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Introduction

Heggie TW, Caine DJ (eds): Epidemiology of Injury in Adventure and Extreme Sports.
Med Sport Sci. Basel, Karger, 2012, vol 58, pp 1–16

The Epidemiology of Injury in Adventure 
and Extreme Sports
Dennis Caine
Department of Physical Education, Exercise Science and Wellness, University of North Dakota, 
Grand Forks, N. Dak., USA

Abstract
The objective of this article is to provide an overview of the current knowledge related to the epide-
miology of injury in selected adventure and extreme sports. PubMed and Google Scholar were 
searched using the terms ‘epidemiology’, ‘injury,’ ‘adventure sports’ and ‘extreme sports’. Public ations 
from the past 10 years were largely selected, but commonly referenced or highly regarded older 
publications were also included. References lists of articles identified in the search strategy were 
also searched and articles selected that were judged to be relevant. Important aspects of the epide-
miology of injury related to adventure and extreme sports are discussed including occurrence of 
injury, who is affected by injury, where and when injury occurs, injury outcome, risk factors, inciting 
events, prevention and further research. Given the life- changing impact injury can have in sports 
(personal, social, financial, psychological, political, and medical), the current paucity of well- 
designed descriptive and particularly analytical epidemiological studies in some adventure and 
extreme sports is disturbing. The importance of denominator- based and longitudinal data collec-
tion in obtaining an accurate picture of injury risk and severity and as a basis for testing risk factors 
and evaluating preventive measures is emphasized. Copyright © 2012 S. Karger AG, Basel

It is difficult to determine exactly when adventure and extreme sports came to refer 
to a growing group of popular modern sports. However, there is little question that 
their rise in popularity has been nothing short of phenomenal. Different schools of 
thought tie the origin of adventure and extreme sports to the ancient Hawaiian sport 
of surfing or the countercultural movements of the 1960s. Others suggest that the 
popularity of these sports is simply the reaction to the increased safety of modern life, 
enhanced sports technology, and exceptional media marketing. Regardless of which 
school of thought one follows, adventure and extreme sport activities are now broadly 
defined as individualistic sports containing structural components of real or per-
ceived danger [1]. These activities often involve speed, height, a high level of physical 
exertion, and highly specialized gear or spectacular stunts. Moreover, participants in 
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2 Caine

these activities often compete in variable environmental conditions such as those that 
are weather-  and- terrain related, including wind, snow, water and mountains [2].

Media coverage of adventure and extreme sports events has increased consider-
ably in recent years to the point that US sports broadcaster ESPN broadcasts the ever 
popular ‘X Games’ on an annual basis. This event, along with former events such 
as the ‘Gravity Games’ and the ‘Gorge Games’ have included rollerblading, skate-
boarding, snowboarding, windsurfing, kiteboarding, BMX, and motocross into their 
definition of extreme sports. Other sources have included sports such as motorcycle 
racing, rock climbing, and base jumping in their definitions. This all points to the fact 
that adventure and extreme sports are not just a fad. Instead, due to the media atten-
tion that these sports are receiving, they are becoming ever more popular with youth 
and young adults. For example, according to the Sporting Goods Manufacturing 
Association (SGMA) analysis of the Sports and Fitness Participation Report (2011 
edition), extreme sports are an appealing recreational and athletic option for millions 
of Americans [3]. The most popular adventure and extreme sports in the USA during 
2010 (6 years of age or older) are listed in table 1.

There is now overwhelming evidence that regular physical activity has important 
and wide- ranging health benefits ranging from reduced risk of chronic diseases such 
as heart disease, type 2 diabetes, and some cancers to enhanced function and preser-
vation of function with age [4]. There is concern, however, whether the health bene-
fits of sports participation outweigh the risk of injury and long- term disability [5]. By 
their very nature, participation in adventure and extreme sports involves performance 

Table 1. SGMA Sports and Fitness Participation Report, 2011

Sport activity Number of participants
(participated at least once in 2010)

Bicycling* (BMX) 2,369,000
Bicycling (mountain) 7,161,000
Backpacking (overnight) 8,439,000
Boardsailing/windsurfing* 1,617,000
Canoeing 10,553,000
Climbing* 2,198,000
Hiking 32,496,000
Jet ski 7,753,000
Kayaking* (recreational, sea, whitewater) 10,451,000
Rafting 4,460,000
Scuba diving* 3,153,000
Surfing 2,276,000
Wakeboarding 3,645,000

* Sports which have shown a 20% or greater increase in number of participants 
from 2009 to 2010.

MSS058001.indd   2MSS058001.indd   2 08/06/12   15:04:1508/06/12   15:04:15



Adventure and Extreme Sports 3

in variable and often unpredictable environmental conditions that may be associated 
with significant physical risks.

Participants in adventure and extreme sports and everyone who works with them, 
whether they are parents, sports medicine personnel, sports governing bodies, or 
coaches, need to know answers to questions such as: Is the risk of injury greater in 
some sport activities, or level of activities, than in others? Where are injuries most 
likely to occur, both in terms of anatomic and environmental location? What is the 
outcome of injury, including in terms of types, severity, and cost? Are some physi-
cal, psychological, or sport- related factors associated with an increased risk of injury? 
How effective are the preventive measures that have been implemented? These are all 
questions which need to be answered through scientific investigation. Providing this 
information is an important objective of epidemiological research related to adven-
ture and extreme sports.

The Epidemiological Approach

Injury epidemiology is the study of the distribution and determinants of varying rates 
of injuries in human populations for the purpose of identifying and implementing 
measures to prevent their development and spread. A model outlining the epide-
miologic approach to sports injury prevention was first proposed by van Mechelen 
et al. [6] (fig. 1). Sports injury prevention research involves a sequence of preven-
tion [6]. First, research establishes the extent of injury, including both incidence and 
severity. Second, research explores its etiology (i.e., the causes and implications of 
injury). Third, research creates a prevention strategy to reduce the injury burden. 

1. Establishing the
extent of the injury

problem:

4. Assessing its

repeating step 1

2. Establishing the

sports injuries

Fig. 1. Four- step sequence of 
injury prevention research. 
Reproduced from van 
Mechelen et al. [6] with 
 permission from Springer 
Healthcare/Adis Data 
Information BV.
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4 Caine

Last, research evaluates the effectiveness of the implemented prevention strategy by 
re- examining the extent of injury.

