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ABSTRACT

Introduction: This study systematically reviews empirical research on urban cycling infrastructure design and its
effects on cycling safety. Utilizing the PRISMA framework, the review synthesizes findings from peer-reviewed
studies collected from major databases, ultimately incorporating 104 high-quality articles. Method: The pri-
mary contribution of this research addresses three essential questions. First, it identifies and critically assesses
significant design elements, including physically separated cycle tracks, optimized intersection configurations,
and tailored signal timings, that have demonstrated both positive and negative impacts on cycling safety. Sec-
ondly, the study explores the diverse array of safety metrics, analytical tools, and data sources used within
existing literature. Traditional safety indicators, such as collision and injury rates, are discussed alongside sur-
rogate safety measures and emerging digital data sources. This comprehensive synthesis highlights current ad-
vancements as well as persistent challenges, including inconsistent data granularity and systematic
underreporting of incidents not involving motor vehicles. Thirdly, the review critically evaluates the method-
ological, theoretical, and practical obstacles that complicate the rigorous assessment of cycling infrastructure
safety. Specific challenges discussed include the discrepancy between perceived and actual safety, complexities
in controlling for confounding factors, and the limited availability of standardized evaluation frameworks. Re-
sults: Based on these insights, the study recommends future research directions focused on multidisciplinary
collaboration, enhanced data integration, and methodological innovation to address existing knowledge gaps.
Ultimately, the review provides a nuanced understanding of how urban built environment features influence
cycling safety, providing evidence-based guidance to inform infrastructure planning and policy-making. Practical
Applications: These findings aim to support academic inquiry and practical efforts dedicated to reducing cycling-
related injuries and fatalities.

1. Introduction

cannot afford private vehicles (Di Mascio et al., 2018).
Compared to motor-vehicle drivers, cyclists face a significantly

Cycling offers significant benefits across multiple dimensions,
including human health, built environment, and social equity. From the
health perspective, cycling enhances cardiovascular health and reduces
the risk of chronic diseases such as cardiovascular disease, diabetes, and
certain types of cancer, while also helping to prevent obesity (Carvajal
et al., 2020). Environmentally, as a zero-emission mode of trans-
portation, cycling effectively reduces air pollution, improves urban air
quality, and contributes to mitigating climate change by lowering
greenhouse gas emissions. Additionally, cycling promotes social equity
by increasing mobility and independence for both youth and the elderly,
and by expanding the travel range of low-income individuals who
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higher risk of injury. Studies have shown that in the Americas, the
likelihood of a cyclist being injured per trip or per kilometer traveled is 7
to 70 times greater than that of a car occupant (Reynolds et al., 2009).
Cyclists are also more likely to suffer severe injuries in traffic incidents.
For instance, in Taiwan, 27.8% of 324 bicycle-related traumatic brain
injuries recorded between 2001 and 2002 were classified as severe
(Wang et al., 2009). Similarly, in New South Wales between 2010 and
2014, the number of cyclists with serious injuries was four times higher
than those with minor injuries among 12,619 recorded cases (Seah et al.,
2018). A study by Strauss et al. (2014), conducted in Canada, reported
that in terms of fatal crashes, cyclists were 2.3 times and pedestrians 1.5
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times more likely to suffer fatal injuries than motor-vehicle drivers.

The correlation between the improvement of bicycle infrastructure
and the reduction in cycling crash rates has been well established in
existing research. Compared to roads without dedicated cycling lanes,
both near-miss incidents and actual collisions occur less frequently on
roads equipped with bicycle facilities (Chou et al., 2024). The contri-
bution of bicycle infrastructure to enhancing actual cycling safety is
well-documented. However, as this review will show, the effectiveness
of specific designs can be highly context-dependent, with factors such as
traffic volume and intersection design significantly influencing safety
outcomes. Moreover, such infrastructure also boosts perceived safety,
thereby encouraging more people to choose cycling as a mode of
transportation and increasing overall cycling rates (Klassen et al., 2014).
However, cities often face spatial and financial constraints. In densely
populated urban areas with established built environments, there is
frequently insufficient space to accommodate dedicated cycling facil-
ities. In budget-constrained communities, the cost of constructing such
infrastructure can present a significant barrier (Liu & Marker, 2020).
These limitations lead to unequal distribution of cycling facilities, with
well-equipped segments attracting a large number of cyclists, which may
paradoxically result in increased collision rates on those particular road
sections due to cyclist concentration.

Given these challenges, rational and context-sensitive design of
cycling infrastructure is critical. While some countries have established
design guides, a lack of unified definitions and standards persists glob-
ally, making it difficult to ensure consistency in safety and usability
across different regions (Harris et al., 2011). Furthermore, poorly
designed infrastructure, such as “half-measures” like painted bike lanes
without physical separation, can have adverse effects and may even
increase crash risk (Vandenbulcke et al.,, 2014). To address these
research gaps, this study raises the following research questions:

RQ1: Which specific design features of cycling infrastructure most
significantly influence crash and injury risks, and through what under-
lying mechanisms do these features impact cyclist safety across diverse
roadway contexts?

RQ2: In what ways do variations in data sources and methodological
approaches affect the measurement, reporting and interpretation of
cycling safety outcomes? What are the implications of these differences
for establishing reliable crash modification factors?

RQ3: What are the key methodological, theoretical, and practical
limitations currently hindering the rigorous evaluation of cycling safety,
and how might future research strategically address these gaps to
enhance the evidence base for infrastructure planning and policy?

2. Conceptual framework for cycling safety and infrastructure
2.1. Cycling safety metrics and definitions

Assessing cycling safety relies on a core set of outcome metrics that
have evolved significantly over time to reflect advances in safety sci-
ence. In a seminal review, Reynolds et al. (2009) identified three pri-
mary categories of safety outcomes: Injuries, Crashes, and Conflicts.
Injuries refer to physical harm sustained by cyclists, typically classified
using standardized medical frameworks such as the World Health Or-
ganization’s International Classification of Diseases (ICD) (Harrison
et al.,, 2021). Crashes encompass both collisions, where a cyclist
strikes or is struck by another object and falls that occur without external
contact. Conflicts are defined as interactions between road users in
which at least one party must alter their speed or trajectory to avoid a
collision. However, Reynolds et al. excluded studies that relied solely on
conflicts as outcome measures, citing concerns related to limited sample
sizes, short observation periods, and difficulties in determining whether
the cyclist’s safety was genuinely compromised.

Contemporary developments in safety research have expanded this
framework through refined conflict analysis and the integration of
proactive risk assessment techniques. In particular, near misses, which
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occur much more frequently than actual crashes, have become
dependable indicators for detecting risky conditions before injuries
happen. In this approach, surrogate safety measures (SSMs) have
become more widely used. SSMs are clearly defined indicators used to
indirectly assess safety risks in the absence of actual crash data, by
observing traffic conflicts and near-miss events. One of the most widely
used SSMs is Time-to-Collision (TTC), which is defined as the time
remaining before two road users would collide if they continued at their
current speeds and trajectories. Other related measures include Post-
Encroachment Time (PET), which measures the time gap between
when different users pass through the same space. The expansion of
these metrics has been made possible by technological advancements in
data collection. Recent studies now employ a range of innovative tools,
including cyclist travel diaries, smartphone applications, crowdsourced
mapping platforms, automated video analytics, instrumented bicycles,
and advanced statistical modeling. These techniques greatly enhance
the reliability and granularity of conflict-based assessments, effectively
addressing earlier concerns raised by Reynolds et al. Notably, these in-
novations allow researchers to identify unsafe conditions without
needing to rely solely on historical crash data, thereby aligning with
international standards such as ISO 39001 on road traffic safety
management.

