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Abstract
Background
Cities globally have started to make substantial investment in more sustainable forms of transportation. We aimed to evaluate whether the construction of new cycling infrastructure in Paris and Lyon, France, affected population cycling activity along new or improved routes.

Methods
Routinely collected cycle count data from January 2014 to March 2020 were acquired for the cities of Paris and Lyon. Improvements were identified at 15 locations with 6 months of pre- and post-intervention data. Comparison streets were chosen within Paris or Lyon for which pre-intervention trends in cycling were similar to those at intervention sites. Controlled interrupted time series analyses and autocorrelation were performed adjusting for seasonality. Random-effects meta-analysis combined results across streets within each city and overall.

Results
On average, cycling counts/day increased on both intervention and control streets in Paris and Lyon. In general, results of the ITS analysis indicated no significant change in the level or trend as a result of the improvements in either city. Meta-analysis suggested that intervention streets in Paris had a larger positive pooled effect size for level change (218 cycle counts, 95% CI -189, 626, I2 = 0%) compared to Lyon (34, 95% CI -65, 133, I2 = 14%); however, confidence intervals for both cities were wide and included no effect.

Conclusions
The findings suggest that improving or constructing new cycle lanes may be necessary but not sufficient to induce significant changes in cycling levels. There is a need to understand how context, intervention design and other complementary interventions can improve the effectiveness of new cycling infrastructure.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12966-022-01313-0.
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Background
With almost 70% of the world population predicted to live in urban environments by 2050 [1, 2], how we design our cities is increasingly important. Across the globe, many cities have historically been designed to prioritise car use rather than more active and sustainable modes of transportation, such as walking and cycling [3, 4]. Motor vehicle use is not only a significant source of carbon emissions, which contribute to worsened air quality and climate change, but it also reduces opportunities for physical activity. Inactivity and poor air quality have been associated with increased risk of mortality and various chronic diseases, such as cardiovascular disease, respiratory illness, obesity, several types of cancers, and depression [5, 6].
Transport policies that encourage walking and cycling instead of driving offer opportunities to tackle these pressing health and environmental challenges. One strategy for reducing car dependency and promoting active travel is constructing or improving cycle lanes. Systematic reviews of natural experimental studies have found that these interventions have been effective in increasing levels of cycling [7–9]. However, many studies were found to be of low quality or have a high risk of bias, with few studies having control areas or streets and limited adjustment for potential confounders [7, 8, 10]. Studies also tended to use repeat cross-sectional designs with two time points to assess change, meaning the analyses could not account for baseline trends [7, 9, 10].
More robust analytical approaches such as interrupted time series (ITS) analysis have been rarely used to evaluate new cycling infrastructure [11], perhaps due to the large number of time points needed. Strengths of controlled ITS include that it makes full use of the data, accounts for differences in underlying baseline trends, and takes into account other potential confounders such as co-interventions or contemporaneous events [12–14]. It has been widely used in public health research to examine a large variety of interventions, such as cycle helmet laws, infectious disease control, and public health mass media campaigns such as air quality alert programs [15–18].
There are growing opportunities to evaluate the impacts of new infrastructure with continuous monitoring data collected in real time from automatic counters, remote-sensing mobile applications and the like, particularly where these are publicly available [19]. For example, in France, cities such as Paris and Lyon have monitored cycling levels on streets across the city and recently prioritized improving their cycling infrastructure as part of their transportation strategies. Using a controlled ITS analysis, we evaluate whether and how the construction of different individual segments of cycling infrastructure introduced between 2014 and 2019 affected cycling levels in Paris and Lyon.
Methods
Intervention
Many cities in France have invested in their cycling networks to promote active travel and reduce vehicular emissions. Among the most ambitious are Paris, the capital and most densely populated city (20,300 inhabitants per square kilometre), and Lyon, the third most densely populated city (10,000 inhabitants per square kilometre). Both cities have similar climates, generally flat terrains and relatively well-connected public transport networks, with low cycling mode shares of approximately 3% before interventions were introduced [20, 21]. Each city also included targets such as increasing the number of traffic-calmed streets by introducing 30 km (km)/hour zones or adding cycle parking; they also included subsidies for cargo or electric bikes [22–24]. However, there are several differences between the two cities’ respective plans involving other policies that may influence cycling levels. Paris implemented annual and weekly car-free days (Journée Sans Voiture and Paris Respire) in certain neighbourhoods and a series of low emission zones which have restricted older diesel vehicles from entering the city [25–27].
Each city’s cycling plans involved expanding the length of its cycle lanes (from 730 to 1400 km in Paris and from 520 to 920 km in Lyon) [22, 24]. This study evaluates changes made to the 18 streets for which before and after cycle count data are available. Table 1 describes the infrastructural changes made to each intervention street included in this study. Cycle lanes were lengthened by between 0.1 and 2.0 km. In most cases in both cities, the space dedicated to cyclists was widened (13/18 streets). Paris mostly introduced physically separated lanes (5/8 streets) and allowed cyclists to go both with and against traffic (i.e., bidirectionally). In addition to constructing physically separated lanes (3/10 streets), the city of Lyon installed more diverse infrastructure (3/10 streets), which included adding shared lane markings (2/10 streets), installing painted cycle lanes (3/10 streets), and converting painted cycle lanes to shared bus lanes (2/10).Table 1Changes in cycle lane features in intervention streets