The epidemiologist in sports medicine is concerned with quantifying injury occur-
rence (how much) with respect to who is affected by injury, where and when injuries 
occur, and what is their outcome (step 1), for the purpose of explaining why and how 
injuries occur (step 2) and identifying strategies to control and prevent them (steps 3 
and 4) [7]. The study of the distribution of varying rates of injuries (i.e., who, where, 
when, what) is referred to as descriptive epidemiology. The study of the determinants 
of an exhibited distribution of varying rates of injuries (i.e., why and how) and the 
identification and implementation of preventive strategies is referred to as analytical 
epidemiology [8].

Descriptive Epidemiology

Descriptive epidemiology is by far the most common type of epidemiologic research 
that has been published in the adventure and extreme sports injury literature and 
arises from observational research, including case series, cross- sectional, and cohort 
studies. A diagram illustrating important aspects of the descriptive epidemiology 
of sports- related injuries is shown in figure 2 [9]. These components are discussed 
below with the purpose of highlighting their various contributions to understanding 
the distribution of adventure and extreme sport injuries.

Descriptive
epidemiology

Who is affected
by injury?

When does
injury occur?

What is the
outcome?

Where does
injury occur?

How many injuries?

Count data
Prevalence rates
Incidence rates

Fig. 2. Descriptive epidemiology of sports injuries. Reproduced with permission from Caine et al. 
[9].
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Adventure and Extreme Sports 5

In descriptive epidemiology the researcher attempts to quantify the occurrence 
of injury. The most basic measure of injury occurrence is a simple count of injured 
persons or fatalities. For example, Rekand et al. [10] reported on 9 patients with spi-
nal cord injury caused by paragliding accidents. The data were obtained from hos-
pital files at all three spinal units in Norway and cross- checked with the Norwegian 
Paragliding Association’s voluntary registry for injuries. Count data are also used to 
report fatalities related to participation in extreme and adventure sports. For exam-
ple, Garland [11] reported that in the USA during 1982–2010, there were 11,001 
deaths related to all- terrain vehicle use. Twenty- five percent (2,775) of these fatalities 
involved children younger than 16 years of age.

In order to investigate the rate and distribution of injuries it is necessary to know 
the size of the source population from which the injured individuals were derived, or 
the population at risk. The two most commonly reported rates in the sports injury 
literature are incidence and prevalence. Prevalence pertains to the total number of 
cases, new or old, that exist in a population at risk at a specific period of time. This 
can be at a certain point of time (point prevalence) or during a time period (period 
prevalence) [12]. An example of a prevalence rate published in the adventure and 
extreme sport injury literature is percent rates for specific conditions such as radio-
graphic changes in the hands and fingers of 12 young, high- level climbers [13]. A 
limitation of prevalence data is that only injuries present during the time of the sur-
vey period are registered, thus data are not necessarily representative of all injuries 
in a population.

The two types of injury incidence most commonly reported in the sports 
injury literature are clinical incidence and incidence rates. Clinical incidence 
refers to the number of incident injuries divided by the total number of  athletes 
at risk and usually multiplied by some k value (e.g., 100) [14]. For example, 
Wilmshurst et al. [15] reported 22 cases of decompression illness per 10,000 ama-
teur scuba  divers per year. Similarly, Hart et al. [16] reported 0.3 deaths per 10,000 
divers in a report of scuba diving accidents in Leicester, UK, over a period of 
5 years.

Clinical incidence may serve as an indication of clinical or resource utilization; 
however, it does not account for the potential variance in exposure of participants to 
risk of injury [14]. For example, divers may be differentially exposed to risk of injury 
because of varying numbers of dives per year.

Incidence rate refers to the number of incident injuries divided by the total time-
 at- risk and usually multiplied by some k value (e.g., 1,000) [14]. It is the preferred 
measure of incidence in research studies because it can accommodate variations in 
exposure time of individual participants. Different units of time- at- risk, varying in 
precision, have been used to calculate incidence rates in recent literature adventure 
and extreme sports literature. These include reporting the number of injuries per k 
time exposures (one time exposure is typically defined as 1 individual participating 
in 1 h of activity in which there is the possibility of sustaining a sport- related injury) 
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6 Caine

and per k element exposures (one element exposure is defined as 1 individual partici-
pating in one element of activity in which there is the possibility of sustaining an ath-
letic injury). For example, Neuhof et al. [17] reported an acute injury rate of 0.2 per 
1,000 h sport performance in 1,962 sport climbers. Examples of exposure elements 
common in adventure and extreme sports include climbs, summits, surfer days, per-
sonal watercrafts in operation, (scuba) dives, and (base) jumps. For example, Taylor 
et al. [18] reported a rate of 2.2 injuries per 1,000 surfer days among 646 recreational 
surfers.

A difficulty that may arise in comparing incidence rates from different studies 
relates to the injury definition employed. A review of the adventure and extreme sports 
literature reveals that few common operational definitions exist for injury. Definitions 
include such criteria as presence of a new symptom or complaint, decreased func-
tion of a body part or decreased athletic performance, cessation of practice or com-
petition activities, and consultation with medical or training personnel. Clearly, if 
injury is defined differently across studies, a meaningful comparison of injury rates 
is compromised due to different criteria for determining numerator values. Notably, 
representatives of several international sport organizations recently published meth-
odological consensus statements that identify definitions and methodology to ensure 
consistency and comparability of results in studies examining injury in their sports 
[19–21].

Who Is Affected by Injury?
As might be expected, injury rates are most often categorized according to sport par-
ticipation (e.g., mountaineering, sport climbing, ice climbing) and the way in which 
participants are organized for sports (e.g., recreational or competitive). In addition 
to participation level, injury rates are also reported relative to age and gender. Given 
the variance in injury definitions across studies, perhaps the most reliable within-  or 
across- sport comparisons arise from those studies which use a common, exposure-
 based injury definition and surveillance protocol monitored by health professionals. 
However, most data on adventure and extreme sports arise from hospital and emer-
gency room data, trauma registries, national injury registries, sport associations and 
commissions, emergency services, and search and rescue reports. As a result, reliable 
denominator data and therefore determination of incidence rates are often absent 
from injury reports.

Where Does Injury Occur?
Determination of ‘where’ injury occurs involves identification of the anatomical 
and environmental locations of injury. Anatomical locations include body region of 
injury (e.g., upper extremity) as well as specific body parts (e.g., shoulder, ankle). 
Identification of commonly injured anatomical locations alerts healthcare person-
nel to injury sites in need of special attention, for example during pre- participation 
musculoskeletal assessment. Information on high injury risk locations also provides 
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important ‘targets’ for preventive measures. For example, a common injury associated 
with skydiving is ankle injury incurred during landing. Parachute ankle braces were 
subsequently developed and have been shown to reduce frequency of parachute ankle 
injuries by about half [22].