In addition to these risk-focused metrics, other formal frameworks
exist to evaluate the quality and suitability of infrastructure for cyclists.
Tools such as the Bicycle Level of Service (BLOS), the Bicycle Level of
Traffic Stress (BLTS), and the Bicycle Intersection Safety Index (BISI)
provide standardized criteria to assess factors like traffic stress, comfort,
and the overall compatibility of a facility for cycling (Brzezinski &
Jesionkiewicz-Niedzinska, 2021; Deegan, 2016). Among these, BLTS has
gained increasing adoption as it classifies road segments based on cy-
clists” perceived traffic stress under varying traffic conditions (Furth
et al., 2016; Mekuria et al., 2012). While these frameworks typically
focus on the quality of service rather than directly measuring conflicts,
they represent another important set of tools used in the broader field of
cycling safety assessment.

In contrast to Reynolds’s research, this review includes studies that
treat conflicts and near misses as primary safety indicators, provided
they meet established quality standards. This broader framework allows
for a better understanding of how infrastructure design influences cyclist
safety and helps detect risky situations before they cause harm.

2.2. Infrastructure typologies and functional classifications

This section defines the key terms used to describe cycling-related
infrastructure. All listed terms are drawn from studies identified in our
literature review and reflect terminology commonly used in English-
language academic research. Where applicable, definitions follow
those provided in the European Cycling Lexicon-2023 Edition, a multi-
lingual glossary developed by the European Economic and Social
Committee to standardize cycling terms across policy and planning
contexts. Table 1 presents commonly referenced infrastructure types,
grouped according to their function and location within the road system.

3. Methods
3.1. Systematic review methodology

This study adopts a systematic review approach, focusing specifically
on empirical studies that examine the safety impacts of cycling infra-
structure design in urban contexts. A systematic review aims to syn-
thesize existing research and findings, identify knowledge gaps within a
particular field, and highlight directions for future research. Originally
developed in the medical field, the systematic review methodology has
since been widely applied to address issues in public policy, urban
planning, and environmental studies (Bilotta et al., 2014; Oxman &
Guyatt, 1993). It combines findings from prior studies using explicit,
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Table 1
Key Cycling Infrastructure Terminology.
Category Infrastructure Description
Straightaway Cycle track' A paved lane intended exclusively for cyclists, located next to a major roadway or roundabout, and physically separated by a curb or
Design barrier.

Off-road path A paved or unpaved trail separated from roadways, shared by cyclists and pedestrians, and not used by motor vehicles.

Cycle lane' A designated portion of the road surface, marked with paint or color, reserved for bicycle use but without physical separation from motor
traffic.

Sharrows Road markings that indicate a shared lane environment for bicycles and motor vehicles, typically used where space is too limited for
dedicated bike lanes.

Cycle street A road where cyclists have visual priority, and motor vehicles are allowed but treated as guests, is often designed to resemble a wide cycle
track. “Visual priority” here is typically achieved through distinctive pavement colors (such as red surfacing), clear bicycle symbols, and
very low speed limit signs, aiming to create an atmosphere in which cars are treated as “guests.”

Contraflow Permits cyclists to travel in the opposite direction of motor traffic on a one-way street.

cycling

Underpass A tunnel or passage that allows a cycling or pedestrian path to pass beneath a road or railway.

Cycle A high-capacity cycling corridor designed to support commuter cyclists with continuous, direct, and safe routes.

superhighway

Intersection Intersection A location where two or more roads meet or cross at the same level.
Design Roundabout' A circular intersection designed for all vehicles, including large ones, typically with splitter islands and crosswalks set back from the

central circle.

Traffic Calming Advanced stop
line'

Speed bumps/
humps

Two-stage turn box

cyclists to cross.

vehicles.
Toucan crossing

Other Elements Tramway

A marked area ahead of motor traffic at an intersection, allowing cyclists to position themselves in front of cars at a red light.
Raised sections of roadway designed to reduce motor vehicle speeds; humps are longer and less steep than bumps, making them easier for
A designated area that helps cyclists make left turns at intersections in two steps, improving safety by avoiding conflicts with turning

A smart signalized crossing for both pedestrians and cyclists, equipped with sensors to detect users and adjust signal timing.

While not part of cycling infrastructure, tram tracks are commonly encountered by cyclists and require careful navigation.

f Indicates terms adopted from the European  Cycling

Lexicon

— 2023  Edition, available at: https://www.eesc.europa.

eu/en/our-work/publications-other-work/publications/european-cycling-lexicon-edition-2023.

structured methods, thereby producing reliable and informative insights
(Greenhalgh, 1997).

Systematic reviews work by identifying previous research on a
clearly defined topic and using qualitative and/or quantitative methods
to summarize the evidence or conclusions (Armstrong et al., 2011).
Unlike narrative reviews that rely on selective interpretation, systematic
reviews demand detailed and comprehensive investigations to ensure an
in-depth understanding of the topic (Akobeng, 2005).

Most systematic reviews follow five essential steps (Armstrong et al.,
2011):

e Formulating the research question and defining its scope
e Specifying data sources and search strategies

e Screening and selecting relevant studies

e Extracting and analyzing data, and

e Synthesizing and reporting findings

3.2. PRISMA framework

Various frameworks have been developed to guide the conduct of
systematic reviews. In 1999, an international team proposed the
QUOROM statement, a set of guidelines for reporting meta-analyses
(Moher et al., 2000). In 2009, a group of 29 researchers revised and
updated this guideline, renaming it the PRISMA framework (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses) (Liberati
et al., 2009). PRISMA provides a detailed checklist designed to ensure
clarity and transparency in reporting systematic reviews or meta-ana-
lyses. The checklist includes 27 items covering key components such as
the title, abstract, introduction, methods, results, and discussion sections
(Moher et al., 2009). By following this structure, researchers can sys-
tematically assess both the strengths and limitations of existing litera-
ture. The PRISMA framework is widely recognized for its clear structure
and ease of use.
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In this study, we adopted the PRISMA framework to guide the se-
lection and thematic analysis of relevant articles for our systematic re-
view. Specifically, we followed the PRISMA checklist to systematically
identify, screen, and synthesize empirical studies on the safety impacts
of cycling infrastructure within the built environment. Fig. 1 presents
the literature screening flowchart following the PRISMA framework. It
details the four stages from the initial database search to the final in-
clusion of 104 studies, namely Identification, Screening, Eligibility, and
Inclusion.

3.3. The application of PRISMA framework

3.3.1. Search strategy

The systematic literature search was conducted in two major elec-
tronic databases: Scopus and Web of Science. The search strategy was
developed around three key conceptual components:

e Cycling safety, crashes, and unsafe riding behavior

e Active transportation, micromobility, vulnerable road users, and
cycling behavior

e The built environment and its synonyms (e.g., urban environment,
urban space)

Relevant keywords associated with each conceptual domain were
searched within article titles, abstracts, and keywords across both da-
tabases. The complete list of search terms is shown in Table 2.

3.3.2. Inclusion and exclusion criteria

The PICOS framework (Population, Intervention, Comparison, Out-
comes, and Study Design) was applied to define the eligibility criteria for
study selection (see Table 2). Peer-reviewed empirical studies published
in English prior to December 7, 2024, were included. Grey literature and
nonpeer-reviewed sources, such as reports, working papers, and book
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c Records removed before screening (n = 1904):
o . .
= Records identified from: - Duplicate records removed (n = 1459)
(%)
= Scopus (n = 1857) » - Records marked as ineligible by a keyword-based Al
c .
g Web of science (n = 1797) filter to remove clearly irrelevant records, followed by
manual verification (n = 445)
) ¢
Records with abstracts Records excluded (n = 1551):
- Studies not focused on specific infrastructure design
and titles screened P g
= (n = 1750) features
s
o
5 L Reports excluded (n = 95):
@ - Proxy indicators (e.g., perceived safety) without crash
Full-text articles assessed data (n = 40)
|__p| data(n=
for eligibility (n = 199) . . . .
L ) - Spatial/macro-level infrastructure planning (no design
specifics) (n = 21)
- Modeling/simulation weak real-world relevance (n = 19)
- Non-empirical (qualitative research, narrative review)
(n=6)
i - Technical methods without real-world safety
conclusions (n = 4)
% Studies included in review - Policy/regulation-focused with secondary infrastructure
S| | (n=104) (n=4)
= - Cost-benefit analysis (non-safety focus) (n = 1)

Fig. 1. PRISMA study selection flowchart.

chapters, were excluded.
To be eligible, a study had to meet the following criteria
simultaneously:

o It examined the influence of urban built environment infrastructure
design features (e.g., types of bicycle lanes, intersection layouts,
signage systems) on cycling safety

o It reported at least one objective safety outcome, such as crash rates,
injury occurrences, or traffic violations

Studies were excluded if they met any of the seven following

Table 2
Keyword Structure for Systematic Search.