	Intervention street
	Increase in length (km)
	Width
	Infrastructure type a
	Direction b

	Paris

	  Rue de Rivoli
	1.7
	Increase
	Added physically segregated cycle lane
	Added bi-directionality

	  Boulevard Voltaire
	1.4
	Increase
	Added physically segregated cycle lane
	Added bi-directionality

	  Rue Julia Bartet*
	0.3
	No change
	No change
	No change

	  Boulevard Diderot
	0.1
	Increase
	Added painted cycle lane
	No change

	  Rue d'Aubervilliers
	0.3
	Increase
	No change
	Added bi-directionality

	  Avenue de la Porte des Ternes
	0.2
	No change
	Added physically segregated cycle lane
	No change

	  Rue de Turbigo
	0.2
	Increase
	Added physically segregated cycle lane
	Added bi-directionality

	  Rue Lecourbe
	0.6
	Increase
	Added physically segregated cycle lane
	Added bi-directionality

	Lyon

	  Rue Victor Lagrange
	0.5
	Increase
	Added shared lane marking (sharrow)
	Added contra-traffic direction

	  Quai Hippolyte Jaÿr
	0.2
	Increase
	Added physically segregated cycle lane
	Added bi-directionality

	  Cours Gambetta
	0.4
	Decrease
	Converted cycle lane to shared bus lane
	No change

	  Quai Claude Bernard
	0.6
	Increase
	Added physically segregated cycle lane
	Added bi-directionality

	  Rue de la Viabert
	0.1
	Increase
	Painted cycle lane
	Added bi-directionality

	  Cours Albert Thomas
	1.5
	Decrease
	Converted cycle lane to shared bus lane
	No change

	  Avenue Félix Faure
	0.1
	Increase
	Added painted cycle lane
	Added bi-directionality

	  Rue Vauban
	0.2
	No change
	Added painted cycle lane
	Added contra-flow direction

	  Rue Rabelais
	0.2
	Increase
	Added shared lane marking (sharrow)
	Added contra-flow direction

	  Boulevard Pinel
	2.0
	Increase
	Added physically segregated cycle lane
	Added bi-directionality


* The only change was a new surface treatment of the existing cycle lane
a Sharrows comprise a sign of a bicycle with or without wide arrows painted on road surfaces to indicate where cyclists and motorists should share the road
b Bi-directional cycle lanes refer to cycle lanes which allow cyclists to go with and against traffic on the same side of the road; contra-flow cycle lanes refer to those which allow cyclists to travel against traffic



