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Keywords: Research problem: This paper reviews and summarises studies of the risk of non-collision injuries
Non-collision injury to public transport passengers. Non-collision injuries include injuries when boarding or alighting
Public transport and falls onboard as a result of e.g. sudden braking. It was possible to reconstruct exposure to risk
Risk

for eleven studies, providing a total of twelve estimates of risk for boarding and alighting and
twelve estimates of risk for falls onboard.

Results: The mean risk of falling in a moving vehicle is about 0.3-0.5 per million passenger
kilometres. The mean risk of injury associated with boarding or alighting is about 0.8-1.7 per
million passengers.

Variability of results: Estimates of risk are uncertain and vary substantially from study-to-study,
largely for unknown reasons. Half of the estimates of exposure to risk were rated as very or
somewhat uncertain.

1. Introduction

Travel by public transport — bus, train or tram - is very safe and perceived to be so (Elvik and Bjgrnskau, 2005). Estimates for
Norway for 1998-2002 indicated 0.93 fatalities in road crashes per billion passenger km for bus, versus 3.82 fatalities per billion km
for car occupants (driver and passenger). Being a large vehicle, a bus protects its occupants well. Hence, most injuries in collisions
where buses are involved are sustained by other road users.

Yet, travel by bus may not be as safe as the low risk of injury to bus passengers in road collisions suggests. Several studies, many of
which are reviewed by Kendrick et al. (2015), have found that there are many non-collision injuries to bus passengers. A non-collision
injury is any injury not sustained in a road collision, but due to other events. The two most common events are (1) sudden braking/
acceleration or turning, resulting in falls inside the vehicle, particularly among standing passengers, and (2) falls while boarding or
alighting the vehicle. The survey by Kendrick et al. (2015) shows that non-collision injuries are numerous; in some of the studies
several thousand injuries were recorded.

None of the studies reviewed by Kendrick et al. (2015) give any data on travel exposure. Hence, the risk of injury to passengers of
public transport vehicles in non-collision events is unknown. An estimate of this risk is useful if, for example, measures to prevent
non-collision injuries or reduce their severity are considered. An estimate of the expected number of non-collision injuries in a public
transport system producing a certain number of passenger km per year is then needed to estimate the benefits of the measures under
consideration. One of the objectives of the ongoing Horizon 2020 project VIRTUAL is to develop and evaluate the costs and benefits of
measures that may reduce the risk of falling onboard public transport vehicles or make falls less serious. This paper, written as part of
the VIRTUAL project, is intended to provide a basis for such evaluation by estimating the risk of non-collision injury to bus
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passengers, stated as the number of injuries per million passenger km (for falls onboard) or per million passengers (for injuries when
boarding or alighting).

2. Identification and review of previous studies

The comprehensive review presented by Kendrick et al. (2015) was used as a starting point for identifying relevant studies.
ScienceDirect was searched for relevant studies using “non-collision injury” as search term occurring in the title, abstract or keywords
of a paper. The search yielded 191 hits, of which less than 10 dealt with non-collision injuries in public transport. Most of these
studies dealt with biomechanical models of injury and not with their frequency. A search of TRID gave 31 hits, but no new studies not
included in the review by Kendrick et al. (2015). Google scholar gave about 2040 hits, of which the first 100 were screened. Finally,
colleagues in the VIRTUAL-project consortium identified two studies. Thus, the following studies not included in Kendrick et al. were
identified: Vaa (1993), Sagberg and Satermo (1997), Skjgth-Rasmussen and Rasmussen (1999), Strathman et al. (2010), Fildes et al.
(2012), and Barnes et al. (2016). Table 1 lists the studies that were identified.