Domain Search Terms

Cycling safety, crashes, and unsafe
riding behavior

“risk*” OR “safety” OR “accident*” OR
“crash*” OR “injure*” OR “collision*” OR
“speeding” OR “wrong-way riding” OR
“violations” OR “hazard*” OR “danger*” OR
“death*” OR “casualty*” OR “fatal*”
“cycling” OR “cyclist*” OR “bike*”” OR
“bicycle*” OR “bike sharing” OR “cycling
behavior*” OR “active transport*” OR “active
mobility” OR “non-motorized transport*” OR
“active travel” OR “micromobility” OR
“vulnerable road users”

“built environment*” OR “urban
environment*” OR “infrastructure” OR
“public space*” OR “neighborhood*”

Active travel, micromobility,
vulnerable users, cycling
behavior

Built environment and related
concepts

Note: Asterisks (*) indicate the use of wildcard symbols to capture all possible
variations of a root word. Based on the scope and objectives of this review, the
Boolean operator “AND” was used to combine these three sets of keyword cat-
egories during the search process.
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conditions:

e Focused on non-traditional or electric vehicles, such as motorcycles,
mopeds, or e-scooters

Addressed cycling behaviors in rural or non-built environments

e Targeted specific clinical populations or health conditions
Investigated non-design-related factors, such as land use, bike
network density, weather, or crime rates

e Did not compare different infrastructure design features or lacked
before-and-after intervention analysis

Focused solely on subjective outcomes, such as perceived safety or
travel preferences

Employed non-empirical methods, such as conceptual models,
qualitative interviews, or purely legal/policy discussions

3.3.3. Selection process

This study selection process followed three main stages: Identifica-
tion, Screening and Selection, as illustrated in the PRISMA flow diagram
(Fig. 1). A total of 3,654 records were initially identified through
searches in Scopus and Web of Science.

During the screening phase, 1,459 duplicate records were detected
and removed. The remaining 2,195 unique records were selected and
reviewed, whose titles and abstracts were assessed to determine their
relevance based on the study content. As a result, 199 articles were
selected for further evaluation, which focused primarily on the empirical
effects of built environment infrastructure on cycling safety.

After the screening stage, the remaining 199 articles were subjected
to full-text assessment to determine their eligibility for inclusion. In our
review, an empirical study is defined as a peer-reviewed publication that
draws conclusions based on rigorously analyzed evidence derived from
direct or indirect observation in real-world settings. Title and abstract
screening were conducted by author CC. Articles were excluded at this
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stage if they clearly did not report relevant interventions or failed to
meet the inclusion criteria. To ensure the robustness of the selection
process, co-author XL independently reviewed a random 10% subset of
the remaining articles and compared them against the eligibility criteria.
In cases of uncertainty, the full text of the article was retrieved and
reviewed. All studies meeting the initial inclusion criteria were then
independently reviewed in full by two reviewers to confirm their
eligibility.

Following the full-text screening, an additional 95 articles were
excluded, resulting in a final sample of 104 studies for inclusion in the
systematic review. The reasons for exclusion during the full-text
assessment were documented in detail (Table 3).

3.3.4. Data extraction

At this stage, a data extraction form with six main categories was
used to collect structured information from each included study. This
allowed for quality assessment and thematic synthesis. The extracted
categories included General Information, Study Design, Research
Approach, Infrastructure Types, Results and Conclusion. It is important
to note that all statistical metrics reported in this review, such as per-
centages, odds ratios (ORs), and incidence proportion ratios (IPRs), are
cited directly from the original source studies. This review synthesizes
these findings but does not perform a meta-analysis or recalculate any
statistical estimates. Table 4 provides a detailed overview of the
extracted items under each heading.

3.3.5. Quality assessment

To assess the risk of bias, we applied the QualSyst quality assessment
tool, adapted from the Standard Quality Assessment Criteria for Evalu-
ating Primary Research Papers from a Variety of Fields (Kmet et al.,

Table 3
PICOS Framework with Inclusion and Exclusion Criteria.

PICOS Inclusion Criteria Exclusion Criteria

Population Individuals engaging in any Users of other two-wheeled
form of traditional or electric vehicles such as motorcycles,
two-wheeled cycling (e.g., mopeds, or scooters; cyclists in
commuting, leisure) within built ~ non-built environments (e.g.,
environments; no restriction on rural areas); clinical
gender or age. populations.

Intervention  Design features of cycling Non-design factors such as land
infrastructure, including basic use or green/commercial space
facility design (e.g., lane types, distribution; bike network
physical separation); pavement density; natural environment (e.
color/materials; intersection g., weather, topography); social
layout (e.g., signalization, safety (e.g., crime rate); legal/
turning radius); lane policy interventions; device-
configuration (e.g., width, based interventions (e.g., theft-
continuity); signage (e.g., proof add-ons, sensors).
markings, direction signs); and
lighting conditions.

Comparison Comparisons between different Studies lacking clear design
design features (e.g., separated comparisons (e.g., descriptive
vs. unseparated bike lanes); or statistics only).
before-after comparisons in the
same location.

Outcomes Objective safety outcomes such Subjective outcomes such as
as crash rates, injury incidence, perceived safety or safety
fatality rates, and traffic ratings; mode choice or route
violations (e.g., wrong-way preference bias.
riding, speeding).

Study Empirical studies with clearly Simulation studies (e.g., crash

Design defined experimental or risk models); theoretical models

observational designs.

or policy analyses; qualitative
studies (e.g., interviews, focus
groups); non-empirical reviews
or commentaries.
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2004).

Given the nature of the included studies, we used only the checklist
designed for evaluating quantitative research quality (Appendix 1:
Table 2. QualSyst Tool for Assessment of the Quality of Included Studies).
Each of the 14 items on the checklist was scored based on the extent to
which the criterion was met: “Yes” = 2; “Partial” = 1; “No” = 0. Items
deemed not applicable (n/a) for a particular study design were excluded
from the total score calculation. For each study, a summary score was
calculated by dividing the total score obtained by the maximum possible
score, adjusted for the number of n/a items (i.e., 28 minus [2 x number
of n/a items]). To ensure quality control, a cross-checking process was
implemented during the quality assessment. Any discrepancies between
reviewers were resolved through discussion and consensus.

4. Results
4.1. Descriptive statistics

A detailed analysis was conducted on all studies included in this
review. The findings reveal that the number of publications examining
the relationship between cycling infrastructure design and cycling safety
has increased over time (see Fig. 2). Notably, there was a marked rise in
publications in 2020 (n = 13) and 2021 (n = 15). This trend coincides
with a reduction in motorized traffic during the COVID-19 pandemic
(Nguyen et al., 2024), when cycling surged as a resilient and sustainable
mode of transport. During this period, more people, including inexpe-
rienced riders, took to the roads, increasing the pressure on non-
motorized transport infrastructure (Lopez-Molina et al., 2022; Abbasi
& Ko, 2024).