Data collection
We acquired routinely collected cycle count data from approximately 110 cycle counters (40 in Paris and 74 in Lyon) between January 2014 and March 2020 from an open data repository for Paris [28], or by web-scraping Eco Counter, an online cycle count application for Lyon [29]. Web-scraping involved using Python to extract and export data hosted on the application into a structured format such as a table. These repositories also included datasets on which streets received cycle lane improvements, a brief description of what improvements were made and when they were delivered. When we could not identify information using these methods, we contacted representatives from the city transport authorities by email.
We identified 18 newly built cycle infrastructure improvements from the datasets with cycle count data before the interventions were implemented. Periods of pre-intervention and potential follow-up time differed, as the installation of cycle counters and construction or renovation of cycle lanes did not appear to be systematic. Furthermore, the coronavirus pandemic shortened the follow-up date to March 16, 2020, the date that France entered confinement due to the coronavirus [30]. We did not include travel patterns after this time point because they were not representative of typical behaviour.
Outcome measure
The outcome was daily cycle counts as measured by automatic cycle counters distributed throughout Paris and Lyon. Both cities used ZELT, or permanent cycle counters embedded in the ground which measured counts by detecting the metal in bicycle wheels using induction loop technology (Personal communication, 14 September 2021). These types of cycle counters have been used in other studies, which have reported an accuracy of 94% to 98% in differentiating bikes from other forms of transport such as cars, motorcycles, and larger vehicles [31, 32]. In Lyon, daily counts were presented and therefore for comparability, data for Paris were aggregated from hourly counts to daily counts.
Control streets
Because there were multiple control streets available to choose from for every intervention street, several steps were followed to select control streets. First, potential control streets were selected which had the same 6 month pre- and post-intervention time-period as the intervention street to increase comparability and to ensure all streets shared the same amount of pre-and post-period data. We then plotted pre-intervention trends for each intervention and control street; potential control streets with parallel pre-intervention trends and similar levels to the intervention street were selected. Potential control street cycle counters were mapped to verify they were not in close proximity (< 2 km) to intervention street cycle counters to avoid capturing any potential contamination or displacement (Fig. 1). Lastly, pre-intervention street features (e.g., number of traffic lanes, cycling infrastructure) were compared between potential control and intervention streets using Google Street View to make a definitive selection of control streets. For instance, control streets were selected if their pre-intervention infrastructure was of the same type (e.g., painted cycle lane, shared bus lane, or no cycle lane infrastructure) as those on intervention streets before changes were made. Appendix Table 1 lists intervention streets with their selected control streets.[image: ]
Fig. 1Location of intervention and control streets in Paris and Lyon*


Figure 2 and Appendix Table 2 describe the data assessment periods for each street in Paris and Lyon before and after intervention implementation. It should be noted that several intervention streets, specifically Rue Julia Bartet and Rue d’Aubervilliers in Paris and Rue Victor Lagrange in Lyon, did not have a full six months of follow-up data available due to the coronavirus lockdown restrictions. In addition, a significant portion of the pre-intervention data was missing for Rue de Rivoli, possibly due to the removal of the cycle counter when installing the new cycling infrastructure. For Rue de Turbigo, Rue Lecourbe, and Avenue de la Porte des Ternes, cycle counters were installed less than one month before intervention implementation. We excluded these three streets from the primary analysis due to the shortened pre-intervention period; their results are presented in Appendix Table 3. This left 15 intervention streets that were evaluated in the main analysis.[image: ]
Fig. 2Study period timeline for intervention streets in Paris and Lyon (refer to Appendix Table 2 for exact dates)