Environmental location provides information on the distribution of injury by 
where in the environment or setting the injury occurred. This information alerts 
healthcare professional to environmental situations which may be associated with an 
elevated risk injury. Environmental locations reported in the adventure and extreme 
sports injury literature include surface or terrain on which the activity takes place, for 
example indoor or outdoor climbing or grade of terrain associated with mountaineer-
ing; geographical location, for example public areas versus skate parks for skateboard-
ers; proximity to others or obstacles (e.g., overcrowding among personal watercraft 
riders), and whether the injury occurred in practice or competition. Information on 
high- risk settings is of course useful in identifying important targets for further study, 
including application of preventive measures.

Most research on environmental location report distribution of environmental 
factors as frequency or percent values. However, the importance of providing both 
types of information – percent values and incidences rates – is perhaps best under-
scored by comparisons of injury between practice and competition. For many sports, 
the proportion of injuries incurred in practice is much greater than for competition, 
most likely because much more time is spent in practice than competition. However, 
when incidence rates are compared, the common finding is a higher injury incidence 
in competition in many sports. Competitors are much more likely to be participating 
at greater intensity and speeds in competition and tournaments than in practice, thus 
increasing the risk of sustaining an injury.

When Does Injury Occur?
As figure 2 indicates, the next characteristic of injury distribution is the when of 
injury occurrence. Time factors are typically expressed in terms of injury onset and 
time of injury. There are two broad categories of injury onset that differ markedly in 
their etiology. Injuries that occur suddenly are often termed acute or sudden impact 
injuries and are usually the result of a single, traumatic event. Common examples 
include wrist fractures, ankle sprains, shoulder dislocations, and hamstring muscle 
strain. Overuse injuries are more subtle and develop gradually over time. They are 
the result of repetitive microtrauma to the tendons, bones and joints. An example of 
a common overuse injury common among sport climbers is epicondylitis and teno-
synovitis of the finger flexor tendons [23]. An injury history may actually involve 
both categories of injury onset, such as when an acute injury is superimposed on a 
chronic mechanism.

Most epidemiological studies of injury in the adventure and extreme sports injury 
literature do not distinguish between acute and overuse injuries. However, this is an 
important oversight, particularly in studies that analyze risk factors since risk factors 
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8 Caine

for overuse and acute injuries are not necessarily the same. The importance of identi-
fying injury onset is also important given the growing evidence of overuse problems 
in sport, particularly among child and adolescent participants. Information on inci-
dence of overuse injury is important if we are to fully comprehend the impact of these 
injuries and the role of injury countermeasures.

Examples of timing of injury include time into practice, time of day, and time of 
season or year when injury occurs. It stands to reason that if rates are higher during 
a particular time period, then efforts to better understand the risk factors for the 
elevated risk are in order and appropriate preventive measures should be applied to 
reduce risk during this time. For example, if the proportion of injuries is shown to be 
greater during the latter part of a competition or event, then fatigue could be consid-
ered as a possible contributing factor [24].

What Is the Outcome?
Injury outcome can span a broad spectrum from abrasions to fractures, to those inju-
ries that result in severe permanent functional disability (i.e., catastrophic injuries) 
or even death. In the epidemiologic literature on sports injuries injury severity is 
typically indicated by one or more of the following: injury type, time loss, residual 
symptoms, and economics costs. Assessment in each of these areas is important to 
quantification of the extent of the injury problem. It may be, for example, that injury 
incidence is similar in two sports, however the type and severity of injury may vary 
considerably between these sports.

Injury Type
Identification of common injury types is important because it alerts sports medi-
cine personnel to injury types in need of special attention and it directs researchers 
in identifying and testing related risk factors and preventive measures. Most sports 
injury studies report injury types in general terms such as contusion or fracture, with 
few specifics on type of fracture, grade of injury and so forth. Injury types are gener-
ally reported as frequency or percent values. However, studies should also provide 
incidence rate values, particularly for specific injury types such as concussion. This 
latter approach facilitates analysis of risk factors and preventive measures related to 
these injury types.

Injury Severity
A useful measure of injury severity and one often used in the literature on sports 
injuries is the duration of restriction from athletic performance subsequent to injury. 
Some studies reporting time loss use total or average number of days lost from prac-
tice, competition, or from work as a measure of injury severity. Although the use of 
days lost from participation may be among the more precise representations of injury 
severity in the literature, this approach is not without problems. For example, subjec-
tive factors, such as personal motivation, peer influence, or coaching staff reluctance/
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Adventure and Extreme Sports 9

encouragement, may determine if and when players return to play. Accessibility to a 
healthcare professional and location of injury may also impact decision of when to 
return to participation.

In addition to length of hospital admission and level of care required, a number of 
hospital studies of injury related to adventure and extreme sports have used objective 
scoring systems of injury severity. For example, Schöffl et al. [25] used the National 
Advisory Committee for Aeronautics (NACA) system for accidents in aviation to 
analyze injury and fatalities occurring in rick and ice climbing. Similarly, some stud-
ies have used the Injury Severity Score system (ISS) to describe injury severity. For 
example, Konkin at al. [26] reported a mean ISS of 10.5 in a population- based analy-
sis of severe injuries from non- motorized wheeled vehicles (bicyclists, skateboarders, 
inline skaters). Similarly, Gorski et al. [27] used the ISS to describe severity of injuries 
associated with motocross accidents.

Clinical Outcome
Clinical outcome includes such factors as re- injury, non- participation, residual 
effects, and fatalities. An unfortunate outcome of many injuries, at all levels of 
sport, is re- injury. It is believed that unresolved residual symptoms from previous 
injury predispose an athlete to recurrent injury at the same site [28]. Restricted joint 
motion leads to muscle atrophy and increased compensatory stress on other areas, 
thus predisposing to injury at other sites [29]. An athlete with previous injury who 
returns to participation is characterized by a changed injury risk profile, particularly 
if the original injury has not been properly rehabilitated. Unfortunately, few studies 
of adventure and extreme sports provide data related to the frequency or incidence 
of re- injury.

Perhaps the most important question one can ask related to injury severity 
relates to residual or the long- term effects of injury. However, with the exception 
of catastrophic injuries (including fatalities), surprisingly little is known about 
the long- term outcomes of adventure and extreme sport injuries, such as rates of 
post- traumatic osteoarthritis, sequalae of head injuries, and other trauma. The data 
on catastrophic injuries, like most injury data for adventure and extreme sports, 
arise primarily from hospital and emergency room data, trauma registries, national 
injury registries, sport associations and commissions (e.g., German Alpine Club, 
British Sub- Aqua Club), emergency services, and search and rescue reports. As a 
result, most of the data on catastrophic injuries, including fatalities, are count data. 
However, several studies provide clinical incidence or incidence rates for fatalities 
[16, 30].

