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ABSTRACT

Introduction: Cycling offers health and environmental benefits, yet the risk of injury in traffic discourages its uptake, and the safety effects
of physically separated bicycle lanes relative to painted lanes or mixed traffic remain contested. Methods: This systematic review followed
PRISMA 2020. Scopus, OpenAlex, Crossref, PubMed and Semantic Scholar were searched for comparative studies published between
2013 and 2024. Results: From 714 records, 13 studies were included. Physically separated facilities were associated with lower injury or
crash risk than mixed traffic or no facility, with adjusted odds ratios from 0.05 to 0.60, equivalent to 40 to 95 percent lower. Painted lanes
showed intermediate risk, and intersections and non-orthogonal geometry were associated with higher risk. Conclusions: Physically
separated bicycle lanes are associated with lower cyclist injury risk than painted lanes and mixed traffic. The evidence is observational
and heterogeneous, and stronger designs with exposure control are needed.

Keywords: bicycling; environment design; traffic accidents; wounds and injuries; cycling infrastructure; systematic review.

RESUMEN

Introduccién: El ciclismo ofrece beneficios para la salud y el ambiente, pero el riesgo de lesion en el transito desincentiva su uso, y los
efectos de seguridad de los carriles para bicicleta fisicamente separados frente a los carriles pintados o el trafico mixto siguen en discusion.
Métodos: Esta revision sistematica siguidé PRISMA 2020. Se buscd en Scopus, OpenAlex, Crossref, PubMed y Semantic Scholar estudios
comparativos publicados entre 2013 y 2024. Resultados: De 714 registros, se incluyeron 13 estudios. Las vias fisicamente separadas se
asociaron con menor riesgo de lesion o accidente que el trafico mixto o la ausencia de infraestructura, con odds ratios ajustadas de 0,05 a
0,60, equivalentes a 40 a 95 por ciento menores. Los carriles pintados mostraron un riesgo intermedio, y las intersecciones y la geometria
no ortogonal se asociaron con mayor riesgo. Conclusiones: Los carriles para bicicleta fisicamente separados se asocian con menor riesgo
de lesion en ciclistas que los carriles pintados y el tréfico mixto. La evidencia es observacional y heterogénea, y se requieren disefios mas
sélidos con control de la exposicion.

Palabras clave: ciclismo; disefio del ambiente; accidentes de transito; heridas y lesiones; infraestructura ciclista; revision sistematica.
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INTRODUCTION

Bicycling is promoted in transport and health policy because it combines physical activity
with low emissions and low space consumption, yet the mode carries a documented injury burden
that discourages its uptake in cities where cycling is still marginal.(1,2)Cyclists are overrepresented
among traffic deaths relative to their mode share in most high-income countries, and the injury
rate per kilometre travelled remains higher for cycling than for driving, which sustains the percep-
tion that the mode is unsafe.(3,4)

The perceived and objective risk of collision with motor vehicles is repeatedly identified as
the strongest deterrent to cycling, and the excess risk concentrates where cyclists share space
with faster and heavier traffic on major urban roads.(3,4)This pattern explains why the provision of
dedicated infrastructure, and above all physical separation fromn motor vehicles, has become the
central instrument of cycling safety policy in the cities that have increased cycling while reducing
cyclist casualties.(5,6)

The policy relevance is heightened by the pace of implementation: protected lanes are now
built faster than the evaluation literature accumulates, so cities frequently commit to a design
standard on the strength of evidence generated in different traffic cultures and for different facility
geometries.(7)

In that policy context, the protected bicycle lane, a facility in which a kerb, parked vehicles or a
planted buffer separates cyclists fromm moving traffic, has spread rapidly across North America and
Europe over the past decade, and its safety performance is now the decisive question for transport
planners choosing among facility types.

