Abbreviations: AARM-CMS - Automotive Accident Rate (in Miles) and Catastrophic, Major, Serious, AARM-CMSL — Automotive Accident Rate (in Miles) and Catastrophic,
Maijor, Serious, light, ACES — Assessments of contractor safety, BIM — Building information modelling, CDM3 — Construction disability management maturity model, CMS —
Catastrophic, Major, Serious, CMSL — Catastrophic, Major, Serious, Light, DART — Injuries involving days away, restricted or transferred, HSE — Health, safety and
environment, JHA — Job hazard analysis, JSA — Job safety analysis, LTIF — Lost time injury frequency, LTIR — Lost time incident rate, LTSA — Long-term sickness absence,
NOSACQ-50 — Nordic occupational safety climate questionnaire, OPM-MU — Organisational performance metric - Monash University, OSHA — Occupational safety and health
administration, PPE — Personal protective equipment, RIR — Recordable injury rate, RIMC — Regional journey management centre, SH-26 — Safety management self-
assessment questionnaire, SSHE - Safety, security, health and environment, TIR — Total incident rate, TR — Talonrakennus (Residential construction), TRIFR — Total
recordable injury frequency rate, TRIR — Total recordable incident rate TRincFR - Total recordable incident frequency rate, TRincR — Total recordable incident rate.

If leading indicators met the Xu et al 2021 or Campbell Institute definition, this is highlighted in §f€eH in the study column. If they partially met the definition, it is highlighted in
yellow. This has not been done for studies of multiple leading indicators as it depends on the indicator.
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3.1.4 Lagging indicators

Lagging indicators and how their relationship to leading indicators was assessed, are
summarised in Table 3.3. More detailed descriptions of the leading and lagging indicators are
reported in Appendix G, Table G.2.

Each study reported between one and 11 lagging indicators, with 36 reporting more than one.
The lagging indicators could be grouped into 10 categories: injuries (n=25 studies), accidents
(n=18 studies), incidents (n=14 studies), near misses (n=8 studies), lost time (n=6 studies),
fatalities (n=5 studies), compensation (n=4 studies), sickness/illness (n=3 studies), safety (n=1
studies) and ‘other’ (n=4 studies).

Although most categories of lagging indicator were evaluated by multiple studies, they were
usually measured by using different methods. For example, although 18 studies reported
accidents, five of these reported accident rates (or used accident rates to correlate against
leading indicators) but used different denominators: ‘average labour force’ [38], ‘per 200,000
man-hours’ [28], ‘per project per month’ [51], ‘per cubic meter of construction’ [29] and ‘per 10°
working hours’ [30]. Three used accident rate as part of a collated score with other lagging
indicators [28, 44, 46]. Three studies focused on vehicle accident rates, but each one used a
different definition of this outcome [14, 19, 22]. In three studies, the authors did not define
accident rates [11, 23, 48] and one study measured percentage reduction in total work-related
accidents and lost time accidents [17]. Furthermore, eight studies (including five already
mentioned) did not report the lagging indicator by itself but the correlation of accidents against
different leading indicators [15, 30, 36, 44, 46, 50, 51, 54].

3.1.5 Methods of assessing impact

Methods of assessing the impact of the leading indicators varied both between and within study
design. Overall, more than 20 different approaches were used. Table 3.4 shows the method of
analysis by study design and this is discussed in more detail in the following sections.
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Table 3.4:

Method of analysis by study design

Study design

Total studies

Method of analysis Cohort Before-after Cross-sectional Case series Case study n (%)
n (%) n (%) n (%) n (%) n (%)
Comparison of frequencies 3 (60) 10 83) 1(6) 1(17) 1(13) 16 (33)
Linear correlation alone 1(20) 1(8) 4 (24) 3 (50) 4 (50) 13 (27)
Linear correlation and regression 1(20) 0(-) 2(12) 0(-) 0(-) 3 (6)
Regression alone 0(-) 0(-) 4 (24) 1(17) 1(13) 6 (13)
Interrupted time series 0(-) 1(8) 0(-) 0(-) 0(-) 1(2)
Modelling 0(-) 0(-) 4 (24) 0(-) 1(13) 5(10)
Multiple or other 0(-) 0(-) 2(12) 1(17) 1(13) 4 (8)
Total 5(100) 12 (100) 17 (100) 6 (100) 8 (100) 48 (100)
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3.1.51 Cohort studies

In cohort studies, data from multiple companies were compared to determine whether the use
of different leading indicators was associated with differences in lagging indicators. Methods
used to perform this evaluation differed between the four cohort studies.

Three compared lagging indicator rates between leading indicator groups [18, 27, 47]. Brandt
2023 obtained worker-reported data from national surveys across industries and performed a
time-to-event analysis to calculate the risk (using hazard ratios) of long-term sickness absence
(LTSA) for groups of workers reporting no safety climate problems, compared to those reporting
between one and five safety problems in the workplace [27]. Stough 2012 compared lagging
indicators in companies with more leading indicators with companies with fewer leading
indicators [18]. Van Derlyke 2022 examined the perceived effectiveness of leading indicators
implemented in the dairy product-manufacturing sector. Survey data were used to compare
Occupational Safety and Health Administration (OSHA) incident rates and ‘days away,
restricted and transferred’ between companies that did and did not implement all eight of the
top leading indicators [47].

The remaining two studies used statistical methods of correlation to examine associations
between leading and lagging indicators [21, 36]. Wei 2020 used correlation coefficients to
assess whether self-reported physical injuries and unsafe events were correlated with
perceptions of safety culture in construction workers, and to make comparisons between two
different regions [21]. Wachter 2014 performed both simple correlations and multivariate
regression modelling to evaluate the relationship between safety management practices and
accident rates across multiple industries [36].

The four studies assessed between 84 and 63,500 workers, though did not report number of
companies included [21, 27, 36, 47]. All performed testing to identify which relationships were
statistically significant.

3.1.5.2 Before-after studies

In before-after studies, lagging indicators are measured following the implementation of a
leading indicator, such as a new training programme or safety framework, and compared to
baseline data (before the leading indicator was initiated). All twelve before-after studies
measured this using rates or frequencies [12-14, 16, 17, 19, 20, 22, 24, 42, 48, 49] and two
studies also performed statistical correlations [16, 24]. Only two before-after studies reported
statistical significance [16, 24].

Ten before-after studies [12-14, 16, 17, 19, 20, 22, 48, 49] were each conducted at one
company and reported safety data before and after (or change in safety data after) a new safety
programme or process was implemented. For example, Breitsprecher 2014 compared total
recordable incident rate (TRincR) and motor vehicle accident rate before and after the
implementation of leadership training for senior and middle managers [22]. Lopez 2013
compared the number and rate of automotive accidents occurring in one company before and
after a Regional Journey Management Centre (RJMC) was opened [14], while Pereira 2017
reported change from baseline (and Pearson correlations) of TRIR and total incidence rate
before and after implementation of a behaviour-based safety programme in the construction
industry.
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Two studies reported data from more than one company [24, 42]. Choe 2016 performed an
interrupted time series using data from the Bureau of Labor Statistics of the US Department of
Labor fatalities to look at the fatality rate and days away rate following the revision of the OSHA
Steel Erection Standard to evaluate change from baseline as well as correlation [24]. Govender
2022 looked at safety data (loss of life, total recordable case frequency rate, lost time injury
frequency rate [LTIFR], all injury frequency rate, high potential incident) at nine diamond mines
before and after a safety framework called the 4Cs framework was introduced [42].

3.1.5.3 Case series

In case series, leading and lagging indicators at multiple companies were measured over time
to assess the relationship between them. Four case series assessed the relationship using
statistical correlations [30, 40, 45, 50], one compared safety outcome score [28] and one
compared expected accident rate to actual accident rate [29]. Those that reported the number
of companies included in the study included between three [50] and 126 [30] and those that
reported the number of workers included reported between 11 [45] and 23,399 [30].

In the studies using correlation, one used Spearman’s correlation [50], one used Pearson’s
correlation [30], one used both [45] and one used stepwise regression analysis and correlation
[40]. Grabowski 2010 used data from surveys to retrospectively identify which leading indicators
were correlated with safety outcomes at three companies [50]. Laitinen 2013 evaluated the
correlation between a company’s score on an observation tool and their accident rates [30].
Salas 2016 and Vosoughi 2021 both assessed the correlation between multiple leading and
lagging indicators [40, 45].

3.1.54 Cross-sectional studies

Seventeen studies measured leading and lagging indicator performance at one timepoint to
examine the relationship between the two. Ten provided information on company participants
[11, 25, 26, 33, 35, 38, 44, 52, 53, 55] evaluating between three [35] and 3,514 [25] companies.
Hinze 2023 reported on 57 projects but did not provide information about the company or
companies involved and Merrick 2014 reported on two shipping fleets [39, 54]. The remaining
three studies did not provide any company details [31, 32, 43]. Nine studies included between
112 and 3,578 workers [26, 31, 32, 37, 43, 44, 46, 52, 54], while the remaining eight studies did
not report this information.

Methods used to assess the relationship between leading and lagging indicators varied and the
statistical significance of the findings was well reported with 15 of the 17 studies reporting this
information [25, 26, 31-33, 35, 37, 39, 43, 44, 46, 52-55]. The most common statistical analysis
method used was a form of regression analysis which was performed in four of the included
studies [25, 31, 43, 54]. For example, Moore 2022 used linear regression analysis to assess the
relationship between the SH-26 assessment rating and workers’ compensation claims.
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Four studies used correlations to assess the relationship between leading and lagging
indicators [35, 39, 53, 55]. For example, Tang 2018 used Pearson’s correlation to examine
whether safety factors (e.g. emergency management, personal safety and hazard identification)
were associated with near miss and lost time injury rates. Three studies used mixed methods.
Dennerlein 2020 used a both univariate correlation and multivariable regression to assess the
relationship between assessments of contractor safety (ACES), OSHA recordable injuries and
injuries involving days away, restricted or transferred (DART) [52]. Manjourides 2019 used a
combination of spearman correlation and zero-inflated Poisson modelling to estimate the
relationship between safety management, safety programs, special elements and DART
injuries [53]. Robson 2017 used unstandardised correlation coefficients and predictive
modelling to investigate the relationship between audit scores and workers’ lost time claims
[33].