The studies were reported between 1980 and 2016 and were made in Australia, Denmark, Great Britain, Israel, Norway, Sweden,
and the United States. The number of injuries recorded in each study varied from 15 to more than 17,000. Three sources of injury
data were used in the studies: Data provided by transport companies, data recorded by hospital emergency departments and police
reports. For each study an assessment was made of whether it is feasible to reconstruct the exposure to risk, i.e. the distance travelled
and the number of passengers the injury data refer to. Thus, for example, the injuries recorded by Fruin et al. (1994) occurred
between July 1984 and January 1991 to passengers on the Washington D. C. metrobus system. The relevant exposure is the number
of passengers and passenger kilometres performed by Washington D. C. metrobuses in this period.

With the exception of the study by Brooks et al. (1980), reconstruction of exposure was judged as impossible for studies published
before 1990. British studies are an exception, since statistics going back to about 1970 are available in electronic form on the statistics
webpages maintained by the UK Department for Transport. Exposure to the risk of non-collision injury has been reconstructed for
eleven of the sixteen studies listed in Table 1.

3. Estimators of risk of non-collision injury
There are two main types of non-collision injury events in public transport passengers:

1. Falls of standing or seated passengers inside the vehicle,
2. Injuries, mainly falls, when boarding or alighting the vehicle.

The most relevant measure of exposure for the first type of event is the number of passenger kilometres. The most relevant
measure of exposure for the second type of event is the number of passengers (trips). Thus, two estimators of risk have been defined:

Number of passengers injured in falls inside
Number of passenger kilometres

Risk of injury due to falls in a moving vehicle =

Risk of injury when alighting/boarding = Number of passengers injured when alighting or boarding

Number of passengers

Most injuries when alighting or boarding are sustained in falls, but injuries when caught between doors have also been included.
4. Reconstructing exposure to risk of injury

Brooks et al. (1980) mention that their study included operators representing approximately 60% of the vehicles owned by the
stage carrier operators of Great Britain. Based on this, it was assumed that the operators represented 60% of nationwide exposure in
terms of bus passenger kilometres or number of bus passengers in the year 1976 (to which the injury data presented refer). Exposure
was estimated from Tables published in Transport Statistics Great Britain; see Table 2. Due to the age of the study and the somewhat
imprecise description of its coverage, the estimate of exposure must be regarded as highly uncertain.

The next study for which exposure was estimated, was Vaa (1993). He presented passenger kilometres in the report and only the
number of passengers needed to be estimated. This was done by using official transport statistics for Norway stating the mean trip
length (13 km) for trips by bus. These estimates of exposure are very precise.

Fruin et al. (1994) present the injury rate for non-collision injuries (number of injuries per million passengers). By taking the total
number of injured passengers (5,128) and dividing by the mean injury rate for the period covered by the data (4.93 injuries per
million passengers) one gets the total number of passengers, 1039.5 million. This corresponds to about 157 million passengers per
year, which is consistent with WMATA (Washington Metropolitan Area Transport Authority) statistics. Mean trip length, based on
WMATA statistics for 2015 and 2016, is 5.06 km. Passengers kilometres are 1039.5 - 5.06 = 5260 million passenger kilometres. These
estimates are rated as very precise.

King (1996) provides data on injuries, number of passengers and passenger miles (converted to kilometres). These data are
regarded as reliable and estimates of risk are therefore rated as very precise. Sagberg and Sztermo (1997) also present data on
injuries, number of passengers and passenger kilometres for several years for bus and tram in the city of Oslo. Estimates of risk based
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on these data are rated as very precise.

Skjgth-Rasmussen and Rasmussen (1999) state the number of bus passengers and bus kilometres in one of the two municipalities
included in injury data. 18 of 37 injuries occurred in this municipality. To include both municipalities, the number of passengers and
bus kilometres were scaled up by the factor 37/18. Passenger kilometres were estimated by relying on official Danish statistics on the
mean trip length by bus. The estimates of exposure and risk thus obtained are rated as somewhat uncertain.