The available syntheses converge on the observation that bicycle-specific infrastructure is
associated with lower injury risk than mixed traffic, but they diverge regarding the magnitude of
the protection and, for some facility types, even its direction.(8,9)

Earlier reviews could draw on few studies that controlled for cycling exposure, which weakens
the interpretation of route-level risk estimates and leaves open the possibility that protected faci-
lities simply concentrate existing riders rather than reduce risk per kilometre travelled.(3,10)

Primary studies published after those reviews, including case-crossover analyses in Canada
and the United Kingdom and before-after evaluations of North American cycle tracks, reported
protective effects of separation but with estimates that range widely across designs, outcome
sources and settings.(11-13)

A critical review of the safety impacts of bicycle infrastructure concluded that the field re-
mains fragmented across exposure definitions, outcome sources and study designs, which limits
what planners can infer about protected lanes in particular.(7)

Reviews also differ in scope: some cover all cycling infrastructure without isolating separation,
others focus on a single country or a single outcome source, and none of the recent syntheses
treats the protected-versus-painted comparison as its central question.(9,14)

A further gap is the comparator itself: painted lanes and mixed traffic are often treated as a
single reference condition even though they pose different risks, so the specific advantage of se-
paration over paint is rarely isolated, and this is the gap that the present review addresses directly.

The objective of this review was to synthesize comparative studies published between 2013
and 2024 that relate cyclist injury or crash risk to physically separated bicycle lanes, painted bicycle
lanes and mixed traffic.

The review question follows the PECO format: among cyclists in urban settings, are physically
separated bicycle lanes associated with lower injury risk than painted lanes or mixed traffic? The
evidence is organized around four thematic axes that structure the results and the discussion: se-
paration versus mixed traffic, separation versus painted lanes, intersections and street design, and
network-level built environment effects. Each axis closes with the number of studies that support
it, so that the breadth of evidence behind each conclusion can be weighed separately rather than
treating the review as a single undifferentiated vote count.

METHODS

The review followed the PRISMA 2020 statement for reporting.(15)Eligibility followed the PECO
framework. The population comprised cyclists of any age riding in urban or metropolitan settings.
The exposure was a physically separated or protected bicycle facility, understood as a cycle track,
a kerb-separated lane or a parking-protected lane with a physical barrier between cyclists and
motor traffic. The comparators were painted or buffered bicycle lanes and mixed traffic without a
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dedicated facility.

The outcome was any cyclist injury, collision or crash expressed as a rate, an odds ratio, a risk
ratio or a severity measure. Eligible designs were observational studies with a comparative or expo-
sure-controlled component: case-crossover, case-control, cohort, cross-sectional and before-after
studies. Records published between 2013 and 2024 in English were eligible, and peer-reviewed
journal articles and academic reports were both admissible. The window was fixed to the years
2013 through 2024 to match the target volume, and studies published after 2024 were not eligible
even when retrieved incidentally during the searches. Studies reporting only conflicts or surrogate
events without an injury or crash were treated as outside the outcome criterion. Simulation studies,
studies of perceived safety alone and studies without an injury or crash outcome were excluded.

Searches were conducted in Scopus, OpenAlex, Crossref, PubMed and Semantic Scholar,
restricted to records published between 2013 and 2024. Scopus was searched first with field-res-
tricted queries, and the remaining databases were searched for coverage, because the field spans
transport engineering, injury epidemiology and public health.

The core strategy combined terms for separated cycling facilities with terms for injury outco-
mes. The Scopus query was TITLE-ABS-KEY(“protected bike lane” OR “protected bicycle lane” OR
“cycle track” OR “separated bicycle lane” OR “segregated cycle lane”) AND TITLE-ABS-KEY(“injury”
OR “crash” OR “collision” OR “safety”) AND PUBYEAR > 2012 AND PUBYEAR < 2025.

Three further Scopus queries were run for the core set: one combining facility terms such as
bicycle lane, bike lane, cycle lane and cycleway with injury terms and separation terms; one com-
bining cycling or bicycle infrastructure with injury, crash, safety or risk terms; and one combining
bicyclist or cyclist with injury risk, crash risk or crash rates and infrastructure, route type, facility
type or road environment terms.

In OpenAlex, Crossref and Semantic Scholar the queries combined protected bicycle lane,
cycle track and separated bicycle lane with injury, crash and safety, and in PubMed a MeSH-style
guery combined bicycling, injuries and environment design with bicycle lane and cycle track. Su-
pport searches combined cycling safety, bicycle safety and cyclist safety with infrastructure, envi-
ronment and design, and combined Vision Zero and road safety with cycling and active transport.
Each Scopus query was recorded with its date and result count, and the same terms were adapted
to the syntax of the other sources.

Records were deduplicated across sources and screened by title and abstract. Duplicates
were identified by matching DOls and, when DOls were absent, by normalized title and first author.