Sa 2023 did not use any statistical any methods to assess the relationship between the leading
and lagging indicators. The five remaining studies each used different approaches, including:
confirmatory factor analysis to examine the relationship between safety climate, accidents,
injuries and near misses [46]; Wilcoxon signed ranks tests, factor analysis and hierarchical
cluster analysis to assess the links between safety factors and incidence occurrence [26];
multilevel modelling to examine near misses and incidents [37]; partial least square-based
structural equation modelling to determine the significance of leading indicators in being able to
predict OHS performance [44]; and classification tree approaches to look at the association
between prevention management strategies and accident rates in difference companies [38].

3.1.5.5 Case studies

We have defined case studies as evaluations of a single company measuring leading and
lagging indicators over time. All eight studies provided details of company participants. Seven
reported on one company [5, 6, 15, 34, 41, 51, 56] and The Campbell Institute 2015 reported
on five different case studies [23]. Two studies described the companies they reported on to be
large [15, 34] and one as ‘mid-sized’ but the number of employees were not reported [6]. The
remaining five studies did not report on company size.

Methods used to assess the impact of leading indicators on lagging indicators differed, and the
statistical significance of findings was rarely reported (one study [51]). The most common
approach was linear correlation to estimate the strength and direction of relationships between
leading and lagging indicators (n=4 [15, 23, 51, 56]). For example, Rajendran 2013 calculated
scores for the degree of implementation of three leading indicators in construction sites (worker
safe behaviour observations, pre task planning and site safety audits) and computed correlation
coefficients for their relationships with near miss incident rates, first aid injury rates, OSHA
recordable injury rates and total incident/injury rates [56].
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The remaining four studies each used different approaches, including: univariate regression
modelling to estimate the relationship between the number of safety talks/inspections and
medical injury rates as measured across 47 construction projects [6]; temporal vector
autoregression (VAR) modelling to estimate the temporal relationships between 14 different
leading indicators and TRIR [5]; simple frequency comparisons across multiple timepoints to
examine trends in safety performance over time (number of safety observations against several
lagging indicators, including fatalities, total recordable injury rates, lost time injury rates and first
aid cases) [41]; and qualitative comparative analysis to identify connections between safety
practice indicators and safety performance [34].

3.1.6  Study validity

Internal and external validity are discussed in the following sections. As discussed in both
Section 3.1.6.1 and 3.1.6.2, poor reporting was a common issue and incomplete information on
study methods posed challenges to identifying and assessing how studies were conducted.
Brandt 2023 [27] is summarised in Appendix H, Figure H.1 as an example of a study with low
risk of bias that may be applicable to a wider population.

3.1.6.1 Risk of bias

RoB assessments are summarised below. The detailed RoB assessments for each study are
reported in Appendix E, Table E.1.

At least one study design weakness was identified in each study, and so no studies were
considered at very low RoB. In total, 15% (seven studies) were considered to be at low RoB
(weakness in one domain) [6, 24, 27, 33, 37, 46, 47], 56% (27 studies) at moderate RoB
(weakness in two to three domains) [5, 12-14, 16, 21, 22, 25, 26, 29-32, 34-36, 38-40, 43, 45,
50-55] and 29% (14 studies) at high RoB (weaknesses in at least four domains [11, 15, 17-20,
23, 28, 41, 42, 44, 48, 49, 56]. Reviewer judgements for each domain in each included study
are provided in Figure 3.1.

The most common limitation was the failure (or the potential failure) to adequately minimise
selection bias, for example by using convenience samples [13, 30, 34, 52], removing
companies reporting poor safety outcomes from analyses [53], or most frequently by simply not
providing the rationale for why study participants were selected (Figure 3.2) [11, 14, 18-20, 23,
28, 32, 35, 37, 39, 42, 46, 48-51, 54, 55].

Few studies provided information on methods to account for confounding factors, for example
by adjusting for key characteristics in regression models [27], and the majority of studies failed
to consider confounding or to report data on potential confounders (such as country or worker
characteristics). The use of incorrect statistical analysis was the least common issue, while
potential sources of bias outside of the four assessed domains were rarely identified. Studies
often provided insufficient information to determine whether leading indicators or lagging
indicators had been measured without bias; this bias was most commonly judged to be at high
risk when studies collected self-reported data to measure leading and/or lagging indicators,
without using validated tools [11, 21, 34, 39, 40, 50, 53-55].

When examined by study design, cohort designs appeared to more often be at a lower RoB
and all other designs were judged to be at moderate to high overall RoB (Table 3.5).
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Figure 3.1a: Summary risk of bias judgements for included studies
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Are you confident that the means of selecting and maintaining the sample minimised bias?

Are you confident that the potential confounders were adequately considered, and then were either well
controlled or appropriately discounted as a source of bias?

Are you confident that the measurement methods did not introduce bias to the corresponding findings?
Were appropriate statistical tests applied to the data?

Are you confident that there are no additional potential sources of bias in the estimate of implementation/
effectiveness not already captured in the previous questions?

Red=high RoB; yellow=moderate RoB; green=low RoB.
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Figure 3.1b: Summary risk of bias judgements for included studies
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D1: Are you confident that the means of selecting and maintaining the sample minimised bias?

D2: Are you confident that the potential confounders were adequately considered, and then were either well
controlled or appropriately discounted as a source of bias?

D3: Are you confident that the measurement methods did not introduce bias to the corresponding findings?

D4: Were appropriate statistical tests applied to the data?

D5: Are you confident that there are no additional potential sources of bias in the estimate of implementation/
effectiveness not already captured in the previous questions?

Red=high RoB; yellow=moderate RoB; green=low RoB.
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Figure 3.2: Summary risk of bias plot by domain, for 48 included studies.

Selection bias

Confounding bias

Measurement bias

Appropriate statistical tests

Other sources of bias

Overall
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For each of the five domains: Green=% studies judged at low RoB, yellow=% studies judged at unclear RoB, red=%
studies judged at high RoB.

For the overall RoB: Green=% studies judged at low RoB, yellow=% studies judged at moderate RoB, red=% studies
judged at high RoB.

Plot generated using Robvis shiny web app [58].

Table 3.5: Overall risk of bias for 48 included studies, by study design
Overall risk of bias
Study Design Low Moderate High Total
n (%) n (%) n (%) n
Before-after 1(8) 5 (42) 6 (50) 12
Cohort 2 (40) 2 (40) 1(20) 5
Cross-sectional 3(18) 12 (71) 2(12) 17
Case series 0(-) 5(83) 1(17) 6
Case study 1(13) 3 (38) 4 (50) 8
Total 7 (15) 27 (56) 14 (29) 48
3.1.6.2 External validity

It is difficult to assess the degree to which the results of included studies are generalisable
beyond the study setting due to the limited reporting of key information, particularly company
and worker characteristics, study setting, study size, and in some cases country of study. This
means that, for the greater majority of studies, it is not possible to assess whether they could
be considered representative of real-world settings.

Overall, generalisability is likely to be weak. Over a third of included studies (n=18) evaluated
data from only one company [5, 6, 12-17, 19, 20, 22, 34, 39, 41, 48, 49, 51, 56]. Most of these
studies did not report company size or the number of workers included in the study.
Nonetheless, differences between how companies operate may mean that even studies of one
company evaluating high worker numbers are not necessarily more widely generalisable.
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Another common issue was the evaluation of leading indicators that were specific to the
company being evaluated in the study. For example, Doherty 2010 was a study of an oil
company in Qatar, RasGas, evaluating the RasGas Elements of Excellence, the company’s
operations integrity management system [12]. Also, Breitsprecher 2014 evaluated the
company’s own health, safety and environment (HSE) leadership academies [22]. Since the
leading indicators and mechanisms for measuring them were developed within the context of
each company’s specific setting, these studies are likely to be poorly generalisable to other
companies.

Lastly, most studies evaluated multiple leading indicators (n=25) and/or multiple lagging
indicators (n=32), or used complex scores developed within-study to measure them (n=7). This,
in addition to the substantial variation in all study methods, hinders the ability to identify which
factors could be contributing to observed correlations or relationships between leading and
lagging indicators, with implications for being able to replicate beneficial findings in future
practice.

3.2 Effectiveness of Leading Indicators

In total, 27 studies found that at least some of the leading indicators measured were favourably
associated with lagging indicators (in 20 studies it was unclear whether there was an effect and
in only one was there not an effect). However, studies were too heterogeneous in the methods
used to present a meaningful distribution of leading indicator effects. The following section
summarises the evidence base for each type of leading indicator, describing the variation in
methods used.

3.2.1 New guideline, tool or process

All 15 studies found new guidelines, tools or processes were associated with improvements in
safety outcomes [11-14, 16, 17, 19, 20, 22, 24, 29, 41, 42, 48, 49] but only three reported that
the relationship was statistically significant [16, 24, 29] while the remaining 12 did not report
statistical significance. The quality of the study methods and reporting, and therefore
confidence in their results, varied.

Choe 2016 and Pereira 2017 explored whether observed differences in lagging indicators could
be explained by chance using statistical hypothesis testing for significance (reported as p
values for those differences in outcomes) [16, 24]. Using a before-after comparison, Choe 2016
reported significant reductions in the days away injury rate (and normalised days away injury
rate) following the implementation of the revised OSHA Steel Erection Standard, although the
reduction in fatality rate (and normalised fatality rate) was not found to be statistically significant
[24]. Pereira 2017 also reported significantly improved total incidence rates following the
implementation of a behaviour-based safety programme at building sites [16]. Laitinen 2010
evaluated the trend in accident rates following the implementation of a safety contest that
rewarded the best performing companies and reported that safety significantly improved in the
years following the implementation of the contest [29].
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The remaining 12 studies [11-14, 17, 19, 20, 22, 41, 42, 48, 49] reported improvements in
lagging indicators associated with the implementation of the leading indicator (reported in Table
3.3), but none reported whether differences were statistically significant. In addition, only one
study considered whether the relationship could be explained by potential confounders [24]
while participant and population characteristics were not well reported in any studies.