In terms of geographical distribution, the majority of included
studies were conducted in Europe (48.1%, n = 50) and North America
(32.7%, n = 34), followed by Asia (12.5%, n = 13), Oceania (10.6%, n =
11), and South America (1.9%, n = 2) (see Fig. 2). Approximately 6.7%
(n = 7) of the studies were conducted across multiple countries or cities
(Appendix 1: Table 1. Overview of Study Characteristics). Specifically, the
United States (n = 19) contributed the highest number of studies, fol-
lowed by Canada (n = 16), the United Kingdom (n = 10), and Australia
(n = 10). In China (n = 9), a surge in research publications began in
2017, likely in response to the rapid expansion of bike-sharing programs
at the end of 2016 (Chen et al., 2018).

The top 10 most-cited papers were identified from among the
included review articles. Unsurprisingly, the most frequently cited study
was the literature review by Reynolds et al. (2009) titled “The impact of
transportation infrastructure on bicycling injuries and crashes: a review of the
literature,” with 428 citations in Web of Science and 413 in Scopus. The

Table 4
Data Extraction Headings.

Heading Data Extracted
General — Study ID (DOI)
information — Publication year
— Source title — Country where the study was conducted
Study design — Type of study (observational or experimental)
— Temporal framework (cross-sectional, quasi-longitudinal,
before-after, etc.) — Context (ecological, case study, etc.)
Research — Safety metrics used (e.g., collision rate, injury rate, fatality/
approach casualty rate, traffic violations)
— Data sources (e.g., government databases, sensors) —
Analytical methods (e.g., regression analysis, machine
learning)
Infrastructure — Infrastructure design features related to cycling safety
types evaluated in the study
Results — Reported effects of transport infrastructure design on cycling
safety — Mechanisms explaining how design influences safety
Conclusion — Identified biases

— Recommendations for future research — Stated limitations
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Fig. 2. Number of annual research studies on each continent.

second most-cited article was by Teschke et al. (2012), titled “Route
infrastructure and the risk of injuries to bicyclists: A case-crossover study,”
with 244 citations in Web of Science and 248 in Scopus (see Table 5). In
addition to identifying the most frequently cited studies, our review also
highlights key journals that have played a significant role in publishing
research on the relationship between cycling infrastructure design and
cyclist safety (see Table 6). The journal with the highest number of
relevant publications is Accident Analysis & Prevention, which published
23 articles on this topic. Other prominent journals include the Journal of

Safety Research, Traffic Injury Prevention, and various sections of Trans-
portation Research.

Based on the above data, it can be observed that highly cited articles
often feature pioneering approaches. For example, Case 1 (Strauss et al.,
2013) was the first to jointly analyze cyclist injury occurrence and bi-
cycle activity as combined outcomes. It also incorporated the underlying
association mechanisms into a Bayesian framework to model and predict
high-risk cycling areas. As stated in the original text: “To our knowledge,
no previous studies have tried to model cyclist injury risk and bicycle activity

Table 5

Top 10 most-cited papers.
S/ Title Authors Citations™
N (WoS)  (Scopus)
1 The impact of transportation infrastructure on bicycling injuries and crashes: a review of the literature Reynolds et al. 428 413
2 Route infrastructure and the risk of injuries to bicyclists: A case-crossover study Teschke et al. 244 248
3 Designing for the safety of pedestrians, cyclists, and motorists in urban environments Dumbaugh and Li 150 142
4 Predicting cycling accident risk in Brussels: A spatial case-control approach Vandenbulcke et al. 132 135
5 Using data mining techniques to predict the severity of bicycle crashes Prati et al. 112 117
6 Comparing the effects of infrastructure on bicycling injury at intersections and non-intersections using a case-crossover Harris et al. 110 113

design

7 Aggravating and mitigating factors associated with cyclist injury severity in Denmark Kaplan et al. 109 111
8 Safety impacts of bicycle infrastructure: A critical review DiGioia et al. 97 109
9 Cyclist activity and injury risk analysis at signalized intersections: A Bayesian modelling approach Strauss et al. 98 84
10 On-road bicycle facilities and bicycle crashes in Iowa, 2007-2010 Hamann and Peek-Asa 82 85
" Note: As of 23rd March 2025.

Table 6

Top 10 journals with relevant articles published annually.
S/N Journal name 2000 2011-2013 2014-2016 2017-2019 2020-2022 2023-2025 Total
1 Accident Analysis And Prevention - 2 3 7 8 3 23
2 Journal of Safety Research - - 1 2 - 4 7
3 Traffic Injury Prevention - 1 1 2 - 1 5
4 Transportation Research Record 1 - - 2 - 2 5
5 Injury Prevention - 2 1 - - 1 4
6 Journal of Transport And Health — - 1 1 2 4
7 Sustainability (Switzerland) — — — 1 2 1 4
8 Journal of Transportation Safety And Security — - 1 - 1 1 3
9 Traffic Safety Research - - - - - 3 3
10 BMC Public Health - - 2 1 - - 3

Note: In 2001-2010, no paper in the top-ten journals.
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Table 7
Study Design Types and Their Distribution Among Included Articles.
Study design No.
Research type Observational study 96
Experimental study 8
Time-based Cross-sectional 51
Retrospective 37
Before-and-after 9
Longitudinal 7
Prospective 3
Context-based Ecological 52
Field study 47
Laboratory study 5

simultaneously.” Case 2 (Teschke et al., 2012) innovatively adopted a
case-crossover design commonly used in medical research. Unlike
traditional designs that compare injury sites with external reference
locations, this approach randomly selected control sites from the same
trip as the injury site for each injured cyclist. Both the injury and control
sites were thus drawn from the same journey, automatically controlling
for stable and hard-to-measure confounding variables such as rider age,
cycling skill, weather, and time of day. The original text states: “A case-
crossover design compared route infrastructure at each injury site to that of a
randomly selected control site from the same trip.”

On the other hand, articles published in top journals tend to reflect
broader research trends in the field through detailed case studies. Over
the past decade, there has been a growing effort toward conflict warn-
ing. This shift is partly due to the earlier reliance on actual safety
measures such as police reports or manual counts, whereas recent
technological advancements have enabled increased attention to sur-
rogate measures, which have contributed significantly to the realization
of conflict prediction.

4.2. Risk of bias

The average QualSyst quality score among the included studies was

Q1: Research objective clear?
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0.77, with 71.2% (n = 74) of studies scoring above 0.70, indicating an
overall good level of methodological quality. Individual quality scores
for each study can be found in Appendix 1: Table 2. QualSyst Tool for
Assessment of the Quality of Included Studies. The QualSyst tool was
originally designed to apply a threshold within the range of 0.55 to 0.75
to determine inclusion in systematic reviews (Kmet et al., 2004). In this
review, a cutoff score of 0.55 was adopted, allowing the inclusion of
93.3% (n = 97) of studies initially deemed relevant. This approach also
ensured the inclusion of a small number of randomized controlled trials
(RCTs) that, despite having limited sample sizes or design control,
provided valuable complementary evidence on cycling safety and
infrastructure design (Meuleners et al., 2023).

More specifically, studies were classified into four quality categories
based on their final scores:

> 0.80: strong methodological quality

0.71-0.79: good quality

0.55-0.70: acceptable

< 0.55: low quality and therefore excluded from the final analysis
(Rix & Sakamoto, 2022; Read et al., 2020; Thai Van & Balmefrezol,
2000; Ciesla, 2021; Ayad et al., 2024; Bauer et al., 2021; Casey et al.,
2024)

It is worth noting that the majority of included studies employed
observational designs, primarily cross-sectional, retrospective, or
ecological approaches (see Table 7). Fig. 3 provides a comprehensive
overview of the methodological quality assessment, illustrating the
performance of the included studies against each of the 14 QualSyst
criteria. The bar charts show the distribution of quality ratings, while the
line graph highlights the average score for each item, allowing for a
quick identification of common methodological strengths and weak-
nesses. A key insight from this analysis is the challenge of causal infer-
ence in this field. As shown in the figure, the criterion for controlling for
confounding factors (Q12) received the lowest average score, indicating
a frequent limitation in the existing literature. Due to the inherent

Q8: Measures clearly defined?