Decisions at title and abstract were made against the explicit PECO criteria, and any record
that met the population and outcome criteria even partially was retained for full-text review. Bor-
derline records were carried forward to full text rather than excluded for lack of information. Records
judged potentially eligible proceeded to full-text assessment, which was limited to reports available
in open access or through institutional repositories. Full-text exclusions were coded by exposure,
outcome, design, language or duplicate report, and the counts at each stage were recorded to
construct the PRISMA flow diagram.

For each included study a single reviewer extracted the study identifier, country and city, study
design, sample size and population characteristics, the exposure and comparator definitions, the
outcome definition and data source, and the main estimate with its confidence interval, plausibility
interval or standard error where reported. Data were taken from the full text where available and
cross-checked against the abstract.

No imputation of missing estimates was performed, and estimates were transcribed as re-
ported rather than recomputed. Extraction was recorded in a structured table, and the risk-of-bias
ratings were kept alongside the extracted estimates so that each conclusion in the synthesis could
be traced to its source study. Screening decisions, retrieval outcomes and the final inclusion set
were kept in a workflow file that also generated the flow diagram counts, which were computed
from the recorded decisions rather than adjusted by hand.

Risk of bias was appraised with domains adapted from ROBINS-| for non-randomized studies
of interventions:(16)control for cycling exposure, outcome ascertainment, and design-related con-
founding. Control for exposure was judged adequate when cycling volumes or modelled routes
entered the analysis; outcome ascertainment was judged by the data source, with hospital and
trauma records preferred over police records because police data under-report single-bicycle cras-
hes; and design-related confounding was judged by whether the design removed stable personal
or route-selection confounding.

Each study was rated as low, moderate or high concern overall, and ratings were assigned
only when the reported methods supported them. Ratings were not lowered when information
was absent; a study with no usable exposure measure was rated high concern on that domain
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rather than given the benefit of the doubt.

Because designs, exposure definitions and outcome measures differed across studies, a na-
rrative synthesis organized by thematic axis was performed. The four axes were defined before
synthesis and correspond to the comparisons in the PECO question. Within each axis the direction
and range of the reported estimates were described, and the number of studies supporting each
conclusion was counted from the extraction table.

The synthesis therefore reports, for each axis, the number of supporting studies and the
range of their main estimates, and it distinguishes studies that controlled for exposure from those
that did not, because the exposure-controlled studies carry more weight in the narrative than the
ecological and descriptive ones. Meta-analysis was not undertaken; pooling route-level odds ratios
with network-level frequency models and severity analyses would not produce an interpretable
estimate, and the reported measures of uncertainty were not compatible across designs.

RESULTS

Study selection

Database searches identified 714 records, of which 169 duplicates were removed and 545
records were screened by title and abstract. Scopus contributed 385 records, OpenAlex 110, Pub-
Med 99, Crossref 60 and Semantic Scholar 60. After excluding 493 records at title and abstract, 52
reports were sought for retrieval; 38 reports were not retrievable in open access, most because the
full text sat behind a publisher paywall.

The records excluded at title and abstract were predominantly studies of perceived safety,
behaviour or simulation, and studies of other road users or other modes, which the eligibility cri-
teria removed because they did not report an injury or crash outcome for cyclists. Of the 14 reports
assessed for eligibility, 1 was excluded because the exposure did not correspond to a separated
facility, leaving 13 studies included in the synthesis (Figure 1).

Figure 1. PRISMA 2020 flow diagram of study selection.

5 Records identified from
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in review
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Characteristics of included studies

The included studies were conducted in six countries across North America, Europe and
Oceania.(17-29)

Designs comprised two case-crossover studies,(18,19)one case-control study,(20)two ecological
crash frequency models,(21,26)one risk translation modelling study,(24)and seven cross-sectional
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or regression analyses of crash and injury records.(17,22,23,25,27-29)

Four studies relied on police-reported collisions,(19,20,23,28)two used hospital or emergency
department records,(18,29)one combined ambulance and police records,(17)and the remainder
used crash registries, trauma data or modelled combinations of secondary sources.(21,22,24-27)

Five studies controlled directly for cycling exposure through counts, modelled routes or a
case-crossover structure. Sample sizes ranged from 683 injured cyclists in the Canadian severity
studies to 7088 crashes in the San Francisco Bay Area, and the two Copenhagen models analysed

5349 cyclist-motorist collisions across the region. The studies are summarized in (Table 1).

Table 1. Characteristics of the 13 included studies.