Studies varied in the lagging indicators they measured, the methods of measuring lagging
indicators, and the methods of evaluating the extent to which they were associated with leading
indicators. Some studies for example reported lagging indicators that no other study reported,
such as driving score [13] or heat injury rate during Ramadan [12]; others used differing
methods to measure similar lagging indicators, for example Dadashi Haji 2023 reported site-
specific fatality rates before and after the leading indicator [48] while Choe 2016 reported the
total number of fatalities before and after [24]. Similarly, Laitinen 2010 reported accident risk
per cubic metre of construction [29] while Breitsprecher 2014 reported the TRincR [22] and
Coetzee 2023 the all injury frequency rate [41].

Use of a broadly similar analytic approach did not guarantee the comparability of study findings.
For example, the two studies that performed correlations varied in specific approach, Choe
2016 conducting a time series analysis to evaluate the change in fatality rate and days away
injury rate [24], while Pereira 2017 evaluated incident rates using linear correlations at a single
timepoint [16].

3.2.2  Safety climate/culture

Five included studies (three cross-sectional [32, 43, 46] and two cohort studies [21, 27])
evaluated safety climate or safety culture within organisations as a safety leading indicator,
three of which were carried out in the construction industry [21, 32, 46]. Between 426 [46] and
63,500 [27] workers were assessed, although characteristics of both companies and workers
were poorly reported with only two studies reporting this information [32, 46].

The five studies varied in the methods used and quality of reporting. For example, methods of
collecting the safety climate data differed with two studies using the NOSACQ-50 [27, 43] while
the remaining three studies [21, 32, 46] used unvalidated questionnaires based on previous
research or developed by the researchers. Studies sought to determine whether safety climate
was associated with a range of different lagging indicators, including long term sickness
absence [27], injury outcomes [21, 32], musculoskeletal symptoms and subsequent missed
work [43], unsafe events [21] and number of self-reported accidents/injuries and near misses
[46]. Only two studies considered potential confounders [27, 46].

Four studies reported safety climate/culture to be associated with improvements in lagging
indicators [21, 27, 32, 43]. One cohort study [21] and one cross-sectional study [32] reported
statistical correlations between safety climate/culture and lagging indicators. Chen 2017 found
a statistically significant negative correlation between safety climate and physical symptoms
[32], while Zahoor 2017 reported a significant negative correlation between safety climate and
self-reported accidents/injuries but did not provide p values or information on whether or how
these were conducted [46].
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Brandt 2023 [27] and Lagerstrom 2019 [43] reported similar findings. In a time-to-first-event
analysis, Brandt 2023 found that the risk of long-term sickness absence was significantly higher
in groups of workers reporting four to five safety climate problems in the workplace [27]. Using
multinomial logistic regression, Lagerstrom 2019 found statistically significant relationships
between safety climate and both the frequency of musculoskeletal symptoms and associated
missed working days [43].

3.2.3 Audits and inspections

Two studies (a case study [30] and a cross-sectional study [33]) evaluated the effect of an audit
or inspection on lagging indicators and both reported statistically significant correlations
between the two, although one was judged overall not to demonstrate a relationship between
leading and lagging indicators.

The Laitinen 2013 case series found significant negative correlations between the scores from
an audit tool called Elmeri+ (collected from mechanical engineering, metal industry and
electronics industry companies) and all three accident rates evaluated, although subgroup
analyses found this correlation was not observed in every industry or for different audit sub-
scores [30].

Robson 2017 evaluated data from firms operating in various industries that had undergone one
or two audits as part of the WorkWell audit programme in Canada. Correlations between total
audit score and various different lagging indicators were calculated for all included companies
as a group, as well as for specific industry subgroups [33]. A high number of correlations were
calculated, with the majority suggesting an absence of statistically significant relationships. The
small number of significant negative correlations between audit and claims differed between
audit 1 and audit 2 showing inconsistency of effect; therefore, this study was categorised as not
showing an effect between leading and lagging indicators.

3.24 Monitoring of safety

Moore 2022 used questionnaires to collect safety hazards and management practices data
from employees from various industries and found a statistically significant correlation between
twelve of the hazards and higher claims outcomes [31].

3.2.5 Mixed

All remaining 25 studies evaluated multiple leading indicators, five of which [18, 28, 37, 47, 52]
combined multiple leading indicators to give an overall study-specific leading indicator score.
None of these used the same score, evaluated similar lagging indicators, or used similar
methods. The leading and lagging indicators combined to get the scores are listed in Appendix
G, Table G.2.

The remaining 20 studies reported multiple leading indicators separately, though with
considerable heterogeneity in the study methods used and the lagging indicators measured.
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In fifteen of the remaining studies, there were statistically significant relationships between at
least some of the leading and lagging indicators evaluated [6, 25, 34-36, 38-40, 44, 45, 50, 51,
53-55]. In the remaining five, there was a relationship between at least some of the leading and
lagging indicators but no statistical tests were conducted to show whether the relationships

were statistically significant [5, 15, 23, 26, 56].
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4 Discussion

A scoping review was conducted to map the key characteristics of studies that assess the
impact of leading indicators on safety lagging indicators in the discipline of OSH. The review
was conducted according to the methods for scoping reviews, outlined by the Joanna Briggs
Institute [8]. In total, 48 studies met the eligibility criteria for this review.

4.1 Summary of Key Findings

Overall, the studies identified by this review were found to be very heterogeneous in every
study characteristic examined. Reporting of study characteristics was also variable, with key
information missing from studies, particularly concerning worker characteristics. This section
draws together the main findings to address the five key review objectives.

411 For which leading indicators has effectiveness been
evaluated?

Due to variations in terminology, it was challenging to identify whether studies had sought to
measure the same leading indicators. Differences in methods of measurement and company-
specific safety management systems and practices prevented an assessment of the total
number of different leading indicators evaluated by these studies. Using the information
reported, we assessed that included studies evaluated a large number of different leading
indicators, representing a wide range of safety practices. Studies most commonly evaluated the
impact of new guidelines, frameworks, tools or processes, though the specific leading
indicator(s) differed in each of those 15 studies.

More than half of all eligible studies (n=25) evaluated multiple leading indicators, either
assessing each individually or as groups using summary scores to investigate relationships with
lagging indicators. Across all studies, leading indicators were often either specific to the
company in which they were being measured or specific to that industry.

The leading indicators evaluated in this evidence base did not all fully meet previously
published definitions and were twice as likely to meet the Campbell Institute criteria than the Xu
2021 criteria (30 vs 14 respectively), mainly due to the indicators not being judged to be
measuring current performance.

4.1.2 For which industries and in which countries does this
evidence come from?

Studies were performed across eight different industries, most commonly construction (n=18)
or energy (oil and gas drilling and transportation) (n=13), while a small proportion sought to
evaluate leading indicators across multiple industries. Country settings were not always
reported. The 39 studies providing this information were conducted in 22 different countries
across all five continents, most commonly in North America and Asia. Most studies were
conducted in a single country, at least 12 involved multiple countries and at least two multiple
continents.
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41.3 Are different leading indicators evaluated in lower to middle
income countries, compared to high income countries?

While country income status as designated by the World Bank could not be assessed for 12
studies due to lack of reporting, most research was conducted in HI settings (27/48), with only
four each in UMI countries and LMI countries, and no eligible studies identified from LI
countries. When examining type of leading indicator, there did not appear to be any clear
association between certain indicator types and countries in each outcome status: new
guideline, tool or process indicators were evaluated in HI, UMI and LMI countries, as were
mixed leading indicators. The five studies of safety climate were conducted in both HI and LMI
settings, while other leading indicator categories included too few studies to identify any
potential difference.

414 How has effectiveness been evaluated?

Eligible studies used one of five observational designs to assess the impact of leading on
lagging indicators, most commonly cross-sectional designs that measured the performance of
all indicators at one timepoint and statistically assessed the relationship between the two using
a method of statistical correlation and/or regression. However, study designs and methods of
analysis varied considerably across the 48 studies.

Other designs identified by the review team included cohort studies (n=5), before-after studies
(n=12), case series (n=6), and case studies (n=8). The most common methods of analysis were
linear correlation (most often calculating Pearson’s coefficient) and simple comparison of
frequencies, each used by a third of included studies. Other methods included regression
analyses, modelling approaches (including structural equation modelling), interrupted time
series, classification trees, principal factor analysis and qualitative analysis, most of which
comprised more specific methods used by a single study.

Studies assessed the impact of leading indicators against a wide variety of lagging indicators,
covering ten categories of safety outcomes, including injuries, accidents, incidents, near
misses, lost time, fatalities, compensation claims, sickness/iliness, safety and other outcomes.
Most studies evaluated the impact of a leading indicator against multiple lagging indicators.
Injuries and accidents were the most frequently reported, although methods of defining and
measuring these outcomes differed considerably between studies, which could restrict the
meaningful synthesis of effects in future systematic reviews.

41.5 Is there any evidence for the effectiveness of leading
indicators, and what is the nature of that evidence?

All but one included study reported a positive effect of leading indicator on lagging indicator
outcomes. However, results were very varied and while most studies reported multiple
analyses, none found all analyses to produce evidence of an effect. In addition, claims of
impact were not always verified by the use of appropriate statistical methods to determine
whether effects were likely due to chance, therefore this review concludes that evidence for
some impact was produced by 27 (56%) studies.
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Unfortunately, the considerable heterogeneity across all aspects of how these studies were
conducted precludes the ability to meaningfully synthesise or summarise individual effect sizes.
A systematic review published in 2019 (identified during study selection) performed a meta-
analysis of effects across eight studies assessing the effects of leading on lagging indicators in
the construction industry [59], of which four studies were included in this scoping review [38-40,
56]. In order to overcome the different measures of effect used by these studies, the authors
performed statistical calculations to standardise the effects and so make them comparable.
Other than class of leading indicator (passive and active), no other variation in study
characteristics was taken into account prior to undertaking the pooling of effects and the
authors found significant heterogeneity of effect across both classes of leading indicator, which
may cast doubt on the validity of their findings.

A 2020 report from an American research group research suggests it might be challenging to
make valid inferences on safety performance using accident frequency rates. A large study
involving statistical analysis of a very substantial dataset from the construction industry (10
organisations providing 15 years of data covering 3.26 trillion worker-hours) found that TRIR
was not correlated with fatality rates, suggesting that the causes for accident rates might differ
from the causes for fatalities. In addition, when building models to try and predict future TRIR,
the best models could only predict the observed rates in 2-4% of model iterations, suggesting
that TRIR does not have a causal relationship with implementation of safety management
systems. More broadly, these findings may imply that some observed associations could be
spurious, rather than presenting evidence for a causal relationship between use of leading
indicators and some measures of accident frequency [60].