I —o— Most Frequent Score
—#- Average Score

| Q5: Randomization described?

1 0 0 103

| Q6: Investigator blinding reported? |
>

1 1 1 101

| Q7: Participant blinding reported? ]
L)

Q13: Results reported clearly? |

el 1. 7] 30

Ql: Conclusions supported clearly? |

0 0 1 103 530 1. 5)50) 0 1
YES (2) PARTIAL (1) NO (0) NA YES (2) PARTIAL (1) NO (0) NA

Fig. 3. Frequency of Unmet Items in the QualSyst Quality Assessment Checklist.
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limitations of these designs in controlling for confounding factors, Item
12 (“Controlled for confounding”) was among the most frequently unmet
criteria in the quality assessment (see Fig. 3). The primary reason is that
in on-site comparative studies, it is difficult to keep various factors
consistent, such as the sample size, gender, and age of cyclists at
different times, as well as the weather and other motor vehicle traffic
conditions.

5. Thematic analysis of included studies

5.1. RQ1 — The impact of infrastructure design: Consensus, controversies,
and evolving mechanisms

5.1.1. Consensus findings: The central role of physical separation

Across the reviewed literature, a consistent finding is that physically
separating cyclists from motorized traffic is a highly effective way to
improve cycling safety. This consensus is supported by evidence that has
evolved over time. Early reviews, such as Reynolds et al. (2009), syn-
thesized studies that primarily relied on crash and injury statistics from
police or hospital records. These foundational studies established a
strong correlation between the presence of separated infrastructure, like
cycle tracks, and lower rates of cyclist injuries. For example, some an-
alyses reported that separated paths could reduce injury risk by as much
as 50% compared to cycling on roads without any bicycle-specific fa-
cilities (Cicchino et al., 2020; Harris et al., 2013).

More recent research included in this review has reinforced these
early findings with new types of evidence. Studies now frequently use
surrogate safety measures (SSMs) to analyze traffic interactions that do
not result in a crash. For instance, video analysis of traffic conflicts
shows that separated bike lanes significantly reduce the frequency of
near-misses and dangerous interactions between cyclists and vehicles
(Zangenehpour et al., 2016). Additionally, naturalistic cycling studies,
which use instrumented bicycles to collect real-time data, provide
detailed kinematic information. These data confirm that physical bar-
riers reduce the likelihood of sudden evasive maneuvers by cyclists and
minimize close-proximity passing events by motorists (Beck et al.,
2019). Heavily protected bike lanes, which use concrete barriers or
grade separation, demonstrate particularly strong protective effects,
with some studies reporting adjusted odds ratios as low as 0.10 for in-
juries compared to mixed traffic conditions (Harris et al., 2013).

The mechanisms that explain these safety benefits are also well-
documented. The most direct mechanism is the reduction of exposure
to motor vehicle traffic, which eliminates many potential conflict types,
especially mid-block collisions. Beyond simply preventing contact,
physical separation also influences road user behavior. Studies have
shown that dedicated infrastructure leads to lower motor vehicle speeds
on adjacent travel lanes (Hosking et al., 2023). Furthermore, it creates a
more predictable environment for all road users. Drivers are less likely to
encroach into cycling space, and cyclists' trajectories are more clearly
defined, which reduces uncertainty and potential for conflict, particu-
larly at locations away from intersections (Johnson et al., 2010). This
body of evidence, drawn from different methodologies over more than a
decade, consistently points to physical separation as a fundamental
principle for creating safer urban cycling environments.

5.1.2. Controversial and context-dependent designs: Beyond one-size-fits-
all

While physical separation shows consistent safety benefits, the
effectiveness of other common infrastructure types is less clear and often
depends on the specific context in which they are implemented. This
review identified significant inconsistencies in the reported safety out-
comes for designs such as painted bike lanes and shared lane markings
(sharrows). For instance, some studies on painted bike lanes, which
provide visual but not physical separation, report crash reductions of up
to 60% compared to roads with no markings (Hamann & Peek-Asa,
2013). However, other research indicates that these lanes can increase
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injury risks, with reported odds ratios ranging from 1.34 to 2.8, poten-
tially because they provide a false sense of security without offering
actual protection from motor vehicles (Adams et al., 2020; Garber et al.,
2023). Similarly, studies on sharrows consistently show minimal to no
improvement in objective safety, finding they have almost no impact on
cyclist crash risk or driver speed behavior (Meuleners et al., 2023;
Fournier et al., 2020; Jarry & Apparicio, 2021).

The reasons for these conflicting findings are often related to
contextual factors that modify the performance of an infrastructure
design. Traffic volume and speed are critical variables. A painted bike
lane may function adequately on a low-speed, low-volume street, but it
can become dangerous on a high-speed arterial road where the risk of
severe collisions is much higher. The surrounding built environment
also plays a key role. For example, a painted lane located next to on-
street parking creates a high risk of “dooring” incidents, a hazard that
is not present on streets without parking (Beck et al., 2019; Stevenson
et al., 2015). The design of intersections along a corridor can also
completely change the safety outcome of a mid-block treatment.

Furthermore, road geometry, such as lane width, presents another
area of conflicting evidence. Some studies suggest that wider lanes may
reduce crash probability in certain settings by providing more maneu-
vering space (Raihan et al., 2019). In contrast, other studies report that
every additional meter of road width increases injury odds by 11-15%,
likely because wider roads encourage higher vehicle speeds and more
complex traffic movements (Kapousizis et al., 2021). Roundabouts are
another example of a design with context-dependent safety outcomes.
While often promoted for motor-vehicle safety, many studies included in
this review found that traditional roundabout designs significantly in-
crease crash risks for cyclists, with some reporting risks 3 to 8 times
higher than at other intersection types (Harris et al., 2013; Meuleners
etal., 2019; Fraser & Meuleners, 2020). This is often due to high vehicle
speeds and poor sightlines between entering drivers and circulating
cyclists. These examples show that an infrastructure design cannot be
evaluated in isolation. Its safety performance is fundamentally linked to
the specific operational and environmental context of its location.

5.1.3. Common features of high-risk areas: Intersections and transition
zones

The reviewed studies consistently identify intersections as primary
high-risk locations for cyclists. The data indicate that the odds of an
injury-involved crash are significantly higher at intersections compared
to mid-block road segments, with one study reporting the odds to be 3.4
times greater (Kapousizis et al., 2021). The elevated risk at these loca-
tions can be attributed to several factors. The most direct cause is the
high density of conflict points, where the paths of cyclists and motor
vehicles cross, merge, or diverge. This complexity is increased in designs
that do not align with the expectations of road users. For example,
bidirectional bike lanes at intersections can be particularly hazardous
because they introduce cyclists traveling in a direction that drivers may
not anticipate, increasing the risk of collisions with turning vehicles
(Vandenbulcke et al., 2014; Lind et al., 2021). Furthermore, drivers'
failure to yield to cyclists is a frequent contributing factor. This is

Table 8
Summary of Infrastructure Location Contexts in Reviewed Studies.
Location context No.
Intersections (e.g., signalized crossings, roundabouts, railway crossings) 82
Mid-block segments (e.g., cycle tracks along corridors, on-road bike lanes, off- 75
road paths)
Transition zones (locations where cycling facilities terminate or merge into 9
mixed traffic)
Not location-specific 7

Note: The first three categories are not mutually exclusive; a single study may
examine multiple location contexts. Studies classified as “Not location-specific”
did not differentiate infrastructure by location and are mutually exclusive with
the other categories.
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sometimes linked to the “looked-but-failed-to-see” phenomenon, where
a driver looks in the direction of an approaching cyclist but does not
cognitively register their presence, often due to high cognitive load or
attentional blindness (Deliali et al., 2021).