Study Country Design Exposure Outcome Main estimate
van Petegem N — Cross-sectional Cycle tracks vs cycle lanes e 50-60% fewer crashes on
et al. 2021 network crash model vs mixed traffic Y cycle tracks
Harris et al. Canada Case-crossover Cycle tracks, local streets, Bicveling iniur aOR 0.05 (0.01-0.59) cycle
2013 major streets yeling injury tracks
Adams and United o Protected vs advisory lanes Iniury odds 40-65% lower with
Aldred 2020 Kingdom VS none Jury protection
Bitllizime i el New Zealand Case-control Qn-road ;ycle Iangs, Blcylee-motor Lower risk with cycle lanes
2018 driveways, intersections vehicle crash
Prato et al. Ecological Poisson- Collision Paths safer, suburban
Denmark Infrastructure and land use .
2016 lognormal frequency benefit
Teschke et al. Canada Cross-sectional 14 route types Crash Motor vehicle collisions on
2014 descriptive YP circumstances major streets
Asgarzadeh et United Cross-sectional log- Intersection and street Iniury severit RR 1.37 non-orthogonal
al. 2016 States binomial design Jury Y intersections
Uernigeom e Canada R trans_latlon Separated cycle tracks Pr(_ev'enfcable 152.9 injuries prevented
al. 2021 modelling injuries
Cripton et al. Garech Cross-sectional Route and crash Iniury severit Motor vehicle collision
2015 logistic characteristics ury Y raised severity
Aaigleln zi Denmark Sl f_requency— Infrastructure and land use iz frequgncy Paths increase safety
Prato 2015 severity model and severity
Tao et al. 2021 Unilzse Szt performance Exposure inclusion Crash r_|sk Exposure improves fit
States functions prediction
Barajas 2018 Unhize Creszsseion:| sy Built environment Crash frequency Infrastrupturfa did not
States group reduce minority crashes
Goerke et al. United . 5 " " " 5 " Lower ISS with more lane
2020 SiEies Retrospective cohort Citywide bike lane miles Injury severity s
Note: aOR = adjusted odds ratio; RR = risk ratio; ISS = injury severity score.
Risk of bias

Risk of bias varied across designs. The two case-crossover studies carried low concern because
each injured cyclist served as his or her own control, which removes stable personal confounding
such as age, experience and habitual route preference.(18,19)

The ecological and cross-sectional studies carried moderate to high concern, mainly because
cycling exposure was approximated or absent and because outcome ascertainment relied on police
records that under-report single-bicycle crashes and low-severity events.(21,22,26-28)

Three studies were rated high concern overall on account of a descriptive design, a modelling
exercise without an empirical comparison arm, or ecologic exposure assignment.(22,24,28)No study
was rated low concern across all three domains simultaneously, and the ratings are summarized
per study (Table 2).
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Table 2. Risk of bias assessment of the included studies.

Study Exposure control Outcome ascertainment Design-related confounding Overall
van Petegem et al. 2021 Low Low Mod Mod
Harris et al. 2013 Low Low Low Low
Adams and Aldred 2020 Mod Mod Low Mod
Williams et al. 2018 High Mod Mod Mod
Prato et al. 2016 Low Mod Mod Mod
Teschke et al. 2014 Mod High High High
Asgarzadeh et al. 2016 High Mod Mod Mod
Thompson et al. 2021 Mod High High High
Cripton et al. 2015 Mod High Mod Mod
Kaplan and Prato 2015 Low Mod Mod Mod
Tao et al. 2021 Low Mod Mod Mod
Barajas 2018 Mod Mod High High
Goerke et al. 2020 High Low Mod Mod

Note: Ratings reflect concern of bias. Low = low concern; Mod = moderate; High = high concern.

Separated facilities versus mixed traffic

The available evidence converges on a protective association between physical separation
and injury or crash risk when cyclists are compared with mixed traffic on major roads. A network
analysis of distributor roads in Amsterdam found 50 to 60 percent fewer bicycle crashes on roads
with cycle tracks than on roads with cycle lanes, after controlling for kilometres travelled by bicycle
and by motor vehicle, and it used ambulance records so that single-bicycle crashes that police
data miss were retained in the outcome.(17)

The same analysis identified two risk factors that accompany separation and can be mitigated
in design: curbside parking was associated with roughly twice the crash likelihood and tram tracks
with a factor between 1.7 and 2.(17)