4.1.6 How robust is this evidence base, and how can it be
improved?

Overall, the quality of included studies for demonstrating that leading indicators have causal
impacts on lagging indicators is weak, for three reasons.

First, the evidence base identified by this review consisted entirely of observational study
designs, and only a fraction (10%, the five cohort studies [18, 21, 27, 36, 47]) provided
comparisons of lagging indicators measured in groups of workers who had experienced
different leading indicators. Yet establishing whether leading indicators have a causal impact on
lagging indicators is likely to require prospective, comparative studies (ideally interventional in
nature) whereas many differences between groups as possible are controlled, so that the only
difference between them is the leading indicator(s) being applied. None of the included studies
was of a controlled, comparative design.

Second, the internal validity of included studies was determined to be moderate to low
indicating that the results observed in these studies are likely to reflect problematic study
design rather than true findings. Fewer than one in five studies was judged to be at low RoB
using the Robson 2007 tool. Over half were at moderate RoB and 30% were determined to be
at high RoB, meaning that those studies are highly likely to have produced distorted estimates
of effects.
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Including biased study samples was one of the most common design deficiencies, indicating
that studies may have excluded companies or workers less likely to respond to leading
indicators. Studies also commonly failed to account for confounding factors thus risking
confounding bias [61], namely a distortion of study effects due to confounding by unmeasured
or uncontrolled risk factors. Together with frequently scant reporting of worker characteristics,
this suggests that confounding is not commonly considered during the design and conduct of
studies that evaluate leading indicators. The identification of key confounders, their
measurement, and incorporation into the analysis and interpretation of study results, are likely
to constitute important improvements to the quality of the evidence base. Similarly, measuring
indicators (particularly lagging) using objective tools (such as through electronic records) rather
than questionnaires based on self-reported information is likely to improve the internal validity
of studies.

The Robson 2007 systematic review reported similar findings in terms of the quality of their 23
included studies: few were comparative (3/23), the overall quality was determined to be weak,
and common sources of potential bias were failing to account for confounders and
measurement methods. The authors are not aware of any other published reviews that have
assessed the internal validity of primary studies undertaken in OSH settings.

Finally, the generalisability of the evidence base was determined to be weak for several
reasons, including: limited reporting of key information (particularly company and worker
characteristics, study setting, study size and, in some cases, country of study), evaluating a
single company, evaluating leading indicators specific to the participating company, and
evaluating multiple leading indicators and/or multiple lagging indicators, and often using
complex scores developed within-study to measure them. This, in addition to the substantial
variation in the lagging indicators evaluated, hinders the ability to identify which factors could be
contributing to observed correlations or relationships between leading and lagging indicators,
with implications for being able to replicate beneficial findings in future practice.

4.2 Strengths of the Review

This review has used explicit, systematic methods captured in a predefined review protocol that
was registered on the OSF. Transparent and replicable search methods to find relevant studies
were designed by experienced Information Specialists, and while the review type did not
require these searches to be comprehensive, multiple resources were searched and previous
reviews were examined for potentially relevant studies.

A key strength was the ability to consult with a group of OSH experts from varying backgrounds
during the development of the review protocol to ensure validity of research aims, objectives
and review methods.

The results of our search underscored the absence of existing reviews seeking to summarise
the characteristics of the existing evidence base, without limiting to particular industries or
leading indicators. This review therefore makes a unique contribution to the research literature.
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4.3 Limitations of the Review

Search terms were limited to retrieve records which referred to the concept of leading
indicators. Studies that only referred to specific indicators would not have been retrieved. A limit
was placed on the language of the search for reasons of resource constraints. Also, during
screening, a date limit (pre-2010) was placed on the records due to the volume of literature. In
addition, a large proportion of documents could not be obtained for assessment of relevance at
full text stage (50 of 266). Using the same proportion of relevant studies as those identified from
obtained full text reports, we estimate to have missed around 11 eligible studies. While their
contents remain unknown, they are unlikely to impact substantially on the key findings in this
report.

A related limitation concerns the focus on published studies, which may have missed relevant
unpublished data that demonstrate positive impacts, such as internal company benchmarking
data. While we did obtain and examine some unpublished reports, those not known or available
to our expert group could not be considered or included. The impact of this to the conclusions in
this review cannot be quantified. It is also not possible to determine whether organisations that
were represented by the included studies would be judged to have a good safety performance,
since this review did not set out to examine the interdependencies between programmes and
leading indicators.

This review used single reviewer study selection and data extraction, increasing the possibility
of having missed studies or extracted information incorrectly. However, both of these critical
review stages were performed in duplicate for the first 10% of studies in order to ensure
consistency of approach.

A large number of studies (n=25) reviewed multiple leading indicators, some of which (n=5) did
not report the performance of individual leading indicators separately but gave a composite
score summarising the multiple leading indicators in use. Furthermore, some of the guidelines,
tools or processes that were introduced involved a programme with a number of leading
indicators. These features limit our ability to understand the performance of individual leading
indicators by comparing across studies. However, it may also suggest that the approach of
looking for associations between individual leading indicators and safety outcomes may not
adequately represent real practice where a range of indicators, appropriate to the company’s
health and safety needs, tend to be tracked in tandem.

Finally, the scope of this review focussed on understanding impacts to safety performance, as
measured by safety lagging indicators, to the exclusion of impacts to occupational health.
However, it is well recognised that employee state of mind and health can adversely impact
situational awareness and decision making, which might lead to adverse safety outcomes. It is
therefore possible that this review has missed studies demonstrating positive changes to
occupational health outcomes that could be valid surrogates for downstream impacts to safety.
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4.4 Implications for Practice

This review shows a huge amount of variation in the current evidence base for leading
indicators, which makes it difficult to identify recommendations for practice based on this
existing literature. The inconsistency in relationship between leading and lagging indicators,
which reflects the findings of previous studies, suggests practitioners should exercise caution
when seeking to evaluate the impact of leading indicators. Setting out to identify one particular
metric or intervention that is a “silver bullet” is unlikely to produce meaningful findings or
findings that can be translated across settings.

Perhaps the principal challenge to being able to discern whether different leading indicators
have a consistent impact was the inability to compare findings across studies. If comparability
across sites, units, companies or industries remains a goal of future research, then more
standardised data collection and wider data sharing should be encouraged.

Although the principle of using leading indicators to support organisational safety and health
decision-making is still valid, currently their greatest value lays in organisation-specific
evaluations that set out to assure the organisation’s key risk control systems. The challenge for
this more introspective goal will be to identify a set of indicators that demonstrate the ongoing
integrity of that safety and management system.

4.5 Future Research

There is a clear need for research to address whether leading indicators can improve
occupational health, and to investigate whether this outcome could be a valid surrogate for
downstream safety performance.

In order to understand whether specific leading indicators improve safety outcomes across
settings, syntheses with statistical pooling of effects would be ideal. These would ideally pool
the results of prospective, comparative studies that have controlled for confounders, selection
bias and measurement bias.

To achieve this, future studies would also need to:

- Carefully recruit under study conditions, rather than using convenience samples.
. Be designed with consideration for the future generalisability of results.
. Use standardised metrics to measure and report leading and lagging indicators.

Primary studies should also report study methods more completely. For example,
understanding worker characteristics would help researchers and other organisations to assess
the applicability of results to other settings, while more complete reporting of measurement
methods would enable an assessment of the comparability of evidence produced by that study.
Clear reporting also enables accurate risk of bias assessments, ensuring that stronger studies
are more reliably identified. Since the risk of bias tool used by this review was developed from
similar tools to assess the internal validity of epidemiological studies, future research is needed
to understand whether the tool captures the most important potential sources of bias in OSH
studies of leading indicators.

53



Given the large number of leading indicators that were identified in the review, it may be
beneficial to first identify which leading indicators (or types of leading indicators) are most
commonly used in practice, in order to better focus future research. While we developed a
definition of leading indicators for use in this review based on the literature, there was such a
variation in definitions used across the literature that some leading indicators in studies
included in this review did not meet other definitions of leading indicators. Greater clarity on the
definition of a leading indicator is needed.

Creating a more comparable evidence base would also enable researchers to identify and
investigate reasons for not observing expected associations with lagging indicators. Further
research is needed to determine which lagging indicators are the most valid to reach
conclusions on safety performance.

It is important to acknowledge that these recommendations are provided from the perspective
of healthcare science research, in which an understanding of which evidence is most reliable
and useful has been developed specifically for healthcare, over several decades. Indeed, this
scoping review applied a research framework developed within evidence-based medicine and
aimed to document evidence for the impact of individual leading indicators on lagging
indicators. However, the resulting heterogeneity of evidence it identified may also reflect the
complexity of how leading indicators are typically used in practice. In contrast to pharmaceutical
interventions where a single intervention is administered and the effects measured shortly after
(and with all related behaviours controlled for to eliminate confounding), in OSH practice a
range of indicators covering a range of safety management functions are selected and tracked
together. Subsequent safety and health decision-making tends to be informed by directional
changes in those indicators. A key challenge to future research will be to identify methods by
which more controlled evaluations of groups of indicators can be performed, and what level of
heterogeneity might be acceptable when seeking to compare results across multiple studies.

Some of these elements of safety management systems and decision-making share features
with the ‘complex interventions’ used in health and social care, that are composed of multiple
components which interact in complex ways to achieve their intended effect [62]. Complex
intervention research typically seeks to address broader questions than whether an intervention
achieves its outcome, for example understanding how it contributes to system change,
theorising how it works or exploring its value relative to the resources required for delivery [63].