Interrupted time series analysis
For each pair of intervention and control streets, a segmented linear regression model was used to estimate the effect of the intervention on the level change (change in level between time points immediately before and after the intervention accounting for the pre-intervention trend) and the change in trend (difference between pre-intervention and post-intervention slopes) for cycling counts [12]. Autocorrelation between residuals was assessed using a partial autocorrelation plot and the Durbin-Watson statistic and incorporated using an autoregressive integrated moving average (ARIMA) model with the nlme package in R [33]. Fourier terms were included in the model to adjust for seasonality using the R package tsModel [34, 35]. Appendix page 4 describes the regression model in full. For Paris, additional parameters were included in the model to account for a transportation strike between December 5, 2019 and January 27, 2020 [36], as this may have impacted cycling levels [37, 38].
Meta-analysis
To assess the impact of the intervention on cycling level and trend, we performed a random-effects meta-analysis using the R package meta to pool estimates of the intervention effect from the different pairs of streets within each city and then across both cities [39]. We also calculated the I2 statistic, the percentage of the variability in effect estimates due to heterogeneity. We conducted all analyses in R (version 4.0.4) [40].
Sensitivity analyses
We performed three sets of sensitivity analyses. The first assessed whether changing the control street selection affected the results. The mean of the values from all potential control streets at each time point was calculated and was used to reflect general city-wide trends. We also examined whether choosing streets which shared the same time-period of data collection as the intervention streets may have changed results, to remove any possible effect of other events which may have occurred during that period. For the second sensitivity analysis, where data were available, the assessment period was extended up to one year both in the pre-and post-intervention period to determine whether intervention effects were present in the longer term. The third analysis introduced a one-month lag effect to assess whether introducing the cycling infrastructure has effects one month after implementation compared to immediate effects at intervention implementation.
Results
Mean changes in cycle counts
Across all intervention and control streets, a mean of 1864 cyclists were counted per day during the study period (Fig. 3). Mean daily cycling counts on intervention streets in Paris increased by 694 (34.5%), while a smaller increase of 338 cyclists (14.7%) was observed on their control streets over the same time period. On intervention streets in Lyon, mean daily cycling counts increased by 327 (24.5%). Mean daily cycling counts also increased by a smaller amount on control streets in Lyon, with an increase of 92 (8.2%).[image: ]
Fig. 3Before and after mean daily cycling counts on intervention and control streets in Paris and Lyon with standard deviations denoted by the error bars


Interrupted time series results
Although there were positive changes in cycling counts on some streets (e.g., 982/day on Boulevard Voltaire), in general, we did not detect an effect of new cycling infrastructure immediately after this was introduced compared to control streets, as shown by the confidence intervals crossing 0 (Fig. 4 and Appendix Table 4). Changes in trend were small and largely non-statistically significant. However, there were a few exceptions: there was a large increase of 168 counts/day (95% CI 11, 325) on Rue Julia Bartet and a decrease of -7 counts/day (95% CI -14, -2) on Cours Gambetta.[image: ]
Fig. 4Estimated effects of intervention for each individual street and combined across streets