A case-crossover study in Vancouver and Toronto estimated that cycle tracks at non-inter-
section locations carried an adjusted odds ratio of 0.05 for injury relative to major streets without
bicycle infrastructure, and that local streets with diverters that reduce motor traffic carried an
adjusted odds ratio of 0.04, while downhill grades increased risk at both intersection and non-in-
tersection locations.(18)

In London, protected cycle infrastructure reduced the odds of injury by 40 to 65 percent
during the morning commute relative to no infrastructure, whereas advisory lanes increased the
odds by 34 percent, in an analysis of 2876 injury points and 5754 control points drawn from police
records restricted to weekday morning utility trips.(19)

Of those injury points, 2494 were classified as slight injuries, 375 as serious and 7 as fatal, and
the analysis was confined to weekday collisions between 7 and 10 in the morning so that the route
prediction algorithm would reflect utility trips.(19)

A modelling study applied these relative risks to a Toronto corridor and estimated that fully
separated cycle tracks would prevent roughly 153 injuries and 0.9 fatalities over ten years at current
ridership, with plausible intervals from 61 to 213 injuries.(24)

Consistent with the route-level estimates, a retrospective cohort in Minneapolis found that
each additional mile of bike lane in the city was associated with a lower injury severity score among
admitted cyclists and with lower odds of severe head injury, although the exposure was assigned
ecologically across the city rather than at the crash site and mortality did not change.(29)

Across the 5 studies in this axis, the direction of the association was uniform and the magni-
tude ranged from a 40 percent to a 95 percent reduction in injury or crash odds.

Separated versus painted lanes

The evidence diverges regarding the advantage of separated facilities over painted lanes,
and the divergence tracks the exposure definition used in each study. The Amsterdam analysis
estimated 50 to 60 percent fewer crashes on cycle tracks than on marked cycle lanes, and it is
the only included study to compare the two facility types directly with complete control for both
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cycling and motorized exposure.(17)

The London case-crossover reported the complementary finding that protected infrastructure
lowered injury odds while advisory painted lanes raised them by 34 percent, implying a large gap
between separation and paint rather than a continuous gradient.(19)

The case-crossover study in Vancouver and Toronto found cycle tracks protective and pain-
ted lanes on major streets not clearly distinguishable from no infrastructure at non-intersection
locations, which suggests that paint alone does not reproduce the protection of separation.(18)

A descriptive analysis of route types in the same cities documented that collisions with motor
vehicles, including doorings, were overrepresented on major streets with parked cars, which is the
configuration that a painted lane does not resolve because the lane itself remains inside the door
zone, and it showed that the crash circumstances themselves differ by route type.(22)

A case-control study in Christchurch found on-road cycle lanes associated with lower crash
odds than sites without them across all four of its route-selection models, although it did not iso-
late physically separated facilities from painted ones, and it identified driveways and intersections
as features that increased crash odds, which places that study between the painted-lane and the
intersection axes.(20)

Across the 5 studies, separation was never found to be less safe than a painted lane, and three
of the five studies quantified a meaningful protective margin for the separated facility.

Intersections and street design

The included studies agree that intersections concentrate cyclist injury risk and that the
design of the intersection modifies the protective effect of the approach infrastructure. The ca-
se-crossover analysis reported that cycle tracks were protective away from intersections but that
traffic circles on local streets raised injury risk markedly with an adjusted odds ratio of 7.98, and
that motor vehicle speeds below 30 kilometres per hour reduced risk with an adjusted odds ratio
of 0.52.(18)

A study of bicycle-motor vehicle crashes in New York City found that non-orthogonal inter-
sections carried a risk ratio of 1.37 for severe injury relative to orthogonal intersections, and that
non-intersection street segments carried a risk ratio of 1.31, while crashes involving a truck or bus
were about twice as likely to be severe and street width was not significantly associated with se-
verity.(23)

An analysis of injury severity in Toronto and Vancouver identified collision with a motor vehicle
and higher vehicle speeds as the factors most consistently associated with more severe injuries
across four severity metrics, which the authors interpreted as an argument for separating cyclists
at and near intersections.(25)

Among the 683 injured adults in that dataset, 528 did not continue their trip by bicycle, 251
were transported by ambulance and 60 were admitted to hospital, and the severity pattern was
consistent across the four metrics.(25)

A joint frequency and severity model for the Copenhagen region similarly emphasized that
intersection design, and not only the approach treatment, conditions cyclist safety across the ne-
twork, and it reported that the most severe crashes benefit most from higher cyclist numbers.(26)

Across the 4 studies, the evidence is consistent that intersection geometry and turning mo-
vements can offset the protection gained on separated mid-block segments.