Considering the differences in practice and decision-making between healthcare and OSH, it
may be valuable to consider developing evidence standards that are specific to the OSH
context. Such standards would help to ensure that future research in this area is useful and
contributing to improvements in leading indicator practice and implementation. Developing the
standards through active engagement with a range of stakeholders will also be important to
ensure that the standards produce the most appropriate evidence, and to maximise the
potential for it to impact on OSH practice.
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4.6 Conclusion

This review has identified a substantial, though disparate, evidence base evaluating the impact
of leading indicators on safety lagging indicators. Almost all studies reported a positive impact,
though the degree to which these findings are reliable indicators that leading indicators cause
changes to lagging outcomes remains unknown for several reasons. The overriding
characteristic of the evidence base is the heterogeneity of topics evaluated, and the methods
used to evaluate them. This research effort provides an optimistic signal to the discipline that
leading indicators are being empirically evaluated in terms of their impact on lagging indicators.
Yet the variation in approach, as well as the dynamic nature of risk and culture in different
industries and in different countries, may also prevent generalisations to be made regarding the
ability of individual (or specific groups of) leading indicators to reliably improve the safety
performance across industries. In order to gain an understanding of the general utility of leading
indicators and which leading indicators are best to deploy in different setting, future studies
should improve their approaches to minimising bias, and identify common tools to measure
both leading and lagging indicators to facilitate the comparison of studies. Developing an OSH-
specific evidence standards framework is likely to guide and assist this process.
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Appendix A: Review Methods
A.1  Eligibility Criteria

To ensure that relevant studies were consistently identified, a clear definition of the eligible
study participants, concept and context was developed.

A11 Population

Studies of any company comprising workers of any age were eligible for inclusion in this review.
Workers included employees and contractors (including people providing casual labour).

Studies including both workers and non-workers (for example, members of the public) were
only eligible if data were reported separately for the workers.

A1.2 Concept

The concept of interest refers to the focus of the scoping review and includes elements from
standard systematic review eligibility criteria such as “interventions” and “outcomes”. Studies of
any leading indicator(s) were eligible for inclusion in this review.

During discussions with OSH experts to identify a suitable review question, all stakeholders
(YHEC, the Foundation and OSH experts) revisited the definition of what constitutes a leading
indicator, resulting in the following definition.

A factor linked to the practice of safety and health within a workplace, which is intended to
prevent future accidents or other adverse safety outcomes, or otherwise improve workplace
safety. These factors include:

- The active monitoring of existing safety and health practices and performance, including
monitoring for known hazards.

. The implementation of a new intervention that may impact the existing safety
management system (with the intervention not limited to safety, but also including
managerial and organisational interventions).

. Measures used to identify or monitor the effectiveness of a relevant intervention.

These factors do not include:

- Reactive monitoring.

. Establishing the cause of safety outcomes that have already occurred, such as a
retrospective investigation seeking to identify the causes of accidents. Studies that
perform this retrospective investigation would only be eligible if the act of retrospective
investigation were used as an intervention itself; for example, if it is an established part of
the safety and health management system that is used to prevent future accidents.
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Leading indicators were therefore considered to include (but not be limited to):
. Safety audits.

. Behaviour based safety.

- Visible leadership.

. Safety training.

. Other staff training, such as leadership skills.
. Corrective action measurements.
. Organisational, scheduling and timing related leading indicators.

The literature search was specifically targeted to identify studies of leading indicators in general
and did not include specific examples of leading indicators.

Lagging indicators were considered to be any safety outcome, including (but not limited to):

. Injury.
. lliness.
. Fatality.

Studies reporting occupational health (for example, wellbeing) or performance were not eligible.
Studies reporting only qualitative outcomes were also not eligible.

A1.3 Context

Studies conducted in any industry were eligible for inclusion. Studies in settings that were not
occupational were not eligible.

Studies of participants in a mixture of occupational and non-occupational settings were eligible
for inclusion if data are reported separately for participants in occupational settings.

A.1.4  Study design

Any study design was eligible if eligible outcomes were reported in ten or more workers.

Reviews were not eligible. However, if any relevant systematic reviews published in the last five
years were identified in the searches, then the reviewers checked their included studies lists for
eligible studies that may have been missed by the database searches. The systematic reviews
were not extracted.
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A1.5 Limits

Studies published before 2010 were not eligible for inclusion. Studies published only as
conference abstracts were eligible for inclusion.

Non-English language studies were excluded, as were pre-prints, editorials and news items.

A.2 Identification of Relevant Studies
A.2.1  Search strategy

A search strategy for the Scopus database was designed to identify studies on the impact of
leading indicators on safety outcomes in the workplace. The search strategy design reflected
the pragmatic scoping review context. The search methods were not designed to be
exhaustive. They were designed to target a selection of potentially relevant studies, whilst
enabling searches to be conducted and results assessed within the context of the project
resource and timeline. The final Scopus strategy is presented in Figure A.1.

The strategy comprised three concepts:

. Leading indicators (search lines 1 to 6).
. Safety outcomes (search lines 7 to 10).
. Workplace setting (search line 11).

The concepts were combined as follows: leading indicators AND safety outcomes AND
workplace setting.

The strategy was devised using a combination of terms in the Title, Abstract and Keyword
fields. The search terms for each concept were identified through discussion within the
research team, scanning background literature and browsing database thesauri. Reflecting the
pragmatic review context, the terms for each concept were relatively restricted. This approach
was discussed and agreed within the research team and with Lloyd’s Register Foundation. This
approach meant, for example, that the terms for the leading indicators concept were designed
to target studies where the database record explicitly refer to generic, non-specific terms for the
concept. The strategy was not designed to retrieve studies where the record only referred to
specific, named indicators. We used supplementary search approaches to mitigate the
possibility of missing important papers (see Table A.1).

Reflecting the eligibility criteria, the strategy was restricted to studies published in English
language (search line 14). The strategy was not restricted by date.

The final Scopus strategy was peer-reviewed before execution by a second Information
Specialist. Peer review considered the appropriateness of the strategy for the review scope and
eligibility criteria, inclusion of key search terms, errors in spelling, syntax and line combinations,
and application of exclusions.
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Figure A.1: Search strategy for Scopus

#1.

#2.

#5.

#6.
#7.

#8.

#9.

#10.
#11.

#12.
#13.
#14.

TITLE({lead indicator} OR {leading indicator} OR {lead indicators} OR {leading indicators}) OR
KEY({lead indicator} OR {leading indicator} OR {lead indicators} OR {leading indicators}) 1336
TITLE-ABS-KEY ({lagging indicator} OR {proactive indicator} OR {pro-active indicator} OR {pro
active indicator} OR {predictive indicator} OR {upstream indicator} OR {heading indicator} OR
{positive indicator} OR {process indicator} OR {activities indicator} OR {downstream indicator} OR
{historical indicator} OR {trailing indicator} OR {negative indicator} OR {safety indicator} OR
{lagging indicators} OR {proactive indicators} OR {pro-active indicators} OR {pro active indicators}
OR {predictive indicators} OR {upstream indicators} OR {heading indicators} OR {positive
indicators} OR {process indicators} OR {activities indicators} OR {downstream indicators} OR
{historical indicators} OR {trailing indicators} OR {negative indicators} OR {safety indicators})
7543
ABS({lead indicator} OR {leading indicator} OR {lead indicators} OR {leading indicators}) 2548
TITLE-ABS-KEY ({lead measure} OR {lead measures} OR {leading measure} OR {leading
measures} OR {proactive measure} OR {pro-active measure} OR {pro active measure} OR
{predictive measure} OR {upstream measure} OR {proactive measures} OR {pro-active measures}
OR {pro active measures} OR {predictive measures} OR {upstream measures}) 2338
TITLE-ABS-KEY ({lead metric} OR {lead metrics} OR {leading metric} OR {leading metrics} OR
{proactive metric} OR {pro-active metric} OR {pro active metric} OR {predictive metric} OR
{upstream metric} OR {proactive metrics} OR {pro-active metrics} OR {pro active metrics} OR
{predictive metrics} OR {upstream metrics}) 234
#2 OR#3 OR #4 OR #5 12412
TITLE-ABS-KEY ({OHS} OR {OSH} OR {ESH} OR {OH&S} OR {OS&H} OR {ES&H} OR {EH&S})
8426
TITLE-ABS-KEY (safety OR safe OR "near miss" OR "near misses" OR benchmarking OR
benchmark OR "bench mark" OR "bench marking") 2956706
TITLE-ABS-KEY (hazard* OR accident* OR incident* OR fatalities OR fatality OR illness* OR death
OR deaths OR mortality OR injure OR injured OR injuries OR injury OR prevent*) 9241586
#7 or #8 or #9 11373218
TITLE-ABS-KEY (industry OR industrial OR industries OR workplace or workplaces OR work OR
worker OR workers OR staff OR employee OR employees OR personnel OR construction OR
occupation* OR organisation* OR organization®* OR companies OR company OR manufacture OR
manufacturing OR construction OR mining OR agricultur* OR transport* OR haulage OR
contractor OR contractors OR labour OR labor OR workforce OR {human resource} OR {human

resources}) 18093469
#6 AND #10 AND #11 2709
#1 OR #12 3709

Limit to English language 3518

Key to Scopus symbols and commands:

*

{}

Unlimited right-hand truncation symbol
Loose phrase search
Exact phrase search

TITLE-ABS-KEY Searches are restricted to the Title, Abstract and Keyword fields.
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A.2.2 Resources searched

We conducted the literature search in the databases and information sources shown in Table
A.1. The selection of resources reflected the pragmatic review context.

Table A.1: Databases and information sources searched

Resource | Interface / URL
Databases
Scopus Elsevier

Web of Science Core Collection:

= Science Citation Index Expanded.
Social Sciences Citation Index.
Arts & Humanities Citation Index. Clarivate
Conference Proceedings Citation Index — Science.

Conference Proceedings Citation Index - Social Science & Humanities.
Emerging Sources Citation Index.

The NIOSH NIOSHTIC-2 publications search

https://www2a.cdc.gov/nioshtic-

2/default.asp
Reference list checking NA
Expert input (EAG) NA

Key: EAG — expert advisory group; NA — not applicable; NIOSH - National Institute for Occupational Safety and
Health.

We requested relevant unpublished reports from members of the EAG.

For reference list checking, we checked the included studies list of any retrieved relevant
systematic reviews published in the last five years for eligible studies that may have been
missed by the database searches. Only reviews assessing quantitative performance data were
eligible for checking.