The meta-analysis showed that streets in Paris had a greater positive pooled effect size for the level change (218 counts, 95% CI -189, 626, I2 = 0%) than Lyon (34, 95% CI -65, 133; I2 = 14%), although confidence intervals for both cities were wide. The pooled effect size across both cities for changes in level for all streets was small but positive (68, 95% CI -36, 172; I2 = 3%). There were no noticeable changes in pooled cycling count trends for intervention streets compared to control streets, either with each city or across both cities. Appendix Fig. 1 displays an example of an ITS figure for Boulevard Voltaire, where the effects of the public transport strike can be clearly seen.
Sensitivity analyses results
There were no substantial differences in the ITS results using different control groups, extending the study period, or introducing an intervention lag effect of one month (Appendix Fig. 2). There were a few exceptions; for instance, with the comparison group being an average of all control streets, on Boulevard Pinel in Lyon, there was a significant decrease of -313 counts per day (95% CI: -622, -3). Introducing a one-month lag for Rue Gambetta changed the results from a significant decrease to a significant increase in trend of 4 (95% CI 0, 8) (Appendix Fig. 3). After introducing a one-month lag, previously statistically significant results for the level (Rue de Rivoli) and trend (Rue Julia Bartet) were no longer significant.
Discussion
We evaluated the impact of 15 new or improved cycle lanes in Paris and Lyon on cycling using a controlled ITS analysis. Cycle counts increased on both intervention and control streets in Paris and Lyon. Furthermore, there were positive yet non-statistically significant changes on individual streets immediately after (as indicated by the change in level) or six months after the improvements (as indicated by the changes in trend), except on Rue Julia Bartet. As the changes on this street were introduced during the public transport strike, some of the trend changes may be due to more people switching from public transport to cycling as the strike continued. Altogether, however, these findings suggest that improving or constructing new cycle lanes may be necessary but not sufficient to induce significant changes in cycling levels.
We also found that meta-analysis pooled point estimates for changes in cycling counts were larger in Paris than Lyon, which may be attributable to differences in contexts and additional policies introduced in Paris during the study period, such as the introduction of more ‘stick’ interventions (e.g., ban on diesel vehicles). Indeed, some research has suggested that a combination of carrot and stick interventions, which include both positive and negative motivators for active travel, respectively, may be more effective than either alone [41, 42]. Furthermore, the design of the cycle lanes may have been more supportive of increasing cycling levels in Paris than Lyon. Compared to Lyon, there were more cycle lanes separated from motor traffic introduced in Paris, which certain groups of cyclists (e.g., women) have been found to prefer [43, 44]. However, the effects of these differences were not formally assessed, being beyond the scope of the study.
Previous studies using primarily before-and-after study designs have found that increasing the quantity of new or improved cycle infrastructure was associated with increases in cycling behaviour [45–47], only one of which has used an ITS analysis, albeit with an uncontrolled study design [11]. Consistent with the findings of our study, other studies that included a comparison group found either no or unclear effects of improved cycling infrastructure [48, 49]. Some systematic reviews have observed that studies with weaker study designs were more likely to report significant changes in active travel outcomes than those with more robust analytical methods [9]. This is in line with the non-significant findings of our study, which uses a controlled study design with adjustment for baseline trends through ITS analysis.
There may be other reasons we did not find this improved cycle infrastructure to have a statistically significant effect. For example, cycle lanes may not immediately affect cycling levels or may take more than six months to be effective. Other studies have reported a significant change in walking and cycling levels in the longer term [9], including two years after introducing new infrastructure [50]. Furthermore, one systematic review of the effects of cycling infrastructural changes on physical activity found that studies which had an exposure period of fewer than six months were more likely to find that interventions were not effective [7]. The national Covid-19 lockdown in March 2020 greatly affected cycling levels throughout both cities, and this study cannot therefore provide evidence for effects beyond 6 months after infrastructure construction. However, we did test the effect of extending the length of follow-up for as long as possible before the lockdown, and the results of this sensitivity analysis did not differ substantially from those of the main analyses. Future work should explore longer term effects where possible.
Similarly, another possible explanation for our results is that cycling infrastructure, particularly those involving constructing new lanes, may not be introduced all at once. For longer streets, improvements may have been delivered in several stages. We used the date listed in the databases as the final cut-off point for implementation, as further information about the exact date the other stages were delivered was not available. This may also explain why we did not see significant changes in either the level or trend; it may be that the true effect of the intervention accumulates with each successive phase of construction. Further studies assessing cycle lanes may want to take this into account, and if they have the necessary information on when these were implemented, should use the appropriate methods which take into account these additional interventions [51].