In addition to intersections, another type of high-risk area is the
transition zone where dedicated cycling infrastructure begins or, more
frequently, ends abruptly. The lack of a connected and continuous
network is a recurring theme in safety research. One study found that
approximately 30% of all reported bicycle crashes occurred within 100
m of a cycle path, typically at the points where cyclists must merge back
into mixed traffic (Meuleners et al., 2020). These transitions force cy-
clists to execute complex maneuvers in environments where they may
no longer have priority or protection. This discontinuity can create
confusion for both cyclists and drivers regarding right-of-way and
positioning. The absence of a seamless connection between different
parts of a cycling network undermines the safety benefits of the indi-
vidual high-quality segments. Therefore, ensuring network continuity
and designing safer intersections and transition zones are critical for
reducing overall cycling risk in urban areas. Table 8 summarizes the
number of studies that addressed each infrastructure design topic dis-
cussed in this section.

5.2. RQ2 — The evolution of safety assessment: From crash data to
surrogate measures

5.2.1. Limitations of traditional metrics and the rise of new data sources

The choice of data sources significantly influences the assessment of
cycling safety. Traditional analyses have long relied on official crash
databases from police or transportation departments (used in 68 studies)
and hospital or medical records (used in 20 studies). While these sources
provide valuable information on severe injury outcomes, they have well-
known limitations. One of the most serious issues is the systematic
underreporting of cycling incidents. Hospital data reveals that only
about 40% of bicycle crash hospitalizations are documented in police
records. This proportion falls to just 12% for crashes that do not involve
a motor vehicle, meaning that a large number of incidents, including
falls and cyclist-pedestrian collisions, are often missing from official
statistics (Meuleners et al., 2020). This underreporting can lead to an
incomplete understanding of overall cycling risk and a biased focus on
cyclist-motorist collisions.

To overcome these limitations, researchers are increasingly turning
to new and alternative data sources. This review found that direct
observational methods are now common, including the use of video
cameras (27 studies) and naturalistic cycling studies that equip bicycles
with sensors and GPS (14 studies). These methods allow for the collec-
tion of detailed behavioral data and surrogate safety measures,
providing insights into risky interactions that do not result in a crash.
For example, some studies used instrumented bicycles to record over
18,500 vehicle-cyclist interactions, offering a large dataset for analyzing
passing distances and other behaviors (Beck et al., 2019). Other research
has leveraged crowdsourced data from mobile applications like Strava
(used in two studies) to estimate cycling volumes and routes, which
helps in calculating exposure to risk (Garber et al., 2023; Jeon & Woo,
2024). While these new data sources offer significant advantages in
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terms of data richness and volume, they also introduce their own biases.
For example, crowdsourced data often over-represents recreational male
cyclists and under-represents women, older riders and utilitarian riders,
which requires statistical adjustments to ensure the sample is repre-
sentative of the broader cycling population (Garber et al., 2023; Jestico
et al., 2017). The selection of a data source is therefore a trade-off, and
many researchers now recommend combining multiple data sources to
create a more complete and accurate picture of cycling safety (Strauss
et al., 2015; Younes et al., 2023).

5.2.2. The application and challenges of surrogate safety measures

To move beyond a reactive approach that relies on historical crash
data, many studies in this review (33 studies) have adopted proactive
methods using surrogate safety measures (SSMs). SSMs are observations
of traffic events, such as conflicts or near-misses, that are more frequent
than actual crashes and can serve as early indicators of risk. According to
Hydén's safety pyramid, these conflict events offer a much larger dataset
for analysis, which allows researchers to assess the safety of an infra-
structure design more quickly and without waiting for a statistically
significant number of crashes to occur (Hyden, 1987). Common time-
based indicators used to quantify the severity of these conflicts include
Post-Encroachment Time (PET) and Time-to-Collision (TTC), which
measure the temporal proximity between road users (Mansell et al.,
2024; Zangenehpour et al., 2016). Behavioral indicators, such as red-
light running or lane intrusions (used in 38 studies), are also widely
used to identify unsafe actions (see Table 9).

Near-miss incidents, analyzed in 14 studies, are another important
surrogate measure. They provide valuable information on how cyclists
adapt their behavior in response to infrastructure and can reveal design-
related risks before injuries happen (Chou et al., 2024; Jarry & Appa-
ricio, 2021). The methods for collecting near-miss data are varied. While
self-report instruments like questionnaires and interviews are a common
approach for capturing these events (used in 23 studies, see Table 10), a
significant and growing number of studies now employ direct observa-
tion techniques. These include the analysis of video footage from natu-
ralistic cycling studies and stationary cameras, which provide objective
data on near-miss incidents. For example, some studies have used
helmet-integrated sensors to automatically detect near-crash events,
providing a rich source of objective data (Chou et al., 2024).

Despite the increasing use of SSMs, their application faces significant
challenges. A major issue highlighted in the literature is the lack of
standardized thresholds for what constitutes a dangerous conflict.
Moreover, there is ongoing skepticism within the academic community
regarding the predictive accuracy of SSMs. Many studies lack a formal
validation process to confirm that a reduction in observed conflicts or
near-misses will actually lead to a reduction in real-world crashes
(Mansell et al., 2024; Zangenehpour et al., 2016). This theoretical gap
limits the confidence with which findings based on SSMs can be used to
inform policy and practice. However, further research is needed to
validate the link between SSMs and actual crash outcomes to strengthen
their role in proactive safety analysis.

Table 10
Table 9 Summary of Data Sources in Reviewed Studies.
Summary of Safety Metrics in Reviewed Studies. Data sources No.
Safety metrics No. Official crash/collision databases (e.g., ambulance data, police-registered, 68
. insurance claims, department of transportation)
Actual safety Crash/collision counts or rates 74 . . . . .
) . R ) Video observation (e.g., drone-captured, intersection surveillance cameras) 27
measures Injury severity or mortality/fatality data 68 . . . .
X o X X Field surveys (e.g., manual counts, site/virtual observation) 26
Surrogate measures  Behavioral indicators (e.g., speed, passing distance, 38 . . N . R .
X A X 3 Questionnaires/interviews (e.g., self-reported crash details, injury severity) 23
of safety lane intrusion, red light running) . . -
. X 3 Hospital/medical records (e.g., trauma registries, post-mortem reports) 20
Traffic conflicts (e.g., post-encroachment time, 33 .. . . . .
o > ) Naturalistic cycling data (e.g., GPS tracking, airbag helmet, ultrasonic sensor) 14
cutting into car traffic, right hook conflicts) . . R . . .
N iss incid 14 Simulation data (e.g., driving simulator experiments, bicycle simulator) 10
ear-miss incidents Crowdsourced data (e.g., BikeMaps, Strava) 2

Note: Only objective indicators are included, without subjective indicators.
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5.3. RQ3 — methodological hurdles and innovations

5.3.1. Pervasive methodological challenges

The reviewed literature reveals several persistent methodological
challenges that complicate the study of cycling safety. One of the most
significant issues is controlling for confounding variables, particularly in
observational studies, which constituted 96 of the 104 studies analyzed
(see Table 7). Factors such as cyclist volume, motor-vehicle traffic,
weather, and individual rider skill all influence safety outcomes. It is
often difficult to isolate the effect of a specific infrastructure feature
from these other overlapping factors. For instance, in complex urban
environments, road topology and signal phasing can simultaneously
affect cyclist safety, making it hard to attribute a change in crash rates
solely to a new bike lane (Bella & Ferrante, 2021). This difficulty in
controlling for confounders can lead to selection bias, especially in case-
control studies where control sites may systematically differ from crash
sites in ways other than the infrastructure being studied (Meuleners
et al., 2019).