Economic Cost
Financial costs may be either direct or indirect. Direct costs are those incurred in 
conjunction with medical treatment (e.g., treatment, medication), and indirect costs 
are those associated with the loss of productivity because of increased morbidity 
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10 Caine

and mortality levels. Although there have been several attempts to estimate these 
costs for a few selected sports and injury types, comparison of results has been 
hampered by differences in healthcare and wage compensation systems [31–34]. 
Studies need to show the economic impact of sports injuries on public resources 
in order to demonstrate the need for grants to support sports injury epidemiology 
research.

Analytical Epidemiology

In the past, good descriptive data have led directly to suggestions for injury preven-
tion that, once implemented, have helped to control and prevent the occurrence of 
severe sports and recreation injuries such as eye injuries in hockey (mandatory use of 
face shields) and spinal injuries in football (prohibition of head as first point of con-
tact) [35]. However, although the institution of a preventive strategy on the basis of 
descriptive research has been shown to prevent injury, the most reliable suggestions 
for prevention are still believed to emerge from descriptive and analytical research 
where the extent of the injury problem (accounting for participation time), risk fac-
tors, and inciting factors have been established and where preventive measures have 
been tested through intervention studies [6, 36].

Analytical epidemiology focuses on why and how injuries occur (step 2) and iden-
tifying strategies to control and prevent them (steps 3 and 4). Analytical epidemio-
logical research includes intervention studies or randomized control trials as well as 
cohort and case- control study designs. Cross- sectional designs have also been used 
to analyze risk factors. However, since cross- sectional studies are generally limited to 
data at one time point, they are unable to establish causality between exposures and 
the outcome because of lack of temporality in the study design.

In recent years there has been a promising and observable transition to research 
approaches etiologically rather than descriptively based to make participation safer 
for all participants. Preventive measures supported by research include ankle brac-
ing, helmets, face shields, and the use of mouth guards [37]. Multiple interventions 
using warm- up, balance training, and neuromuscular control strategies have also 
been shown to be effective [37]. However, in the sports injury epidemiology literature 
on adventure and extreme sports, the approaches have been primarily descriptive-
 based, with few studies designed to test risk factors or to determine the effectiveness 
of preventive measures.

Risk Factors
The epidemiological approach to sports injuries is rooted in the assumption that inju-
ries do not happen purely by chance, so an important part of sports and recreation 
injury epidemiology is the identification of factors that contribute to the occurrence 
of injury. It should be understood, however, that this process is not an isolated one. 
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Risk factor analyses should be driven by a need to better understand the factors lead-
ing to injury in order to test and ultimately intervene with effective prevention strate-
gies. Risk factors may be classified as intrinsic or extrinsic [38]. Intrinsic factors are 
individual biological and psychosocial characteristics predisposing a person to the 
outcome of injury such as previous injury, strength, or life stress. Once the athlete is 
‘predisposed’, extrinsic or ‘enabling’ factors may facilitate manifestation of injury [39]. 
Extrinsic risk factors are factors that have an impact on the sport participant ‘from 
without’ and include such factors as coach’s qualifications, playing time, and surface 
conditions. Risk factors can also be divided into modifiable and non- modifiable fac-
tors [40]. Modifiable risk factors refer to those that can be altered by injury preven-
tion strategies to reduce injury rates. Although non- modifiable risk factors such as 
gender or age may be important considerations in many studies of injury prediction, 
it is above all important to study factors that are potentially modifiable. What com-
plicates the identification and quantification of risks is that causality associated with 
injury is both extremely complex and dynamic in nature. In this regard, Meeuwisse 
et al. [41] proposed a dynamic recursive model that accommodates a multifactorial 
assessment of causation in sport injuries and emphasizes the fact that adaptations 
occur within the context of repeated participation in sport (both in the presence and 
absence of injury) that alter risk and affect etiology in a dynamic, recursive fashion 
(see fig. 3) [41]. According to the dynamic recursive model, both intrinsic and extrin-
sic risk factors are subject to change in the context of repeated participation in sport. 
For example, if an injury does occur, the athlete may be removed from participation if 
they do not fully recover. However, some degree of recovery may allow the athlete to 
return to participation and, therefore repeat participation. Adaptations in the athlete 
may also occur due to participation itself in the absence of injury, thus also modifying 
risk factors [42].

Analysis of sports injury risk factors has produced a number of significant injury 
predictors – including such factors as age, gender (specific to sport and type of injury), 
previous injury, and stressful life events – which have shown consistent results across 
multiple studies [29]. As mentioned above, the literature on risk factors is rather lim-
ited for adventure and extreme sports. However, risk factors which have been the 
focus of attention in some of this literature include personality traits related to risk-
 taking, body mass index, age, experience, exposure, self- efficacy, equipment, level of 
task difficulty, technique, education, inadequate physical condition, wearing of safety 
equipment failure, engine size, not being certified, and environmental conditions 
(e.g., size of waves, speed of water, strong or turbulent winds).

Much of the risk factor literature in adventure and extreme sports is character-
ized by one or more of the following limitations: injury definitions and methods 
of injury data collection are variable; incidence rates based on clinical incidence 
rather than incidence rates (i.e., rates based on hours or sessions of exposure), 
and inappropriate analyses for detecting multifactorial risks. As a result, much of 
this research should be viewed as initial work in the important search for injury 
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predictors and that may provide interesting variables for manipulation in other 
study designs.

Inciting Events
Although risk factors may render the sport participant more susceptible to injury, 
they are not usually sufficient for an injury to occur. Meeuwisse [39] suggests that 
the final element in the web of causation involves an inciting event (see fig. 3). 
Although it is recognized that while sometimes an inciting event occurs to produce 
injury, more often events occur that result in no injury [42]. However, adapta-
tions in the athlete may occur due to the participation itself (e.g., improved motor 
skill) [42]. An inciting event is more obviously (or visually) related to the injury 
than a risk factor and may be viewed as a precipitating factor associated with the 
definitive onset of injury. Inciting events may include the playing situation, player/
opponent behavior, gross biomechanical description (whole body) and detailed 
biomechanical description (joint) [43]. Due to space restrictions, we encouraged 
authors of this volume to limit discussion of inciting events to actions or activities 

Intrinsic
risk
factors

(e.g.) Age

Neuromuscular
control

Previous
injury

Strength

Predisposed
athlete

Susceptible
athlete

Exposure to
extrinsic risk factors

(e.g., equipment,
environment, etc.)

Repeat participation

Events

Inciting
event

No
injury

Adaptation?