The selection of control streets within the same city may have attenuated any detectable differences since both intervention and control streets are part of the same cycling network. Strengthening a given section of the cycling network may improve the whole network of which the control streets form part, particularly if control streets are within cycling distance of intervention streets (i.e., a contamination or spill-over effect). For instance, increasing the connectivity of the cycling network may encourage cyclists to use control streets to reach the improved intervention streets. Indeed, cycling levels in both Paris and Lyon have been increasing since the early 2000’s [52, 53]. We attempted to reduce the possibility of contamination effects by choosing control streets that were more than 2 km from intervention streets, but this distance may not be sufficient to completely remove such effects. By using control streets in the same city, however, we could account for the many concurrent events or other interventions introduced during the same period that may have affected cycling behaviour while accounting for contextual influences.
Strengths and limitations
Strengths include using a controlled ITS study design, which is among the most robust quasi-experimental study methods because it accounts for secular trends and other co-interventions or events [14]. We were also able to select from a wide range of potential control streets, allowing us to reduce possible confounding by matching similar streets in terms of pre-intervention trends and built environment features. In addition, by selecting other control streets in the sensitivity analysis, we could account for other potential sources of bias, such as whether the controls selected in the main analysis were representative of streets that did not receive interventions overall.
Some limitations include potential confounding by indication, whereby these cities may have chosen to either improve or extensively monitor those cycle lanes believed to have the largest likelihood of increasing cycling levels. Thus, it is unknown whether the cycle lanes we were able to evaluate (i.e., those with cycle counters installed before the intervention) were randomly selected or representative of other cycle lanes in each city. As the intervention allocation process is often opaque, natural experimental research cannot always avoid these problems. However, we took steps such as selecting control groups based on similar pre-intervention trends to reduce the risk of confounding.
There are also limitations to using cycle count data collected using automatic cycle counters, which allowed us to measure infrastructure usage but not necessarily cycling behaviour (e.g., frequency, duration) or whether certain population groups changed their cycling behaviour more than others. This is partly due to difficulties in ascertaining whether displacement occurred or when cyclists divert their route from nearby streets to improved intervention streets. However, collecting objective data to measure cycling behaviour often involves equipping individuals with accelerometer or GPS devices, which may be costly and requires intensive effort and resources. These measures are thus usually assessed in small samples and worn for a short period [7], the latter of which would preclude us from using ITS analysis. Nonetheless, the count data on infrastructural usage can support findings from other evaluations on cycling behaviour that measure outcomes more closely related to individual health impacts [7]. Moreover, ZELT cycle count technology has been found to undercount cyclists by 3% on separate paths and 4% on shared roadways [54], and the presence of bicycles with non-metallic (e.g., carbon fibre) wheels or groups of cyclists may also affect count data [32, 55]. However, any such undercounting is likely to have been small and equally applicable to all streets.
There are also challenges when using routinely collected data. For some streets, pre- and post-intervention periods could not be fully evaluated due to data availability. Although the effects of the study period length were examined in the sensitivity analysis for streets with the available data by extending the study period to one year before and after the intervention was implemented, we could not determine the long-term effects of these interventions. However, routinely collected data can offer additional opportunities in terms of what interventions can be evaluated and the methods used (e.g., ITS analysis). We were able to use routinely collected data to evaluate 15 streets, meaning this study is among the largest city-wide controlled natural experimental evaluations of new cycle lane infrastructure. Including interventions from two cities in France can also provide insights into how the effects of introducing new cycle infrastructure on cycling behaviour may differ according to existing relevant policies and local contexts. By taking wider contextual factors into account, we may in time be able to generalise such findings to other similar industrialised, high-density, and car-centric cities.
Conclusions
The findings from this study suggest that improving or constructing new cycle lanes may be necessary but not sufficient to induce significant changes in cycling levels, as cycling levels increased in both Paris and Lyon across both intervention and control streets. This is likely due to these infrastructural changes forming only a part of a package of transportation interventions that were introduced in either city within the past decade. These have included interventions with carrot-and-stick strategies, or combinations of positive and negative motivators (e.g., implementing cycle lane improvements with congestion charging or removing parking spaces). Thus, cities should ensure that high-quality cycling infrastructure is available alongside other complementary interventions. Further research is needed to consider the incremental nature or lag effects of these interventions and increase understanding of the role of design and context on cycle lane effectiveness. As cities are turning towards urban design and transportation policies as solutions to wider environmental and health issues, this study demonstrates that a more comprehensive and system-wide approach may be needed to facilitate population shifts towards cycling.
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