Kirk et al. (2003) state that the injury data apply to Great Britain and are for the years 1999-2001. Exposure was estimated by
looking up relevant tables in Transport Statistics Great Britain. While the estimate of exposure can be regarded as quite accurate, the
source of injury data in this study, which is police reports, is likely to be affected by incomplete reporting. A Norwegian study
(Sagberg and Sztermo, 1997) found that police recorded 24 non-collision injuries to tram passengers in Oslo from 1989 to 1995. The
tram operator recorded 299 non-collision injuries in the same period. Police thus recorded less than 10% of injuries. In view of this,
the estimate of risk of injury in Kirk et al. is rated as highly uncertain.

Bjornstig et al. (2005) compiled injury data for a period of ten years (1994-2003). The age of these data makes it difficult to
reconstruct exposure. For the county of Visterbotten, in which Umead is the largest city, there were 9.196 million trips by bus in 2009
(the oldest data that could be retrieved from Swedish transport statistics). Ume& has about 40% of the population of Vésterbotten but
is likely to have a larger share of bus trips. It is assumed that 60% of bus trips in Vésterbotten are in Umea. This makes for about 5.5
million trips per year, or 55 million in a period of ten years. If each trip is 5 km, passenger kilometres is 220 million. These estimates
must be regarded as highly uncertain.

Halpern et al. (2005) state that 1900 buses serve Tel-Aviv, out of 5,000 for Israel as a whole. For the country as a whole, it is stated
that there are 1.37 million bus trips per day (500 million per year). The ratio of the number of emergency room visits in Tel Aviv to
the number for the whole country was used to estimate the number of bus trips in Tel Aviv during the period of eight months covered
by the study (82.5 million). Mean trip length per bus trip (5.5 km) was found in official transport statistics. The estimates of exposure
are rated as somewhat uncertain.

Strathman et al. (2010) state that the injury data refer to buses in Portland, Oregon, for the period from September 2006 to
February 2009. The bus operator, TriMet, publishes statistics on the number of passengers and passenger kilometres (miles). These
statistics were looked up for the period covered by the injury data. Estimates are regarded as very precise.

Barnes et al. (2016) state that injury data were for the years 2008-2012. Tables bus 0101 (number of passengers) and bus 0301b
(passenger kilometres) in the online edition of Transport Statistics Great Britain were used to estimate exposure. Published figures in
the transport statistics do not refer to calendar years. The years from 2008/09 to 2012/13 were used. Any error arising from a lack of
perfect synchrony between injuries and exposure is judged to be minor, as exposure changes very little from year to year. As the
estimate of risk is based on police reports, it is rated as highly uncertain as underreporting of injuries in police data is likely.

5. THE distribution of estimates of risk

Estimates of the risk of injury based on the estimates of exposure developed above are presented in Table 3.

It is seen that the estimates of risk vary considerably, which is perhaps not surprising in view of the fact that many estimates of
exposure are uncertain, the injury data used in the studies span a period of about 30 years and are from different countries. It is
therefore necessary to assess critically whether trying to develop a mean estimate of risk based on the individual studies makes sense.
In general, estimating a mean from a distribution makes sense if the distribution is “well-behaved”, i.e. is unimodal with data points
scattering symmetrically around the mean. Within meta-analysis, a graphical tool, the funnel plot (Duval and Tweedie, 2000a; 2000b;
Duval, 2005) has been developed to help evaluate if it makes sense to estimate a summary mean. There are many ways of showing a
funnel plot (Sterne and Egger, 2001). In this paper, funnel plots show estimates of risk on the abscissa and the number of injuries
underlying estimates of risk on the ordinate. Fig. 1 shows a funnel plot of estimates of the risk of falls inside the vehicle.

The ordinate has a logarithmic scale to improve readability (otherwise estimates based on few injuries would touch the abscissa).
The weighted (by number of injuries) mean estimate of risk is 0.28 per million passenger kilometres. Six estimates of risk are lower
than the weighted mean, six are higher. Based on the rating of the quality of exposure data, estimates have been labelled as VP (very
precise), SU (somewhat uncertain) or HU (highly uncertain). Outlying estimates of risk were identified by estimating risk based on N
-1 data points and checking whether these estimates were inside the 95% confidence interval of the weighted mean risk based on all
N data points. Five outlying estimates of risk were found. Five of the very precise estimates indicate a higher risk than the weighted
mean, only one indicates a lower risk. A weighted mean estimate of risk was developed based only on studies with very precise data
on exposure. Table 4 shows the summary estimates of risk that have been developed.