Injury

No recovery

Removed from participation

Mechanism of injury
(proximal to outcome)

Risk factors for injury
(distant from outcome)

Recovery

Fig. 3. Recursive model of etiology in sport injury. Reproduced with permission from Meeuwisse 
et al. [41].
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(situations) leading to injury. Examples of inciting events reported in the literature 
on injury in adventure and extreme sports including: falling, collision with station-
ary objects or others in the environment, rapid ascent and out- of- air (during scuba 
diving), vehicle rollovers, equipment failure, and awkward landings.

Injury Prevention
Once the analytical evidence points to an association between certain risk 
 factors and injury, thereby establishing a degree of predictability for those par-
ticipants who are likely to sustain injury, the next step in epidemiologic research 
is to seek ways to prevent or reduce the occurrence of such injury (i.e., steps 3 
and 4, fig. 1). Testing the suggested preventive measure to determine its effective-
ness is an  important aspect of the analytical epidemiologic process and fulfills the 
ultimate goal of epidemiology – that is, prevention. Ideally, the effectiveness of 
injury prevention measures should be tested prior to recommending their general 
implementation.

The results of recent investigations of sports injury prevention strategies have been 
encouraging [37, 44]. For example, balance training appears to decrease the risk of 
lower extremity injuries, especially ankle injuries [45–49]. However, there has been 
very little research designed to determine the effectiveness of injury prevention mea-
sures in adventure and extreme sports. Most recommendations are intuitive with 
conclusions drawn from descriptive data; few studies have actually tested preventive 
measures. For example, protective headgear has been recommended for participants 
in several adventure and extreme sports [50–52]; however, with the exception of one 
study of the benefit of helmet- use in all- terrain vehicle trauma, the effect of this mea-
sure has not been studied [53]. Ethical, cost, and feasibility issues no doubt combine 
to preclude some types of experimental research.

Further Research

Given the life- changing impact injury can have in sports (personal, social, financial, 
psychological, political, and medical), the current paucity of well- designed epidemio-
logical studies in the majority of adventure and extreme sports is disturbing. Most 
adventure and extreme sports lack quality descriptive data, which provides the essen-
tial building block for analytical epidemiological studies. Few studies address injury 
risk factors and even fewer evaluate preventive measures. Major fundamental defi-
ciencies identified in the chapter reviews of this book include inappropriate study 
designs, short data collection periods, inconsistent or poorly delineated definition(s) 
of reportable injury and failure to collect quality exposure data. The importance of 
denominator- based longitudinal data collection in obtaining an accurate picture of 
injury risk and severity and as a basis for testing risk factors and evaluating preventive 
measures cannot be overemphasized.
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Abstract
Climbing and mountaineering sports are gaining more and more public interest. This chapter reviews 
scientific studies on injuries and accidents in climbing and mountaineering sports to evaluate the 
danger of these sports and their specific injuries and preventive measures. An initial PubMed query 
was performed using the key words ‘rock climbing’, ‘sport climbing’, ‘mountaineering’, ‘alpine injuries’ 
and ‘climbing injuries’. More than 500 extracted papers were analyzed which gave information on 
injury, mortality/fatality, prevention and risk factors. Cross- references were also scanned according to 
the above given criteria. Also the data sources of the UIAA and IFSC Medical Commissions were ana-
lyzed. Overall, alpine (traditional) climbing has a higher injury risk than sport climbing, especially 
indoor climbing. Alpine and ice climbing have more objective dangers which can affect climber safety. 
Overall injury rates are low, nevertheless fatalities do occur in all climbing disciplines. Altitude- related 
illnesses/injuries also occur in mountaineering. Most injuries in sport climbing are overstrain injuries 
of the upper extremity. In alpine climbing, injuries mostly occur through falls which affect the lower 
extremity. Objective reporting of the injury site and severity varied in most studies according to the 
injury definition and methodology used. This creates differences in the injury and fatality results and 
conclusions, which in turn makes inter- study comparisons difficult. In future studies, the UIAA 
MedCom score for mountain injuries should be used to guarantee inter- study comparability. Evidence 
in preventive measures is low and further studies must be performed in this field.
 Copyright © 2012 S. Karger AG, Basel

While mountaineering has a long tradition, rock climbing as a sport itself originated 
from it in the mid- 1980s. Its popularity spread globally and diversified to include new 
categories like ice climbing, bouldering, speed and aid climbing. The style in which 
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way a route is climbed (e.g. free or aid) and the difficulty of the route itself became 
more important than just to reach the summit. In mountaineering the routes to reach 
the summit became more and more difficult and extreme. With the increasing num-
ber of sport climbers the urge for competition climbing was born. In 1991 only a 
few countries participated in the first world championships, but by 2005 some 500 
athletes from 55 countries competed. Two international bodies represent climbing 
and mountaineering: the UIAA (Union Internationale des Associations d’Alpinisme – 
International Mountaineering and Climbing Federation) and the IFSC (International 
Federation of Sport Climbing). While the UIAA is in charge of outdoor climbing and 
mountaineering concerns, as well as ski mountaineering and ice- climbing competi-
tions, the IFSC looks after competition rock climbing and currently seeks recognition 
as an Olympic sport [1].

Rock- climbing sports at a high recreational level or elite level are known to place 
extreme forces on the distal extremities, especially the upper body [2]. Before 1986, 
published studies on rock- climbing injuries consisted of trauma reports sustained in 
falls (i.e. from ‘trad’ or ‘big wall’ >1,000 m climbs in Yosemite National Park, USA), 
or studies on the effects of altitude [3, 4]. However, from the late 1980s, researchers 
focused on the increasing number of overuse injuries to the hand and upper bodies 
of the new generation of dedicated rock climbers [3, 5–11]. During the past 10 years, 
several prospective rock- climbing studies have begun to examine sport- specific inju-
ries and fatalities [12–14].

Mountaineering involves a wide range of activities, from hiking up to climbing 
peaks above 8,000 m. All these activities present different physiological demands 
and risks depending on climbing style, altitude, environmental conditions, climb-
ing experience and more [4, 15–20]. Most studies on mountaineering fatalities and 
accidents report the fatality/accident rates per 1,000 climbers or per 1,000 summits, 
which are difficult to compare to the denominator 1,000 h of sports performance 
used in other disciplines. In this review we tried to adjust these numbers for com-
parison purposes.

For higher altitude not only the accident and fatality rate are important but the 
prevalence of altitude illness, which is between 28 and 34% above 4,000 m [21]. These 
illnesses can be a contributing factor to an injury, accident or death. They are charac-
terized by shifts of internal body fluid being in places they should not be on exposure 
to altitude (i.e. brain, lungs). At ‘high altitude’ (5,000+ m), there is a risk that these 
altitude- induced internal fluid shifts may accumulate in the brain (high altitude cere-
bral edema – HACE), and/or in the lungs (high altitude pulmonary edema – HAPE). 
Both HAPE and HACE are potentially fatal.