A.2.3 Running the search strategy and downloading the results

We conducted the searches on 1 August 2023 using each database or resource listed in the
protocol, translating the agreed Scopus strategy appropriately. Translation included
consideration of differences in database interfaces and functionality, in addition to variation in
indexing languages and thesauri. The final translated database strategies were peer-reviewed
by a second Information Specialist. Peer review considered the appropriateness of the
translation for the database being searched, errors in syntax and line combinations, and
application of exclusions.

Appendix B contains the full strategies for all sources searched.

Where possible, we downloaded the results of searches in a tagged format and loaded them
into bibliographic management software (EndNote) [64]. The results were deduplicated using
several algorithms and the deduplicated references were held in a duplicates EndNote
database for checking if required. Results from resources which did not allow export in a format
compatible with EndNote were saved in Word or Excel documents as appropriate and manually
deduplicated.
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A.3 Selection of Relevant Studies
Record assessment was undertaken as follows:

- A single researcher assessed the search results and removed the obviously irrelevant
records such as those in ineligible settings.

. Two reviewers independently assessed the titles and abstracts of 10% of the remaining
records for relevance against the eligibility criteria, with disagreements adjudicated by a
third reviewer. A single reviewer assessed the relevance of the remaining records.

. We obtained the full text of potentially relevant studies. Two reviewers independently
assessed 10% of the full texts for relevance against the eligibility criteria. A third reviewer
adjudicated any disagreements. A single reviewer screened the remaining full texts.

- We recorded the number of records included and removed at each selection stage in the
PRISMA flow diagram. We listed studies excluded after assessment of the full document
in an excluded studies table, with the reasons for exclusion.

We obtained electronic or paper copies of potentially relevant full documents meeting the
systematic review’s eligibility criteria in liaison with the Foundation, the EAG or via local access
routes.

A4 Data Charting

A data extraction template was developed in Excel and piloted in duplicate on 10% of included
studies before progressing to full data extraction.

One researcher extracted data from the remaining included studies, and a second researcher
checked all data points for another 10% of included studies. In total therefore, the extractions of
20% of the included studies were checked by a second reviewer.

This scoping review extracted the following elements from the eligible studies:
. Study details (bibliographic details).
. Study characteristics:
. Country:
X World Bank income level classification [57] of the country (HI, UMI, LMI, LI).

. Study design and methods.

. Date of study and data collection.
. Details about statistical analyses
- Participant details:
. Including reported characteristics of companies and workers.
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Leading indicators:

Author-reported definition and description of leading indicators.
Method of measurement.

Level of leading indicator evaluated (individual level, project level, company/
institutional level).

Author-reported definition in relation to literature definitions:

X Xu et al 2021 [65]: “measures that indicate the current performance of a
safety management system of a project or firm. They can: 1) identify the
system’s weaknesses and strengths, 2) identify situations that might cause
incidents and injuries, 3) drive proactive actions to prevent an incident or
injury before it occurs and achieve continuous improvement".

X The Campbell Institute [23]: “proactive, preventative and predictive measures
that monitor and provide current information about the effective performance,
activities, and processes of an environment, health and safety (EHS)
management system that drive the identification and elimination or control of
risks in the workplace that can cause incidents and injuries”.

Lagging indicators:

Author reported definition and description of lagging indicator.
Method of measurement.

Unit of measurement.

Number of workers analysed.

The size of the effect.

A measure of precision for each estimate of effect (95% confidence intervals,
standard error [SE] or standard deviation [SD]).

Data at all reported time points.

Method of evaluating impact of leading indicator on lagging indicator (e.g., correlation,
multivariate modelling, simple comparison, development of a theoretical model with a
case study).

Measures of effectiveness of leading indicators other than lagging indicators.

Applicability / generalisability of study findings (this was a subjective assessment
regarding the extent to which study results were applicable beyond the remit of the study,
for example to the whole industry, or to other countries).

Stakeholders involved.

Outcomes quantifying the relationship between a leading and lagging indicator.
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A.5 Risk of Bias Assessment

One reviewer appraised the internal validity of each included study, and a second reviewer
checked 20% of these assessments. This was performed using a simple tool designed by
Robson and coauthors for reviews of effectiveness in OSH published as part of a systematic
review of OSH management systems [9].

The assessment consists of five questions designed to probe the possibility of:

. Selection bias (failing to guard against the selection or elimination of study cases that are
systematically more or less likely to demonstrate a correlation between the evaluated
leading and lagging indicators).

. Confounding bias (failing to control for confounding factors that might explain a
correlation or effect, outside of the relationship between leading and lagging indicator).

- Outcome measurement bias (measuring outcomes using methods that may lead to either
over or underestimate the effect of the leading indicators).

. Reliability of statistical methods (failure to conduct statistical analysis, or the use of
inappropriate statistical tests given the data collected, potentially leading to the
misinterpretation of results).

. Any other possible study design artefact resulting in a systematic deviation of results from
the truth.

The five questions are listed in Appendix D with detailed assessments of each included study.
Each study was assigned an overall grading using the following rationale:

. High RoB (serious limitations): the answer to at least four of the five questions was ‘no’ or
‘unclear’.

. Moderate RoB (moderate limitations): the answer to two or three questions was ‘no’ or
‘unclear’.

. Low RoB (minor limitations): the answer to one question was ‘no’ or ‘unclear’.

. Very low RoB (no limitations): all questions received positive ‘yes’ answers indicating an
absence of perceived risk of bias.

RoB plots were generated using the Robvis shiny web app [58].
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Appendix B: Search Strategies

B.1: Source: Scopus

Interface / URL: Elsevier

Database coverage dates: Information not found. Possibly 1823 to present
(https://service.elsevier.com/app/answers/detail/a_id/11274/c/10547/supporthub/scopus/)
Search date: 1 August 2023

Retrieved records: 3518

Search strategy:

Two versions of the strategy are shown below. Firstly, the search strategy is shown line by line
as entered into the Scopus interface. This version shows the number of results retrieved for
each line and is presented for readability. Secondly, in order to meet PRISMA-S guidance, the
strategy is presented as a single line search showing the same strategy "as run" in the
database.

#1. TITLE({lead indicator} OR {leading indicator} OR {lead indicators} OR {leading indicators})
OR KEY ({lead indicator} OR {leading indicator} OR {lead indicators} OR {leading
indicators}) 1,336

#2. TITLE-ABS-KEY ({lagging indicator} OR {proactive indicator} OR {pro-active indicator} OR
{pro active indicator} OR {predictive indicator} OR {upstream indicator} OR {heading
indicator} OR {positive indicator} OR {process indicator} OR {activities indicator} OR
{downstream indicator} OR {historical indicator} OR {trailing indicator} OR {negative
indicator} OR {safety indicator} OR {lagging indicators} OR {proactive indicators} OR {pro-
active indicators} OR {pro active indicators} OR {predictive indicators} OR {upstream
indicators} OR {heading indicators} OR {positive indicators} OR {process indicators} OR
{activities indicators} OR {downstream indicators} OR {historical indicators} OR {trailing
indicators} OR {negative indicators} OR {safety indicators}) 7,543

#3. ABS({lead indicator} OR {leading indicator} OR {lead indicators} OR {leading indicators})

2,548

#4. TITLE-ABS-KEY({lead measure} OR {lead measures} OR {leading measure} OR {leading
measures} OR {proactive measure} OR {pro-active measure} OR {pro active measure}
OR {predictive measure} OR {upstream measure} OR {proactive measures} OR {pro-
active measures} OR {pro active measures} OR {predictive measures} OR {upstream
measures}) 2,338

#5. TITLE-ABS-KEY ({lead metric} OR {lead metrics} OR {leading metric} OR {leading
metrics} OR {proactive metric} OR {pro-active metric} OR {pro active metric} OR
{predictive metric} OR {upstream metric} OR {proactive metrics} OR {pro-active metrics}
OR {pro active metrics} OR {predictive metrics} OR {upstream metrics}) 234

#6. #2 OR#3 OR #4 OR #5 12,412
#7.  TITLE-ABS-KEY({OHS} OR {OSH} OR {ESH} OR {OH&S} OR {OS&H} OR {ES&H} OR
{(EH&S)) 8,426

#8. TITLE-ABS-KEY(safety OR safe OR "near miss" OR "near misses" OR benchmarking OR
benchmark OR "bench mark" OR "bench marking") 2,956,706
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#9. TITLE-ABS-KEY(hazard* OR accident* OR incident* OR fatalities OR fatality OR illness*
OR death OR deaths OR mortality OR injure OR injured OR injuries OR injury OR
prevent*) 9,241,586

#10. #7 or#8 or#9 11,373,218

#11. TITLE-ABS-KEY (industry OR industrial OR industries OR workplace or workplaces OR
work OR worker OR workers OR staff OR employee OR employees OR personnel OR
construction OR occupation* OR organisation* OR organization* OR companies OR
company OR manufacture OR manufacturing OR construction OR mining OR agricultur*
OR transport* OR haulage OR contractor OR contractors OR labour OR labor OR
workforce OR {human resource} OR {human resources}) 18,093,471

#12. #6 AND #10 AND #11 2,709

#13. #1 OR#12 3,709

#14. Limit to English language 3,518

Single line strategy copied directly after running in Scopus:

( TITLE ( {lead indicator} OR {leading indicator} OR {lead indicators} OR {leading indicators} )
OR KEY ( {lead indicator} OR {leading indicator} OR {lead indicators} OR {leading indicators} ) )
OR ( (( TITLE-ABS-KEY ( {lagging indicator} OR {proactive indicator} OR {pro-active indicator}
OR {pro active indicator} OR {predictive indicator} OR {upstream indicator} OR {heading
indicator} OR {positive indicator} OR {process indicator} OR {activities indicator} OR
{downstream indicator} OR {historical indicator} OR {trailing indicator} OR {negative indicator}
OR {safety indicator} OR {lagging indicators} OR {proactive indicators} OR {pro-active
indicators} OR {pro active indicators} OR {predictive indicators} OR {upstream indicators} OR
{heading indicators} OR {positive indicators} OR {process indicators} OR {activities indicators}
OR {downstream indicators} OR {historical indicators} OR {trailing indicators} OR {negative
indicators} OR {safety indicators} ) ) OR ( ABS ( {lead indicator} OR {leading indicator} OR {lead
indicators} OR {leading indicators} ) ) OR ( TITLE-ABS-KEY ( {lead measure} OR {lead
measures} OR {leading measure} OR {leading measures} OR {proactive measure} OR {pro-
active measure} OR {pro active measure} OR {predictive measure} OR {upstream measure}
OR {proactive measures} OR {pro-active measures} OR {pro active measures} OR {predictive
measures} OR {upstream measures} ) ) OR ( TITLE-ABS-KEY ( {lead metric} OR {lead metrics}
OR {leading metric} OR {leading metrics} OR {proactive metric} OR {pro-active metric} OR {pro
active metric} OR {predictive metric} OR {upstream metric} OR {proactive metrics} OR {pro-
active metrics} OR {pro active metrics} OR {predictive metrics} OR {upstream metrics} ) ) ) AND
( (TITLE-ABS-KEY ( {OHS} OR {OSH} OR {ESH} OR {OH&amp;S} OR {OS&amp;H} OR
{ES&amp;H} OR {EH&amp;S} ) ) OR ( TITLE-ABS-KEY ( safety OR safe OR "near miss" OR
"near misses" OR benchmarking OR benchmark OR "bench mark" OR "bench marking" ) ) OR
( TITLE-ABS-KEY ( hazard* OR accident* OR incident* OR fatalities OR fatality OR illness* OR
death OR deaths OR mortality OR injure OR injured OR injuries OR injury OR prevent*)))
AND ( TITLE-ABS-KEY ( industry OR industrial OR industries OR workplace OR workplaces
OR work OR worker OR workers OR staff OR employee OR employees OR personnel OR
construction OR occupation* OR organisation® OR organization®* OR companies OR company
OR manufacture OR manufacturing OR construction OR mining OR agricultur* OR transport*
OR haulage OR contractor OR contractors OR labour OR labor OR workforce OR {human
resource} OR {human resources} ) ) ) AND ( LIMIT-TO ( LANGUAGE , "English" ) )
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B.2:

Source: Web of Science Core Collection (see below)

Interface / URL: Clarivate

Database coverage dates: see below
Search date: 1 Aug 2023

Retrieved records: 2512

Search strategy:

The Web of Science Core Collection on the date of the search consisted of the following
individual databases:

10
11

12

Science Citation Index Expanded (SCI-EXPANDED)--1900-present.

Social Sciences Citation Index (SSCI)--1956-present.

Arts & Humanities Citation Index (AHCI)--1975-present.

Conference Proceedings Citation Index — Science (CPCI-S)--1990-present.

Conference Proceedings Citation Index — Social Science & Humanities (CPCI-SSH)--
1990-present.

Emerging Sources Citation Index (ESCI)--2015-present.

TI=("lead* indicator*") OR AK=("lead* indicator*") OR KP=("lead* indicator*") 1,112
TS=("lagging indicator*" OR "proactive indicator*" OR "pro-active indicator*" OR
"predictive indicator*" OR "upstream indicator*" OR "heading indicator*" OR "positive
indicator*" OR "process indicator*" OR "activities indicator* OR "downstream indicator
OR "historical indicator*™ OR "trailing indicator*™ OR "negative indicator*™ OR "safety
indicator*") 7,040

*n el

AB=("lead* indicator*") 1,654

TS=("lead* measure™" OR "proactive measure™ OR "pro-active measure™' OR "predictive
measure*" OR "upstream measure™") 2,431

TS=("lead* metric*" OR "proactive metric*" OR "pro-active metric*" OR "predictive
metric*" OR "upstream metric*") 180

#2 OR #3 OR #4 OR #5 11,176

TS=(OHS OR OSH OR ESH OR "OH&S" OR "OS&H" OR "ES&H") 6,726
TS=(safety OR safe OR "near miss" OR "near misses" OR benchmarking OR
benchmark* OR "bench mark*" OR "bench marking") 2,013,521

TS=(hazard* OR accident* OR incident* OR fatalities OR fatality OR illness* OR death

OR deaths OR mortality OR injure OR injured OR injuries OR injury OR prevent*)
6,109,114

#7 OR #8 OR #9 7,663,691

TS=(industry OR industrial OR industries OR workplace or workplaces OR work OR

worker OR workers OR staff OR employee OR employees OR personnel OR construction

OR occupation* OR organisation* OR organization®* OR companies OR company OR

manufacture OR manufacturing OR construction OR mining OR agricultur* OR transport*

OR haulage OR contractor OR contractors OR labour OR labor OR workforce OR

"human resource" OR "human resources") 11,809,313

#6 AND #10 AND #11 1,603
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13  #12 OR #1 2,590
14  #12 OR #1 and English (Languages) 2,512

B.3: Source: NIOSHTIC-2 Publications Search

Interface / URL.: https://www2a.cdc.gov/nioshtic-2/default.asp

Database coverage dates: From the site: A significant portion of the citations (39,000) date from
1971 to the present. An additional 13,800 resources in NIOSHTIC-2 are publications dating
from the 1930's to the present from the NIOSH Mining Safety & Health Research Laboratories
(formerly the U. S. Bureau of Mines). https://www2a.cdc.gov/nioshtic-2/n2info.asp

Search date: 1 Aug 2023

Retrieved records: 117

Search strategy:

The following search terms were entered in the Basic search box at the URL above. Given the
relatively small result numbers it was decided not to combine these terms with any of the terms
for safety outcomes or the workplace setting.

'lead* indicator*' or 'lead* metric*' or 'proactive metric*' or 'pro-active metric*' or 'pro active
metric*' or 'predictive metric*' or 'upstream metric*' or 'lagging indicator*' or 'proactive indicator*'
or 'pro-active indicator*' or 'pro active indicator* or 'predictive indicator*' or 'upstream indicator*'
or 'heading indicator*' or 'positive indicator™ or 'process indicator*' or 'activities indicator*' or
'‘downstream indicator®' or 'historical indicator*' or 'trailing indicator* or 'negative indicator*' or
'safety indicator™ or 'lead* measure™*' or 'proactive measure*' or 'pro-active measure*' or 'pro
active measure*' or 'predictive measure™ or 'upstream measure*'

=117 results
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Appendix C: Identification of Studies

CcA Literature Search Results

The searches were conducted on 1 August 2023 and identified 6,163 records (Table C.1).
Following deduplication, 4,339 records were assessed for relevance.

Table C.1: Literature search results

Resource | Number of records identified
Databases

Scopus 3,518
Web of Science Core Collection:

= Science Citation Index Expanded.

= Social Sciences Citation Index.

=  Arts & Humanities Citation Index. 2,512
= Conference Proceedings Citation Index - Science.

= Conference Proceedings Citation Index - Social Science & Humanities.

= Emerging Sources Citation Index.

The NIOSH NIOSHTIC-2 publications search 117
Total records identified through database searching 6,147
Reference list checking 10
Expert input (EAG) 16
Total additional records identified through other sources 26
Total number of records retrieved 6,173
Total number of records after deduplication 4,339

Abbreviations: EAG — Expert advisory group, NIOSH - National Institute for Occupational Safety and Health.
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Figure C.1:

Identification

Screening

J

Included

PRISMA flow diagram

Identification of studies via databases and registers

Identification of studies via other methods

Records identified from:

Records removed before scresning:
Cuplicate records removed

Records ideniified from:

Records removed before soreening:

Diatabases (n=8.147) | = Reference list checking (n = 10} . -
(n=1,233) Other sources [n = 16) Duplicate records remowved (n=1)
Reconds screened (n = 4,314) [—»| Reconds excluded (n = 4.073) Records screened (n = 25) —» Reconds excluded (n=0)

l

l

Reports* sought for retrieval (n=241)

—

Reports* not refrieved (n = 50}

Reports* sought for retrieval (n = 25)

™

Reports* not refrieved (n=10)

I

|

Reports* assessed for eligibility
{n=181}

¥

—

Studies included in review (n = 48)
Studies from databeses (n = 44)
Studies from ather sowrces (n=4)

Reports* excluded (n = 147):
Mon-zafety cutcomeas (n = 58)
Lesding indicstors not comelated
with lagging (n = 30)

Pre 2010 {n = 1)

Mot a primary study (n =12}
Cutcomes — qualitative only
[n=2)

Mot leading indicators eveluated
n=7)

Eligible systematic review for
checking (n =5}

Mo eligible data (n = 4)
Ineligible =ystermatic review
(n=3)

Ineligible outcomes (n=2)
Ineligible intervention (n = 2)
Mixed populstion and not
reporied separately (n= 1)
Mon-worker population (n= 1)

Reports* assessed for eligibility
{n=25)

Y

Reports* excluded (n =21}
Pre 2020 (n="T7)
Mon-ssfety outcomeas (n= 4)
Leading indicators not correlated
with lagging {n =2}
Mot a primary study (n=2)
Mot leading indicators evaluated
in=2)
Mo eligible dats (n = 2)
Eligible systematic review for
checking (n=1)
Ineligible systematic review
(n=1)

*"'Maote that 2 “repori” could be a journsl article, preprint, conference abstract, study register entry, clinical study report, dissertation, unpublished manuscript, government report or any other
document providing relevant information™ https:/fwaw bmj.com/content372/bmj.n71.