Network, built environment and exposure effects

Irrespective of the facility type studied, the network-level studies converge on the conclusion
that infrastructure effects are contingent on exposure, land use and urban context. An ecologi-
cal model of cyclist-motorist collisions in the Copenhagen region confirmed a safety-in-numbers
pattern and found that bicycle paths increased safety most in suburban areas where the speed
differential between cyclists and motorists is largest.(21)

That model was estimated over 269 traffic zones and controlled for bicycle and motorized
exposure, which allowed it to separate the effect of paths from the effect of the volume that the
paths themselves attract.(21)

The companion severity model added that the most severe crashes benefit most from in-
creases in cyclist numbers, which links aggregate exposure to injury severity rather than only to
crash frequency.(26)

In Minneapolis, safety performance functions that incorporated pedestrian and bicycle expo-
sure changed the spatial distribution of predicted high-risk locations, including the share located
in low-income and racially concentrated areas, and improved model validity and goodness of fit
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relative to models without exposure.(27)

The Minneapolis findings carry a further implication for evaluation: without exposure terms,
the ranking of high-risk locations changes, which means that infrastructure benefits measured
without exposure can be attributed to the wrong places.(27)

In parallel, an analysis of the San Francisco Bay Area found that high poverty and high land-
use intensity were associated with more crashes overall, while bicycle infrastructure and low-traffic
streets did not reduce crash frequency among Black and Hispanic cyclists, a divergence from the
route-level evidence that documents the role of neighbourhood context and historical disparities
in who benefits from facilities.(28)

Across the 4 studies, infrastructure was protective or neutral depending on exposure and
equity context, and none of the studies supported a claim that facilities alone equalize risk across
population groups (Table 3).

Table 3. Synthesis of the evidence by thematic axis.

Thematic axis Studies (n) Direction of evidence Range of reported estimates
Separated facilities versus mixed traffic 5 Consistently protective aOR 0.04 to 0.60
- 0, - i (o)
Separated versus painted lanes 5 Protective or neutral 0 s crashr?gei,eardwsory Jazs S
Intersections and street design 4 Elevated risk at intersections RR 1.31 to 1.37; aOR 7.98 traffic circles
Network and built environment effects 4 Context dependent Direction only

Note: aOR = adjusted odds ratio; RR = risk ratio.

DISCUSSION

The principal implication of the synthesized evidence is that physical separation is the infras-
tructure attribute most consistently associated with lower cyclist injury risk, and that the margin of
protection is largest exactly where cyclists otherwise share the carriageway with motorized traffic.

The association is coherent across route-level and network-level studies, across countries with
very different cycling cultures, and across designs that vary from self-controlled case-crossover
analyses to ecological frequency models, which reduces the likelihood that the finding is an artifact
of a single method or setting. The policy corollary is that replacing mixed traffic or painted lanes
with physically separated cycle tracks on major urban roads is supported by the available eviden-
ce, while the protection granted at mid-block locations does not extend automatically through
intersections, where design remains decisive.

The protective estimates in this review are consistent with earlier studies that preceded the
2013 window and were therefore used only as context. The case-crossover analysis of Vancouver
and Toronto reported that cycle tracks carried about one ninth of the injury risk of major streets,
an estimate close in direction to the odds ratio of 0.05 reproduced in the present set.(11)

A street-level comparison in Montreal found lower injury risk on cycle tracks than on the
street, and a review of urban cycle track safety reached the same qualitative conclusion from a
much thinner evidence base.(8,30)

The Cochrane review of cycling infrastructure concluded that the field lacked studies with
adequate exposure control, a gap that the Amsterdam analysis and the two case-crossover studies
in this review have since begun to fill.(9,17-19)

There are also discrepancies that require explanation. The Cochrane review and some early
North American reports were unable to demonstrate a clear benefit of bicycle lanes, whereas the
exposure-controlled studies in this review find painted lanes either intermediate or not distingui-
shable from no infrastructure.(9,18,19)

The most plausible source of the discrepancy is the treatment of exposure: studies that fail to
control for where and how much people cycle conflate the attraction of riders to a facility with the
risk that the facility confers, a bias that the Minneapolis safety performance functions document
directly.(27)