As most climbers regularly participate in a number of climbing styles, and in recent 
times may train on indoor climbing walls and finger or campus boards, prospective 
injury studies in a single climbing style other than mountaineering are rare [5]. In 
general, there are five major types of climbing: (1) mountaineering (climbing on snow, 
rock or ice to reach a peak or summit, usually at moderate or high altitudes in remote 
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areas); (2) traditional (alpine) rock climbing (which generally involves minimal expo-
sure to rock or ice and usually occurs at relatively low or moderate elevations); (3) 
sport climbing (climbing on pre- equipped routes with little physical hazards, also 
including bouldering (ropeless climbing on boulders of up to 8 m height)); (4) indoor 
climbing (including competition climbing), and (5) vertical ice climbing (including 
frozen waterfalls).

The borders in between these disciplines are fluctuant and many climbers regularly 
participate in more than one climbing subdiscipline. As many studies analyze tradi-
tional and sport climbing together, these two will be discussed in one group together 
in the further analysis.

Our search procedures included an initial PubMed query using the key words ‘rock 
climbing’, ‘sport climbing’, ‘mountaineering’, ‘alpine injuries’ and ‘climbing injuries’. 
More than 500 extracted papers were analyzed which gave information on injury, 
mortality, prevention and risk factors. Cross- references were also scanned accord-
ing to the above given criteria. The data sources of the UIAA and IFSC Medical 
Commissions were also analyzed.

Who Is Affected by Injury?

Traditional and Sport Climbing
In general the studies show an inhomogeneous gender distribution of injury rate 
(table 1). Jones et al. [7] found an odds ratio of 1.01 of male gender for a rock- climbing 
injury, whereas Josephsen et al. [14] found little or no influence of gender (table 1). 
Neuhof et al. [22] found that more male climbers than female climbers had a history 
of at least one climbing injury during the observed period (p = 0.50). Nelson et al. 
[23] report a mean age for rock- climbing injuries of 26 years (95% CI 24.89–27.11) 
and Schöffl et al. [24] of 28.3 years (95% CI 13–52).

Analyzing injury frequency, Backe et al. [25] report 4.2 injuries/1,000 climb-
ing hours, overuse injuries accounting for 93% of all injuries. Neuhof et al. [22] 
excluded overuse injuries and found an injury rate of 0.2/1,000 h in 1,962 climb-
ers. In another study, the mean number of injuries per climber was 2.3 (±0.14) 
and 17.9% reported no injuries [8]. Older studies (1988) report an injury risk of 
0.2–0.4% per rock- climbing day in the Yosemite National Park, equaling 37.5 inju-
ries/1,000 h of exposure [4].

Indoor Climbing
During the Climbing World Championships 2005, all significant injuries (n = 4) 
involved women [12] (table 2). A lower overall injury risk was observed for indoor 
climbing than for outdoor rock climbing. Limb [26] reported 0.027 injuries/1,000 h 
and Schöffl and Winkelmann [13] 0.079 injuries/1,000 h of performance. For indoor 
competition climbing an injury risk of 3.1/1,000 h is reported [12].
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Table 1. Injuries and fatalities in traditional and sport climbing. Modified from Schöffl et al. [5]

Study Type of climbing/
geographical location

Study design
n

Cause of injury/location

Bowie et al. 
[4]

Traditional climbing, 
bouldering; Yosemite Valley, 
USA (some rock walls 1,000 
m high)

Data collection in the ER of the 
central hospital within the area
n = 220, I, R

Mainly lead climbing falls, mostly 
lower extremity

Addiss and 
Baker [15]

Mountaineering and 
traditional climbing; US 
national parks (includes 
snow and ice terrain)

Rock- climbing injuries that were 
reported to US national park 
services (1981–82)
n =127, R

75% falls

Schussmann 
et al. [32]

Mountaineering and 
traditional climbing (Grand 
Tetons, Wyo., USA)

Data collection through national 
park registration from 1981 to 
1986; representing 43,631 
climbers, 108 accidents, all 
mountaineering activities
n = 108, R

More mountaineering accidents 
than rock climbing

Rooks et al. 
[39]

Recreational rock climbers, 
Ga., USA

39 recreational climbers
n = 39, Q, R

Mostly upper extremity, 6 
climbers climbing beyond the 
sport level sustained a major 
injury from a fall, 35 sustained at 
least one significant injury

Paige et al. 
[19]

Traditional climbing, sport 
climbing

n = 94, 
R, Q, I including overstrain 
injuries

Mainly lead climbing, falling 
when alpine climbing, injuries 
from hard moves in sport 
climbing; upper extremity, 
fingers especially affected

Rohrbourgh 
et al. [3]

Competition rock climbers 
at US national 
championships

n = 42 
elite rock climbers, 
only overuse syndromes
R, Q, E

Injuries mostly in upper limbs

Schöffl et al. 
[34]

European climbers n = 604 
(injured climbers)
I, E, P (4 years)

Upper extremity 67%

Logan et al. 
[10]

Rock climbers, UK n = 545, Q, R members of the 
Climbers Club of Great Britain, 
examined prevalence of hand 
injuries

Gerdes et al. 
[8]

Rock climbing n = 1,887, Q, 
R 2,472 injuries, including 
overuse injuries

Upper extremity 57.6%
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Injuries/1,000 h 
sport performance

Injury severity 
(NACA score)

Fatality Risk evaluation

37.5a Majority of minor 
severity using ISS 
score; 95% ISS <13; 
5% ISS 13–75

13 of 220 subjects had severe 
injuries, of which 11 were 
fatal (5.9%); case fatality rate 
6%

Bias of injuries presented may 
reflect more serious injuries 
requiring ER treatment

NS 28% NACA seven 
(fatal)b

36 (28%); injuries on snow 
and ice were more likely to 
be fatal

Potentially high- risk activity

0.56 for injuries; 0.13 
for fatalities; incidence 
2.5 accidents/1,000 
mountaineers/year or 
5.6 injuries/10,000 h of 
mountaineering

23% of the injuries 
were 
fatal (NACA 7)b

25 fatal, 23% case fatality 
rate; fatality rate 0.13/1,000 
h

Mountaineering was of a higher 
risk than rock climbing; climbing 
education and experience were 
considered preventative factors in 
accidents and injuries