Another major challenge is establishing a clear causal link between
an infrastructure intervention and safety outcomes. Cross-sectional
studies, the most common design type with 51 identified cases, can
show associations but cannot prove causality because they analyze data
at a single point in time (Abbasi & Ko, 2024; Dumbaugh & Li, 2010).
Before-and-after studies (Liu and Marker, 2020) are designed to assess
causality, but they face their own methodological problems. A primary
concern is regression-to-the-mean bias. Interventions are often imple-
mented at locations with a high number of recent crashes, and these sites
may have experienced a reduction in crashes even without the inter-
vention, simply by returning to their long-term average. This can lead to
an overestimation of the intervention's effectiveness. Although
advanced statistical methods like the Full Bayesian framework are
designed to address this issue by controlling for exposure levels and
regression effects, they remain underutilized in the field (Monzer &
Hussein, 2024; DiGioia et al., 2017).

Finally, data quality and granularity present ongoing obstacles.
Many official crash datasets lack precise spatial coordinates, making it
difficult to determine whether a crash occurred on a specific facility,
such as within a bike lane, or adjacent to it (Aiash & Robusté, 2024).
Datasets also frequently suffer from underreporting of key contextual
information, such as lighting conditions and speed limits (Younes et al.,
2023). Furthermore, spatial autocorrelation, where crash occurrences in
one location are related to those in nearby locations, poses a serious
challenge to traditional statistical models that assume independence of
observations. Studies have shown that spatial dependence can account
for a significant portion of the unexplained variance in crash models,
highlighting the need for more advanced spatial statistical techniques
(Vandenbulcke et al., 2014; Abbasi & Ko, 2024; Prato et al., 2016).
These methodological issues collectively make the rigorous evaluation
of cycling infrastructure a complex task.

5.3.2. Methodological innovations to address challenges
In response to the methodological challenges of studying cycling

Table 11
Adoption of Methodological Innovations in Reviewed Studies.
Category Methodological Innovation No. of
Studies
Advanced Study Designs Longitudinal 7
Case-crossover 11
Advanced Statistical Bayesian models 8
Models
Geographically Weighted 1
Regression
Difference-in-differences 3
Simulation-Based Driving or Cycling Simulator 6
Assessment studies
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safety, researchers have developed and applied several innovative ap-
proaches. To address the difficulty of controlling for individual-level
confounding variables, Harris et al. (2011) introduced the case-
crossover design to the field. In this approach, each cyclist involved in
a crash serves as their own control. The infrastructure at the crash site is
compared to the infrastructure at randomly selected non-crash sites
along the same trip route. This design effectively controls for variables
that are constant for an individual during a single trip, such as their
cycling skill, risk tolerance, and the weather conditions, thereby helping
to resolve the “denominator problem” that affects many traditional
study designs. Subsequent research has further refined this method by
using route prediction algorithms to reduce recall bias and by incorpo-
rating participant-drawn route maps to improve data accuracy (Cicchino
et al., 2020; Adams et al., 2020).

To strengthen causal inference in before-and-after studies, more
robust analytical frameworks are being adopted. The use of difference-
in-differences methods (Hosking et al., 2023) and Full Bayesian
models (Monzer & Hussein, 2024) helps to mitigate issues like
regression-to-the-mean bias and temporal confounding effects. Longi-
tudinal studies, though still few in number (seven cases), represent a
significant advance. For example, a 14-year study in Seville demon-
strated how the safety benefits of a bicycle network evolve over the long
term, showing that short-term evaluations might underestimate the true
positive effects of such infrastructure (Marqués & Hernandez-Herrador,
2017). Similarly, a 13-year multilevel longitudinal analysis across
several U.S. cities was able to separate the immediate protective effects
of new infrastructure from the longer-term gains that result from
behavioral adaptation (Marshall & Ferenchak, 2019).

To handle the complexities of spatial data, researchers have
employed advanced spatial statistical models. For instance, Geographi-
cally Weighted Poisson Regression has been used to account for the
spatial heterogeneity of infrastructure effects, showing how the safety
impact of a bike lane can vary across different parts of a city (Abbasi &
Ko, 2024). Hierarchical Bayesian models have also been applied to
address the long-standing problem of spatial autocorrelation in ecolog-
ical studies (Chen et al., 2018). While experimental studies remain rare
due to practical and ethical constraints, some researchers have used
simulator-based approaches to test driver-cyclist interactions in
controlled environments (Fournier et al., 2020; Thorslund & Lindstrom,
2020). These methodological innovations demonstrate a clear progres-
sion in the field toward more rigorous and nuanced approaches for
evaluating the safety of cycling infrastructure. To provide a quantitative
overview of their adoption, Table 11 summarizes the frequency with
which these advanced methods were applied across the 104 reviewed
studies. The data indicates that while these innovative designs and
models are present in the literature, their overall application remains
limited, highlighting a significant opportunity for future research to
employ more robust methodologies to strengthen the evidence base.

6. Discussion
6.1. Principal findings and contributions of this review

This systematic review was structured around three interconnected
research questions to provide a comprehensive analysis of the rela-
tionship between bicycle infrastructure design and cyclist safety. The
primary contribution of this work is its integrated approach, which
moves beyond reviewing individual infrastructure elements to also
examine the methods used to evaluate them and the persistent chal-
lenges that affect research in this field. By bringing these three
areas—design, measurement, and methodology—together, this review
offers a more holistic understanding of the current state of knowledge.

In response to our first research question (RQ1), which focused on
identifying impactful infrastructure features, this review confirms a
strong consensus in the literature: physically separating cyclists from
motor vehicles is the most consistently effective design strategy for
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reducing crash and injury risk. In addressing the second research ques-
tion (RQ2) concerning safety measurement, we synthesized a wide range
of metrics and data sources. Our analysis highlights a clear evolution in
the field from a reliance on traditional, often underreported crash data
toward the increasing use of proactive surrogate safety measures and
new data sources like naturalistic cycling studies. This shift provides
richer data but also introduces new challenges related to validation and
data bias.

Finally, in answering the third research question (RQ3) about
methodological barriers, we identified several recurring challenges,
including the difficulty of controlling for confounding variables and
establishing causality in observational studies. Unlike previous reviews
that have often focused more narrowly on specific infrastructure types,
this study provides a broad critique of the methodological landscape and
documents the innovative approaches researchers are using to address
these issues. The value of this “cross-referential integration” is that it
reveals how these three areas are linked. For example, the effectiveness
of a specific infrastructure design (RQ1) can only be reliably demon-
strated with robust data and methods (RQ2), which are themselves
limited by deeper methodological constraints (RQ3). This integrated
perspective clarifies the complex problem structure of cycling safety
research and provides a stronger foundation for future academic work
and evidence-based practice.

6.2. Dialogue with existing literature

The field of cycling safety has been shaped by several important
literature reviews, and this study builds upon their foundational work
while offering a distinct and updated perspective. A frequently cited
earlier review by Reynolds et al. (2009) was instrumental in establishing
the link between transportation infrastructure and cyclist injuries. That
review concluded that purpose-built, separated bicycle facilities were
associated with the lowest injury risks. Our current review, which in-
cludes a large volume of research published since 2009, strongly con-
firms this fundamental conclusion. However, our work expands on this
finding by synthesizing evidence from a new generation of studies that
use more advanced methods, such as naturalistic cycling data and sur-
rogate safety measures, to explain the mechanisms behind this safety
benefit in greater detail.