Adapted fromm Page MJ. Mckenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CO, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ
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C.2 Study Selection

Of the 4,339 records assessed for relevance, 4,073 records were excluded following first pass
(n=1,145) and title and abstract review (n=2,928). The full texts for 266 records were sought for
retrieval; 50 records were unobtainable, and 216 records were retrieved and assessed for
relevance. Of these, 168 were determined to be ineligible, most commonly because they did
not assess lagging indicators (n=60) or did report lagging indicators but did not evaluate
whether these safety outcomes were associated with leading indicators (n=32). Twenty-three
studies would have been eligible but for their date of publication, which preceded 2010. A full
list of all 168 excluded studies is provided in Appendix F.
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Appendix D: Excluded Studies

Table D.1:  Excluded studies (n=168)

Reference

Exclusion reason

Aalberg A, Kvalheim SA, Nilsen IB, Bye RJ. Safety climate and work conditions related to acute spills and hydrocarbon leaks in the offshore
oil and gas industry— A repeated cross-sectional study. In: Safety and Reliability - Safe Societies in a Changing World - Proceedings of the
28th International European Safety and Reliability Conference, ESREL 2018 2018; 53-62. Available from:
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85058103348&partnerID=40&md5=536dc3bat64abb009ed396b8da7a7043a

Ineligible outcomes

Abdul Razak N, Ejohwomu O, Fenn P, Okedara K, Dosumu B, Muhammad-Sukki F. Identification of health and safety prequalification criteria
for contractor selection in construction projects: A systematic review. Energies. 2021.14(21):7244. doi: https://doi.org/10.3390/en14217244

Limit - eligible SR for
checking

Abikenova S, Daumova G, Kurmanbayeva A, Yesbenbetova Z, Kazbekova D. Relationship between occupational risk and personal
protective equipment on the example of ferroalloy production. International Journal of Safety and Security Engineering. 2022.12(5):609-14.
doi: https://doi.org/10.18280/ijsse.120509

Leading indicators not
correlated with lagging

Abubakar M, Zailani BM, Abdullahi M, Auwal AM. Potential of adopting a resilient safety culture toward improving the safety performance of
construction organizations in Nigeria. J. Eng. Des. Technol. 2022.20(5):1236-56. doi: https://doi.org/10.1108/JEDT-09-2020-0354

Outcomes - not safety

Acheampong T, Kemp AG. Health, safety and environmental (HSE) regulation and outcomes in the offshore oil and gas industry:
Performance review of trends in the United Kingdom Continental Shelf. Safety Science. 2022.148doi:
https://doi.org/10.1016/j.ssci.2021.105634

Ineligible intervention

Adinyira E, Manu P, Agyekum K, Mahamadu AM, Olomolaiye PO. Violent behaviour on construction sites: Structural equation modelling of its
impact on unsafe behaviour using partial least squares. Eng. Constr. Archit. Manag. 2020.27(10):3363-93.

Ineligible intervention

Aguilar GE, Hewage KN. IT based system for construction safety management and monitoring: C-RTICS2. Automation in Construction.
2013.35:217-28. doi: https://doi.org/10.1016/j.autcon.2013.05.007

Leading indicators not
correlated with lagging

Agumba JN, Haupt TC. Identification of health and safety performance improvement indicators for small and medium construction
enterprises: A delphi consensus study. Mediterranean Journal of Social Sciences. 2012.3(3):545-57. doi:
http://dx.doi.org/10.5901/mjss.2012.v3n3p545

Outcomes - not safety

Agumba JN, Haupt TC. The influence of health and safety practices on health and safety performance outcomes in small and medium
enterprise projects in the South African construction industry. J. S. Afr. Inst. Civ. Eng. 2018.60(3):61-72.

Outcomes - qualitative only

Agustina F, Ansori N, Yuliatin. An ergonomic intervention model by sampling inspection and personal protective equipment in SMEs Batik
Madura. Adv. Sci. Lett. 2017.23(12):12372-76.

Outcomes - not safety

Ahmed Naji GM, Nizam Isha AS, Al-Mekhlafi ABA, Sharafaddin O, Ajmal M. Implementation of leading and lagging indicators to improve
safety performance in the upstream oil and gas industry. Journal of Critical Reviews. 2020.7(14):265-69. doi:
http://dx.doi.org/10.31838/jcr.07.14.45

Limit - Not primary study

Akroush NS, El-Adaway IH. Utilizing construction leading safety indicators: Case study of Tennessee. Journal of Management in
Engineering. 2017.33(5)doi: https://doi.org/10.1061/(ASCE)ME.1943-5479.0000546

Ineligible outcomes

Aksorn T, Hadikusumo BHW. Measuring effectiveness of safety programmes in the Thai construction industry. Construction Management
and Economics. 2008.26(4):409-21. doi: 10.1080/01446190801918722

Date limit - pre-2010

Alexander D, Hallowell M, Gambatese J. Precursors of construction fatalities. II: Predictive modeling and empirical validation. Journal of
Construction Engineering and Management. 2017.143(7)doi: https://doi.org/10.1061/(ASCE)C0.1943-7862.0001297

Outcomes - not safety

Ali MXM, Arifin K, Abas A, Ahmad MA, Khairil M, Cyio MB, et al. Systematic literature review on indicators use in safety management
practices among utility industries. IJERGQ. 2022.19(10):6198. doi: https://doi.org/10.3390/ijerph19106198

Limit - eligible SR for
checking
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Reference

Exclusion reason

Al-Kudmani AS. Building a safety culture - Our experience in Saudi Aramco. In: Society of Petroleum Engineers - 9th International
Conference on Health, Safety and Environment in Oil and Gas Exploration and Production 2008 - "In Search of Sustainable Excellence"
2008; 1772-80. Available from: https://www.scopus.com/inward/record.uri?eid=2-s2.0-

52349103901 &partnerlD=40&md5=f9679bde40e96a14b88292efb492aef7

Leading indicators not
correlated with lagging

Almost JM, Vandenkerkhof EG, Strahlendorf P, Caicco Tett L, Noonan J, Hayes T, et al. A study of leading indicators for occupational health
and safety management systems in healthcare. BMC Health Serv Res. 2018.18(1):296. doi: https://doi.org/10.1186/s12913-018-3103-0

Outcomes - not safety

Alolah T, Stewart RA, Panuwatwanich K, Mohamed S. Determining the causal relationships among balanced scorecard perspectives on
school safety performance: Case of Saudi Arabia. Accid Anal Prev. 2014.68:57-74. doi: https://doi.org/10.1016/j.aap.2014.02.002

Outcomes - qualitative only

Alves DTS, Lima GBA. Establishing an onshore pipeline incident database to support operational risk management in Brazil - Part 2: Bowtie
proposition and statistics of failure. Process Safety and Environmental Protection. 2021.155:80-97. doi:
https://doi.org/10.1016/j.psep.2021.09.003

Outcomes - not safety

Arias DR. Management team role in safety performance improvement. In: Society of Petroleum Engineers - 9th International Conference on
Health, Safety and Environment in Oil and Gas Exploration and Production 2008 - "In Search of Sustainable Excellence" 2008; 683-91.
Available from: https://www.scopus.com/inward/record.uri?eid=2-s2.0-52349124383&doi=10.2118%2f111603-
msé&partnerlD=40&md5=3f795d848709ace0cda84445cd277270

Date limit - pre-2010

Arntz-Gray J. Plan, do, check, act: The need for independent audit of the internal responsibility system in occupational health and safety.
Safety Science. 2016.84:12-23. doi: https://doi.org/10.1016/j.ssci.2015.11.019

Leading indicators not
correlated with lagging

Arunachalam R. Behavioral safety at RasGas company limited Doha Qatar, success factors. In: Society of Petroleum Engineers - 13th Abu
Dhabi International Petroleum Exhibition and Conference, ADIPEC 2008 2008; 1691-98. Available from:
https://www.scopus.com/inward/record.uri?eid=2-s2.0-70349757734&partnerID=40&md5=5845de0ae69893baf6114b5ae4be4be

Date limit - pre-2010

Asadzadeh SM, Azadeh A, Negahban A, Sotoudeh A. Assessment and improvement of integrated HSE and macroergonomics factors by
fuzzy cognitive maps: The case of a large gas refinery. Journal of Loss Prevention in the Process Industries. 2013.26(6):1015-26. doi:
https://doi.org/10.1016/j.jlp.2013.03.007

Outcomes - qualitative only

Awolusi |, Marks E, Hainen A, Alzarrad A. Incident analysis and prediction of safety performance on construction sites CivilEng.
2022.3(3):669-86. doi: https://doi.org/10.3390/civileng3030039

Leading indicators not
correlated with lagging

Awolusi |, Marks E. Near-miss reporting to enhance safety in the steel industry. Iron and Steel Technology. 2015.12(10):62-68.

Outcomes - not safety

Awolusi IG, Marks ED. Safety activity analysis framework to evaluate safety performance in construction. Journal of Construction Engineering
and Management. 2017.143(3)

Leading indicators not
correlated with lagging

Backman C, Forster AJ, Vanderloo S. Barriers and success factors to the implementation of a multi-site prospective adverse event
surveillance system. Int J Qual Health Care. 2014.26(4):418-25.

Population - not workers

Baek SH, Kwon HM, Byun HS. A study on process safety incident precursors to prevent major process safety incidents in the Yeosu
chemical complex. Korean Chemical Engineering Research. 2018.56(2):212-21. doi: https://doi.org/10.9713/kcer.2018.56.2.212

Outcomes - not safety

Bahari SF, Clarke S. Cross-validation of an employee safety climate model in Malaysia. Journal of Safety Research. 2013.45:1-6. doi:
https://doi.org/10.1016/j.jsr.2012.12.003

Outcomes - not safety

Baker K, Olson J, Morisseau D. Work practices, fatigue, and nuclear power plant safety performance. Hum Factors. 1994.36(2):244-57. doi:
https://doi.org/10.1177/001872089403600206

Outcomes - not safety

Banda OAV, Hanninen M, Lappalainen J, Kujala P, Goerlandt F. A method for extracting key performance indicators from maritime safety
management norms. WMU J. Marit. Aff. 2016.15(2):237-65.

Outcomes - not safety

Barbosa C, Azevedo R, Rodrigues MA. Occupational safety and health performance indicators in SMEs: A literature review. Work-a Journal
of Prevention Assessment & Rehabilitation. 2019.64(2):217-27.

Limit - Ineligible SR

Bayramova A, Edwards DJ, Roberts C, Rillie I. Constructs of leading indicators: A synthesis of safety literature. Journal of Safety Research.
2023.85:469-84.

Limit - Ineligible SR
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Reference

Exclusion reason

Bayramova A, Edwards DJ, Roberts C, Rillie I. Constructs of leading indicators: A synthesis of safety literature. Journal of Safety Research.
2023.85:469-84. doi: https://doi.org/10.1016/j.jsr.2023.04.015

Limit - Ineligible SR

Behie SW, Halim SZ, Efaw B, O'Connor TM, Quddus N. Guidance to improve the effectiveness of process safety management systems in
operating facilities. Journal of Loss Prevention in the Process Industries. 2020.68

Leading indicators not
correlated with lagging

Bergman ME, Payne SC, Taylor AB, Beus JM. The shelf life of a safety climate assessment: How long until the relationship with safety—
critical incidents expires? Journal of Business and Psychology. 2014.29(4):519-40. doi: https://doi.org/10.1007/s10869-013-9337-2
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