NS NS 6 (15%) had a major injury 
from a fall

NS

NS NS None as retrospective 
questionnaire

No major difference between 
alpine and sport climbing

NS NS None No significant relationship 
between overuse injuries and 
years of climbing or difficulty 
level

NS Mostly NACA 1–2, 
only 0.8% severe 
injuries (NACA 4 or 
5)

None Severe injuries were rare

NS Mostly NACA 1 and 
2b

None reported as it was a 
retrospective survey on 
hand injuries

Climbing score higher in injury 
group (including overstrains)
(p < 0.05)

NS 20% no injury; 60% 
NACA 1; 20% 
>NACA 1b

None reported as it was a 
retrospective survey

Traditional (p < 0.01) and solo 
climbing (p < 0.01) had more 
injuries. Injuries even distributed 
between indoors and outdoors
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Study Type of climbing/
geographical location

Study design
n

Cause of injury/location

Smith [89] Review on alpine- climbing 
injuries

Review Falls are the most frequent 
injury cause

German 
Alpine Club 
[69]

All climbing disciplines n = 1,491, R 
Reports on all climbing 
accidents reported to the DAV 
insurance cover (2004–05)

Josephsen 
et al. [14]

Bouldering (indoor and 
outdoor) Calif., USA

n = 152, P, Q 
cross- sectional cohort study 

Jones et al. 
[7]

Rock climbers (indoor and 
outdoor)

n = 201, R, Q 
cross- sectional study

10% acute through falls, 33% 
overuse injuries 28% acute 
through strenuous move

Nelson and 
McKenzie 
[23]

Rock- climbing injuries 
(indoor and outdoor)

n = 846, R 846 
cases being treated at US NEISS 
hospitals were collected and 
40,282 injuries for the USA 
estimated (1990–2007)

Lower extremity mostly affected

Backe et al. 
[25]

All climbing disciplines n = 355, R, Q 
1.5- year period (2005/2006)

93% overuse injuries, 7% 
traumatic, overall mostly upper 
limb, 50% of traumatic lower 
limb 

Neuhof et al. 
[44]

Sport climbing n = 1,962, R, Q 
reviewed 5 years of sport 
climbing injuries 

Upper (42.6%) and lower 
(41.3%) limbs equally effected 
(699 injuries)

DAV = German Alpine Club; ER = emergency room; ISS = Injury Severity Score; NACA = National Advisory 
Committee for Aeronautics; NEISS = National Electronic Injury Surveillance System, I = interview, P = prospective, 
Q = questionnaire, R = retrospective, E = physical examination.
a Injuries/fatalities per 1,000 h calculated by the authors according to the information given in the study.
b NACA score graded by the authors according to the information given in the study.

Table 1. Continued
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Injuries/1,000 h 
sport performance

Injury severity 
(NACA score)

Fatality Risk evaluation

NS NS NS Falling injuries are more severe in 
alpine climbing

NS NS NS 12% of all accidents in mountain 
sports are from rock and ice 
climbing: 48% of these from 
alpine climbing, 29% sport 
climbing, 9% indoor climbing, 6% 
ice climbing, 1% bouldering

NS NS None Few differences between injuries 
experienced between indoor and 
outdoor

NS NS None reported as it was a 
retrospective study

Climbing frequency and difficulty 
are associated with incidence of 
overuse injuries

Measures of 
participation and 
frequency of exposure 
to rock climbing are 
not given

Mostly NACA 1–2b, 
11.3% 
hospitalization

None reported as it was a 
retrospective study

Overexertion injuries more likely 
on the upper body

4.2 (including overuse 
injuries)
0.29 for acute injuries

NS None reported as it was a 
retrospective study

Overweight and bouldering 
implies increased injury risk

0.2 NACA1 36.1%
NACA2 38.3%
NACA3 24.6%
NACA4/5 1%
NACA 6/7 0
UIAA1 0 (excluded)
UIAA2 81.4%
UIAA3 18.2%
UIAA4/6 0.4%

None reported as it was a 
retrospective study

Years of climbing experience (p < 
0.01), difficulty level (p < 0.01) 
and climbing time per week (p < 
0.01) correlated with injury rate
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Table 2. Injuries and fatalities in indoor and competition climbing. Modified from Schöffl et al. [5]

Study Type of climbing/
location

Study design
n

Cause of injury/location

Limb [26] 90 indoor climbing 
walls in England, 
Wales and Scotland

n = 55, significant 
injuries reported 
with 1.021 million 
visits
R, Q

Mostly upper limb

Schöffl and 
Winkelmann [13]

Indoor climbing 
walls, Germany

n = 25,163 registrants 
to indoor climbing 
walls 
P, Q

Wright et al. [11] Overuse injuries in 
indoor climbing at 
World 
Championships 
Birmingham, UK, 
1999

n = 295, R, Q
spectators and 
competitors

44% had overuse injuries, 
mostly fingers

Schöffl and Küpper 
[12]

Indoor competition 
climbing, World 
Championships, 
Germany, 2005

n = 443 climbers 
(273 M; 170 F) from 
55 countries
P, E

18 acute injuries of which 4 
were significant

Josephsen et al. [14] Bouldering (indoor 
and outdoor), Calif., 
USA

n = 152, P, Q
cross- sectional 
cohort study

Overuse

German Alpine Club 
[69]

All climbing 
disciplines

n = 1,491, R. Reports 
on all climbing 
accidents reported to 
the DAV insurance 
cover 
(2004–05)

Jones et al. [7] Rock climbers 
(indoors and 
outdoors)

n = 201, R, Q
cross- sectional study

10% acute through falls; 33% 
overuse injuries; 28% acute 
through strenuous
move

DAV = German Alpine Club; F = females; M = males; NACA = National Advisory Committee for Aero-
nautics, I = interview, P = prospective, Q = questionnaire, R = retrospective, E = physical examination.
a Injuries/fatalities per 1,000 h calculated by the authors according to the information given in the 
study.
b NACA score graded by the authors according to the information given in the study.
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Injuries/1,000 h sport 
performance

Injury severity (NACA 
score)

Fatality Risk evaluation

0.027a All >NACA 1a; 
none NACA 7

None Climbing walls with very low injury rate; 
injury rate not related to any identified 
wall design or safety feature

0.079a 3 NACA 2; 
1 NACA 3

None Indoor climbing is a very low risk sport for 
acute injuries

NS NACA 1–2b None Climbing harder routes correlated to 
overuse injuries (p < 0.01)

3.1 16 NACA 1; 
1 NACA 2; 
1 NACA 3

None Indoor rock climbing has a low injury risk 
and a good safety profile

NS NS None Few differences between indoor and 
outdoor

NS NS NS 12% of all accidents in mountain sports 
are from rock and ice climbing: 48% of 
theses alpine climbing, 29% sport 
climbing, 9% indoor climbing, 6% ice 
climbing, 1% bouldering

NS NS None Climbing frequency and difficulty are 
associated with incidence of overuse 
injuries
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Ice Climbing
In ice climbing [27], female climbers were injured more often (76.9%) than 
males (58.7%) (table 3). Schöffl et al. [27] report an injury risk of 4.07/1,000 h of 
performance.