Turning to injuries when boarding or alighting a public transport vehicle, Fig. 2 shows a funnel plot of estimates of risk. Estimates
are widely scattered, and the weighted mean estimate of risk (1.091) is located to the right of seven estimates and to the left of five,
indicating a symmetric distribution. It is notable, however, that half of the estimates based on very precise data on exposure are
identified as outlying. Clearly, even estimates based on comparatively good data vary considerably.

The trim-and-fill method (Duval and Tweedie, 2000a, 2000b, Duval, 2005) was applied to the data points in Figs. 1 and 2 to test
for the possible presence of publication bias in estimates of risk. This method tests for asymmetry in the distribution of estimates and
trims away data points until they are symmetrically distributed around the trimmed mean. More specifically, one might think that
studies finding low levels of risk are less likely to be published than studies showing high levels of risk. For the risk of falls inside a
vehicle, trim-and-fill deleted two data points, but the trimmed mean, leaving out these data points, differed from the overall mean by
only 5%. For injuries when alighting or boarding, one data point was trimmed away. Based on this, it is judged as meaningful to
develop mean estimates of risk. Several estimates of mean risk have been developed in order to assess how robust the estimates are
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Funnel plot of estimates of risk of injury associated with falls on
public transport vehicles in motion
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Fig. 1. Funnel plot of risk of injury associated with falls in public transport vehicles in motion.

Table 4
Summary estimates of risk of non-collision injury to public transport passengers.

Estimator of risk

Falls inside vehicle (injuries per million
passenger kilometres) (standard error)

Alighting or boarding (injuries per million
passengers) (standard error)

0.413 (0.114)
0.283 (0.005)
0.250-0.366

Simple (unweighted) mean (N = 12)

Mean weighted by number of injuries

Range of weighted estimates based on N-1 (omitting one
study at a time)

Mean weighted by number of injuries for studies with very
precise estimates of exposure

0.529 (0.008)

1.184 (0.352)
1.091 (0.007)
0.837-1.324

1.734 (0.010)

Funnel plot of estimates of risk of injury while alighting or boarding
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Fig. 2. Funnel plot of risk of injury associated with alighting or boarding public transport vehicles.
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with respect to how they have been developed.

6. Best estimates of risk
Table 4 shows the mean estimates of risk that have been developed. Four estimates have been developed:

1. A simple mean of all estimates of risk (N = 12),

2. A weighted mean of all estimates of risk, using the number of injuries as weight (45,582 injuries in total for falls inside; 18,019
injuries in total for alighting or boarding),

3. A set of weighted means, each based on N — 1 (i.e. 11) estimates of risk,

4. A weighted mean based on estimates of risk for which exposure data were rated as very precise (N = 6).

Estimates are found to vary. Simple and weighted mean estimates of risk based on all studies are quite close. When one study is
omitted at a time and risk estimated based on the remaining N — 1 studies, rather wide ranges of estimates of risk emerge. Weighted
mean estimates based on studies with precise data on exposure indicate higher risk than those based on all studies.

A typical level for the risk of falls inside a moving vehicle is about 0.3-0.5 per million passenger kilometres. If a public transport
vehicle produces 1 million passenger kilometres per year (e.g. a bus driving 50,000 km per year with an average of 20 passengers on
board), it will on average experience 0.3-0.5 falls onboard leading to injury.

The typical level of risk of injury when boarding or alighting is about 0.8-1.7 injuries per million passengers. If each passenger on
average makes a trip of 5km, 1 million passenger kilometres will correspond to 200,000 passengers. The expected number of injury
events per vehicle per year will be 0.2-0.3 (note that the risk involved in boarding or alighting is stated per passenger, not per case of
boarding or alighting).