Another significant contribution to the literature is the critical re-
view by DiGioia et al. (2017). Their work focused on the methodological
quality of existing studies and highlighted significant gaps, particularly
in how research accounted for exposure to risk. Our review supports
their critique and provides a broader examination of the methodological
landscape. While DiGioia et al. focused on issues like exposure data, our
study also systematically analyzes a wider range of challenges, including
the limitations of different data sources (e.g., official statistics vs.
crowdsourced data), the ongoing validation problem with surrogate
safety measures, and the specific statistical approaches used to handle
issues like spatial autocorrelation.

Therefore, the unique contribution of our review lies in its scope and
integrated structure. Unlike previous reviews that have tended to focus
primarily on either the effects of infrastructure (like Reynolds et al.) or
the methodological quality of the studies (like DiGioia et al.), our work
intentionally connects these two areas. By structuring our analysis
around the three questions of design, measurement, and methodology,
we provide a more comprehensive picture that shows how these ele-
ments influence one another. This approach allows us to not only
confirm what is known about effective infrastructure but also to criti-
cally assess the quality and evolution of the evidence upon which that
knowledge is based.

6.3. Implications for policy and practice

This systematic review offers several evidence-based insights for
policymakers, urban planners, and transportation engineers working to
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create safer cycling environments. The most direct and consistent
finding is that investing in physically separated infrastructure provides
the strongest protective effects for cyclists. This supports policies that
prioritize the construction of cycle tracks with physical barriers or grade
separation, especially on roads with high motor-vehicle speeds and
volumes. However, our review also highlights that simply installing one
type of facility is not a complete solution. The safety effects of an
infrastructure design are highly context-dependent, as shown by the
inconsistent outcomes for painted bike lanes and the high risks associ-
ated with poorly designed roundabouts (Harris et al., 2013; Adams et al.,
2020; Garber et al., 2023; Meuleners et al., 2019). This means that a
“one-size-fits-all” approach is likely to be ineffective. Policymakers
should therefore promote context-sensitive design guidelines that
consider local traffic conditions, intersection complexity, and sur-
rounding land use.

Another key implication relates to the importance of network con-
nectivity. Our findings show that intersections and transition zones
where infrastructure is discontinuous are major high-risk areas
(Kapousizis et al., 2021; Meuleners et al., 2020). For practitioners with
limited resources, this suggests that improving the continuity and con-
nectivity of an existing network may be a more cost-effective strategy
than building isolated segments of high-quality infrastructure. Efforts
should be focused on eliminating gaps in the network and redesigning
dangerous intersections to ensure seamless and safe transitions for cy-
clists. This requires a shift from a project-based approach to a network-
based approach in planning and investment.

Finally, the implementation of effective cycling infrastructure is not
only a technical challenge but also a political one. Even when designs
meet technical standards, their safety can be compromised by decisions
that prioritize motor vehicle throughput over multimodal safety, often
due to resistance from motor-vehicle-oriented interest groups (Riggs
et al.,, 2017). This review shows the importance of aligned policy
commitment to support the goals of cyclist safety. This means that in
addition to adopting technical design standards, public agencies must
also engage in stakeholder analysis and develop strategies to overcome
institutional barriers (Deegan, 2016). A strong and sustained political
will is necessary to ensure that safety goals are not compromised during
the planning and implementation process and that resources are allo-
cated to build a truly safe and connected cycling network.

6.4. Limitations of this research

Despite its contributions, this study has several limitations. First, this
is a systematic review and not a meta-analysis. We synthesized the
findings from the included studies qualitatively but did not perform a
quantitative analysis to calculate pooled effect estimates for different
infrastructure types. Therefore, the statistical values presented, such as
odds ratios and percentages, are directly cited from the original studies
and should be interpreted within the context of each individual study.

Second, the scope of this review was intentionally focused on
objective safety outcomes, such as crash and injury rates, and surrogate
safety measures. As a result, we excluded studies that focused solely on
perceived safety. While this approach maintains a clear focus on
empirical safety evidence, it does not explore the important relationship
between how safe cyclists feel and their actual behavior. Perceived risk
can influence route choice, riding speed, and other behaviors that may
indirectly affect safety outcomes. The lack of this causal layer may result
in an incomplete understanding of the overall effectiveness of certain
infrastructure designs.

Third, our analysis of injury severity did not account for the use of
individual protective equipment, such as helmets. The severity of an
injury is influenced by both the infrastructure design and personal safety
measures taken by the cyclist. By not including this variable in our
synthesis, the evaluation of infrastructure effectiveness on injury out-
comes may be biased. Future research could build upon our work by
integrating these additional dimensions to develop a more complete
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model of cycling safety.
6.5. Directions for future research

Based on the findings and limitations identified in this review,
several specific directions for future research can be suggested to
advance the understanding of cycling safety. First, there is a clear need
for research that integrates objective safety measures with cyclists'
subjective perceptions of safety. Our review highlights a gap in under-
standing how perceived risk influences behaviors like sudden braking or
route detours, which in turn affect objective safety outcomes. Future
studies could combine video observation of cyclist behavior with post-
ride surveys or interviews to build a more complete causal model of
how infrastructure design influences both perception and behavior.

Second, a critical area for future work is the validation of surrogate
safety measures (SSMs). While the use of SSMs is increasing, our review
confirms that their predictive link to actual crash and injury rates is not
yet well-established (Mansell et al., 2024; Zangenehpour et al., 2016).
Longitudinal studies that collect both SSM data and long-term crash data
at the same locations are needed to validate whether a reduction in
traffic conflicts reliably predicts a reduction in collisions. Such studies
would greatly increase the confidence with which practitioners can use
SSMs for proactive safety assessments.

Third, future research should focus more on network-level analysis
and the safety of transition zones. While much is known about the safety
of individual facility types, our review shows that discontinuities in the
cycling network are major high-risk areas (Meuleners et al., 2020).
Research questions could include identifying the design features that
create the safest transitions between separated paths and mixed-traffic
streets, and developing methods to quantify the safety benefits of a
fully connected network compared to a fragmented one. Finally, a
greater focus on methodological rigor is needed. This includes the wider
adoption of advanced statistical models that can control for confounding
variables and spatial autocorrelation (Monzer & Hussein, 2024; Prato
et al., 2016), and the use of study designs, like case-crossover or longi-
tudinal studies, that can support stronger causal inferences about the
effects of infrastructure interventions.

7. Conclusions

This study conducted a systematic review to examine how urban
bicycle infrastructure design influences cyclist safety. Its primary
contribution is not simply to update the list of effective infrastructure
types, but to establish a multi-dimensional analytical framework that
connects three critical, yet often separately discussed, areas: the design
features themselves, the safety metrics used to evaluate them, and the
methodological challenges that limit the certainty of the findings. By
integrating these three dimensions, this review provides a more com-
plete picture of why certain knowledge gaps persist and clarifies the
complex relationship between evidence, measurement, and research
design in this field.

Our synthesis of 104 studies confirms that physically separated cycle
tracks offer the most consistent and significant safety benefits for cy-
clists. The review also documents a clear methodological evolution in
the field, with a growing shift from relying on traditional, often under-
reported crash data to using proactive surrogate safety measures.
However, our analysis highlights that the predictive link between these
surrogate measures and actual crash outcomes remains a significant
challenge that requires further validation. Furthermore, we identified
persistent methodological difficulties in the literature, particularly the
challenge of controlling for confounding variables in the predominantly
observational study designs, which complicates the establishment of
clear causal relationships between specific interventions and safety
improvements.

Ultimately, this review does not propose a universal “best infra-
structure package” for all cities. Instead, it advocates for an evidence-
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based and context-aware approach to planning and evaluation. The
findings underscore that creating safer cycling environments requires
more than just implementing specific designs; it also requires sustained
research, methodological innovation, and a strong policy commitment.
As cities worldwide continue to promote sustainable mobility, ensuring
the safety of cyclists is a core priority. The academic community has an
essential role in building the robust evidence base needed to guide this
important transformation.
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