A further discrepancy concerns intersections, where early reviews reported mixed effects of
cycle tracks, and the included studies resolve this by separating mid-block protection from inter-
section risk.(7,8) The United States evaluation of protected bike lanes adds the nuance that not
all protected lanes perform alike, because crash risk varied by design features and intersection
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treatment rather than by the presence of a barrier alone, which cautions against treating protected
lanes as a homogeneous category.(31)

The United States cycle track studies illustrate the same point: crash rates on American cycle
tracks were higher at intersections than mid-block, which mirrors the intersection finding of the
present review and explains why early before-after evaluations without exposure control produced
null or mixed results.(12)

The on-road lane-type analysis adds that buffered and protected designs are not interchan-
geable with conventional paint, and that risk varies with roadway characteristics, a conclusion the
Amsterdam and London studies quantify directly.(13,17,19)

Apart from these points, the field agrees that severity, and not only crash frequency, responds
to separation, as the Copenhagen and Toronto severity analyses indicate.(25,26)

A second convergent finding concerns severity rather than frequency. The two Canadian
severity analyses and the Minneapolis cohort all report that the same exposure that lowers crash
frequency also lowers the severity of the injuries that do occur, which matters for hospital burden
even when the crash count is unchanged.(25,29)

This finding aligns with the Copenhagen severity model, which found that the most seve-
re crashes benefit most from higher cyclist numbers, and it strengthens the case for separation
because it implies that the intervention acts on the mechanism of injury rather than only on the
probability of a collision.(26)

Plausible mechanisms explain the observed pattern. Separation removes the two interac-
tions that dominate serious cyclist injuries, the overtaking conflict and the door-zone conflict, and
it reduces the speed differential at the point where a conflict would occur, which the Amsterdam
and Canadian analyses identify as the operative variables.(17,18,25)

At intersections the same mechanisms weaken because turning movements re-establish
the crossing conflict that the barrier suppresses mid-block, which is consistent with the elevated
estimates for non-orthogonal geometry and traffic circles.(18,23)

The safety-in-numbers pattern provides a complementary mechanism at the network scale,
because higher cycling volumes reduce the per-rider collision rate and the most severe crashes
benefit most, as the Copenhagen models and the earlier volume-risk literature report.(21,26,32)

A related mechanism is route substitution: protected facilities attract riders away from busier
roads, so part of the measured benefit may reflect the change in where cycling occurs rather than
the physical barrier alone, which the case-crossover designs mitigate by sampling controls from
each rider’s own route.(18,19)

The mechanisms are not mutually exclusive, and their relative contribution probably differs
between settings: in cycling-dominant cities the safety-in-numbers effect dominates, whereas in
car-dominant cities the protective effect of the barrier itself is the more visible margin, which would
reconcile the larger relative reductions reported in North American and British studies with the
smaller absolute risk differences observed in Dutch and Danish networks.(17-19,21)

Heterogeneity across the included studies has three identifiable sources. The first is the outco-
me source: police records capture collisions with motor vehicles well but under-report single-bicycle
crashes and low-severity events, and hospital and trauma registries measure severity rather than
incidence, so the same facility can appear protective in one source and neutral in another.(14,33,34)

The second is the level of analysis: route-level studies estimate risk conditional on a chosen
route, whereas network and zone-level studies estimate frequency and are vulnerable to the ag-
gregation and exposure problems that single-bicycle crash reviews describe.(21,35)

The third is the comparator, because painted lanes, advisory lanes and mixed traffic are not
interchangeable categories, and two included studies quantify that advisory paint differs from full
separation by a factor of about two in injury odds.(17,19)

Design heterogeneity also constrains the summary: the case-crossover studies estimate the
within-rider change in risk attributable to the route environment, the ecological models estimate
area-level frequency, and the severity analyses condition on having crashed, so the three quantities
are related but not identical, and a single pooled estimate would blend them illegitimately.(18,21,25)

This is why the synthesis reports direction and range per axis rather than a combined number,
and why the range from a 40 to a 95 percent reduction should be read as a bracket of estimates,
not as a confidence interval around one true value. The direction of every exposure-controlled
estimate nonetheless points the same way, which is the more informative summary given the
measurement differences. These sources of heterogeneity do not invalidate the protective finding,
but they explain why a single pooled estimate would misrepresent the evidence.