7. Discussion

Passengers in public transport are at risk of injury even if there is no traffic crash. Sudden braking or swerving can make standing
passengers fall. In falling they may strike fixed objects in the vehicle, like seat backs, bars for holding, or doors or windows. Entering
and exiting buses or trams also involves risk. Usually stairs need to be mounted or descended; in winter they can be wet or slippery.
Several studies have been made to determine the number of non-collision injuries to public transport passengers. A total of sixteen
studies were identified in this paper. However, very few of these studies provided any data on exposure to the risk of non-collision
injury.

In this paper, estimates of exposure were developed for eleven of the sixteen studies identified, providing a total of twelve
estimates of the risk of falling inside a vehicle in motion or getting injured (mostly in falls) while boarding or alighting a public
transport vehicle. One study provided estimates of risk both for buses and trams. All other studies refer to buses. Six estimates of
exposure were rated as very precise, two as somewhat uncertain and four as highly uncertain. For two of the highly uncertain
estimates, uncertainty was mainly associated with a high probability that the number of injuries was underreported.

Given the limited number of studies, all estimates of risk must be treated as highly preliminary and uncertain. One may
nevertheless use the estimates to give preliminary estimates of the number of non-collision injury events per public transport vehicle
per year. Assuming that the vehicle carries 200,000 passengers per year and produces 1 million passenger kilometres, the expected
number of events is in the range of 0.5-0.8. There is, no doubt, systematic variation in the expected number of non-collision injury
events per vehicle per year. Urban buses, making frequent stops, are likely to have a higher number of events than, say, a long-
distance train with no standing passengers. The data available for this paper are too uncertain to estimate variation in the number of
non-collision events.

Biomechanical research has modelled some non-collision injury events and the risk of injury associated with them, see e.g. Palacio
et al. (2009), Schubert et al. (2017) and Karekla and Tyler (2018). A main focus in all these studies is to find both the critical g-force
triggering a fall and the probability that the fall will cause injury. Once these parameters are known, options can be developed for
influencing them and thereby reduce both the likelihood of a fall and its severity. To assess the benefits of various measures that
reduce the probability of a fall and/or its severity, it is important to know the expected frequency of occurrence of falls, as well as
their severity.

The distribution of non-collision injuries by severity is highly uncertain. Thus, one study (Nue Mgller et al., 1982) stated that 15%
of injuries were AIS 3 or 4 (AIS = Abbreviated Injury Scale, where 0 is no injury and 6 fatal injury; AIS 3 and 4 are serious injuries),
another study (Albrektsen and Thomsen, 1983) stated that 14% of injury victims were admitted to hospital and a third study (Kirk
et al., 2003) stated that the share of killed or seriously injured passengers in non-collision events was 8.1% when boarding, 11.5%
when alighting, 7.2% when standing and 4.1% when sitting. Neither the level of detail nor the scales used for injury severity were the
same in these studies. One study used AIS, another admission to hospital and a third the injury severity categories in official accident
statistics to indicate injury severity. One study specified four types of events, the other two apparently treated all non-collision events
as a single group. This lack of consistency generates uncertainty with respect to the distribution of injuries by severity. Still, between
them, the studies at least indicate a plausible range for the share of injuries that are severe (with 4% the lowest and 15% the highest
of the percentages quoted above).
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Conclusions
The main conclusions of the study reported in this paper can be summarised as follows:

1. The mean risk of falls onboard a public transport vehicle is around 0.3-0.5 per million passenger kilometres. There is a wide
scatter around the mean, with a range from 0.04 to 1.4 injuries per million passenger kilometres.

2. The mean risk of injury when boarding or alighting a public transport vehicle is about 0.8-1.7 per million passengers. Individual
estimates of risk range from 0.04 to 4.5 per million passengers.

3. There is too little data to quantify variation between different types of public transport in the risk of non-collision passenger

injury.
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