The thematic axes are related rather than independent, and the relations explain the re-
maining disagreements in the literature. The separation axis and the intersection axis interact:
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the benefit of a cycle track measured at mid-block is diluted when the route passes through a
non-orthogonal or signalized intersection, which is why the Amsterdam and Vancouver estimates
of separation are lower than a naive comparison of cycle track against major street would suggest.
(17,18,23)

The network axis qualifies the equity claim that often accompanies infrastructure investment,
because facilities that reduce risk for riders who already use them do not automatically reduce risk
in the neighbourhoods that need them most, a point made independently for the San Francisco
Bay Area and for Canadian census cohorts.(28,36)

The built-environment evidence around bike-share stations reinforces the same conclusion,
because crash risk there tracks street context as much as the presence of a facility.(37)

The exposure axis is the common thread: wherever cycling volume was modelled or measu-
red, the estimated effect of infrastructure changed materially, which indicates that future evalua-
tions must treat exposure as a design requirement and not as an optional adjustment.(10,27,32)

The review has strengths that temper its limitations. The search combined five databases, and
the core studies all controlled for cycling exposure through counts, modelled routes or self-contro-
lled designs, which addresses the weakness that earlier reviews identified as decisive. The included
studies span six countries and both cycling-dominant and car-dominant settings, so the protective
association is not confined to one national context, and the thematic organization makes the com-
parison between separated and painted facilities explicit rather than buried in a pooled estimate.

The inclusion of both route-level and network-level designs also allows the review to show
where the two levels agree and where they diverge, which a single-level review would not detect.
Finally, the review records the direction and range of estimates rather than a single pooled figure,
which preserves the uncertainty that the heterogeneous designs imply.

The implications for practice follow directly from the axes. Cities that aim to reduce cyclist
injury risk should prioritize physically separated facilities on high-speed, high-volume roads, extend
the separation design through intersections, and pair infrastructure with speed management on
the surrounding network, which the European evidence on 30 kilometre per hour zones supports
as a complementary measure.(38,39)

The equity evidence cautions against treating mileage of new lanes as a sufficient indicator of
safety benefit, because the distribution of infrastructure across neighbourhoods and rider groups
conditions who receives the protection, and planning practice can respond by locating protected
facilities where crash and injury concentration is highest and by pairing them with the exposure
monitoring that the Minneapolis work shows is necessary to know whether the intervention rea-
ched the intended riders.(27,28,36,40)

For research, the priority is exposure-controlled evaluation of protected lanes against painted
lanes, a comparison that only one included study performed with complete counts, together with
standardized reporting of effect estimates to enable future meta-analysis.(17,41)

Standardized reporting would also allow the severity and frequency effects to be combined
into a single estimate of injury burden, which the current literature reports separately. Individual-le-
vel safety measures such as helmets have been reviewed extensively and remain relevant, but they
do not substitute for the environmental separation that the route-level evidence associates with
lower risk.(42,43)

Three research questions follow from the gaps: whether the protective margin of separation
over paint persists once mode shift and route substitution are accounted for; whether the inter-
section penalty can be reduced by protected intersection designs that are only beginning to be
evaluated; and whether infrastructure reduces injury risk in the populations and neighbourhoods
that currently bear the highest crash burden, which the equity evidence suggests is not automatic.
(18,28,36)

The wider literature on cycling cities adds the observation that safety and ridership rise toge-
ther, which suggests that the protective association documented here may strengthen as networks
mature and the safety-in-numbers effect operates at city scale.(1,6,44)

CONCLUSIONS

Physically separated bicycle lanes are associated with lower cyclist injury risk than painted
lanes and mixed traffic, with the largest and most consistent reductions observed against mixed
traffic on major roads, and with intersections remaining the locations where the protection of
separation is most easily lost. The comparison between separated and painted facilities rests on
few exposure-controlled studies and indicates an intermediate, less consistent position for paint.
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The evidence is observational, heterogeneous across outcome sources and levels of analysis,
and unevenly distributed across countries and population groups, so the conclusions are provisional
rather than definitive and should be read as support for a direction of infrastructure policy, not as
a precise effect size. Until exposure-matched prospective evidence accumulates, the direction of
the association, rather than its exact magnitude, should guide facility selection. Stronger evidence
requires prospective exposure-matched designs, linked injury records and standardized reporting
of separated, painted and mixed traffic conditions.
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