Mountaineering
McIntosh et al. [28] found little or no influence of gender on risk of injury (table 4). 
Recreational injuries in Washington State Park were mostly in males [29]. Typically, 
two age groups are involved in mountaineering accidents: climbers from 20 to 35 
years suffering from trauma and climbers from 45 to 55 years who in addition also 
have a relevant number of non- traumatic problems [30, 31]. In fatal accidents, signifi-
cantly more men are involved than women (p < 0.05) [30].

Schussmann et al. [32] reported an incidence of 2.5 accidents/1,000 mountaineers 
and year or 0.56/1,000 h of mountaineering. Most studies on mountaineering fatali-
ties and accidents present the injury/fatality number per 1,000 climbers or per 1,000 

Table 3. Injuries and fatalities in ice climbing. Modified from Schöffl et al. [5]

Study Type of climbing/
location

Study design
n

Cause of injury/location

Mosimann [64] Ice climbing, 
Switzerland

n = 46, R
Outcome of ice climbers rescued by Swiss 
mountain rescue service over 6 years 

Most frequent injury causes were 
falls (55%), but no fatal injuries 
were sustained through falls

Schöffl et al. 
[27]

Ice climbing, 
international

n = 88, R, Q
3 years

95 injuries, overuse syndromes 

American Alpine 
Club [16]

All climbing 
accidents, USA

n = 11,089,R, 
Alpine club records from 1951 to 2003 
reported 6,111 accidents (5,931 
unharmed)

German Alpine 
Club [69]

All climbing 
disciplines

n = 1491, R
Reports on all climbing accidents 
reported to the DAV insurance cover 
(2004–05)

Canadian Alpine 
Club [17]

All climbing 
accidents, Canada

n = 2,003 R
Alpine club records from 1951 to 2003 
reported 958 accidents
715 injured, 163 occurred on ice

DAV = German Alpine Club; NACA = National Advisory Committee for Aeronautics, I = interview, 
P = prospective, Q = questionnaire, R = retrospective, E = physical examination.
a NACA score graded by the authors according to the information given in the study.
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summits, making comparison with studies reporting injuries 1,000 h of sports perfor-
mance difficult (table 4).

Where Does Injury Occur?

Anatomical Location
Traditional and Sport Climbing
Unfortunately, many scientific climbing papers present case studies or common 
hand injuries [9, 24, 33–38] and are therefore not suitable for injury distribution 
analysis. So far, most research indicates that the upper extremity to be the most 
injured body regions in non- alpine rock climbing [8, 19, 22, 24, 25, 27, 39, 40]. 
Schöffl et al. [35] analyzed 604 injured climbers (sport climbing, indoor climbing) 
and reported 247 of 604 (40.9%) injuries involved the hand (table 5). Two studies that 
analyzed climbing injuries treated in American hospitals or emergency rooms [4, 

Injuries/1,000 h 
sport performance

Injury severity 
(NACA score)

Fatality Risk evaluation

31% NACA 0; 42% NACA 
2–3; 8% NACA 4; 
6%NACA 5; 13% NACA 7

Case fatality rate 13% Fatality rate in ice climbing is higher than in 
mountaineering and rock climbing

4.07 for NACA 1–3 2.87/1,000 h NACA 1; 
1.2/1,000 h NACA 2/3; 
none >NACA 3

None reported as 
retrospective study

Ice climbing is not a sport with a high risk of 
injury; 61% injuries occurred while leading, 24% 
following

NS 53% NACA 0a; 12% NACA 
7a; 4% NACAa accidents 
on ice

1,373 fatal accidents 
overall

NS NS NS 12% of all accidents in mountain sports are from 
rock and ice climbing: 48% of theses alpine 
climbing; 29% sport climbing; 9% indoor 
climbing; 6% ice climbing; 1% bouldering

NS NS 292 fatal injuries, 30 
fatal ice- climbing 
injuries occurred over 
a 30- year period
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Table 4. Injuries and fatalities in Mountaineering. Modified from Schöffl et al. [5]

Study Type of climbing/location 
(includes snow and ice terrain)

Study design
n

Cause of injury/location

Addiss and 
Baker [15]

Mountaineering and 
traditional climbing, US 
national parks

rock- climbing injuries that were 
reported to US national park 
services (1981–82)
n=127, R

75% falls

Schussmann 
et al. [32]

Mountaineering and 
traditional climbing, Grand 
Tetons, Wyo., USA

Data collection through 
national park registration, 
n=108, R

More mountaineering 
accidents than rock climbing

Malcom [74] Mountaineering, Mount Cook, 
New Zealand

n = 33, R
Fatality analysis on Mount Cook

Stephens 
et al. [29]

Washington State Park, USA n = 535, R
case incidence reports, 
recreational injuries

Monasterio 
[70]

Mountaineering and alpine 
rock climbing in New Zealand, 
maximum altitude 4,000 m

n = 44, P, Q
injuries over 4 years among 
mountaineers (40 M, 4 F)

Firth et al. 
[75]

Mountaineers, Sherpas and 
climbers attempting to climb 
Mount Everest, 8850 m, 
highest point in the world

n = 28,276, R
Search of Himalayan database 
and other records from 1921 to 
2006; analysis of mortality 
among n = 28,276 where 192 
deaths occurred

n = 113 died from objective 
falls or hazards; n = 52 non- 
traumatic (sudden death, 
altitude illness, hypothermia); 
n = 27 body never found

German 
Alpine Club 
[69]

All climbing disciplines that 
were covered by the insurance 
provider for the German 
Alpine Club

n = 1,491, R
Reports on all climbing 
accidents reported to the DAV 
insurance cover (2004–05)

American 
Alpine Club 
[16]

All climbing accidents, USA n = 11,089, R
Alpine club records from 1951 
to 2003 reported 6,111 
accidents (5,931 unharmed)

Canadian 
Alpine Club 
[17]

All climbing accidents, Canada n = 2,003, R
Alpine club records from 1951 
to 2003 reported 958 accidents
715 injured, 163 occurred on 
ice
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Injuries/1,000 h 
sport performance

Injury severity 
(NACA score)

Fatality Risk evaluation

NS 28% NACA 7 (fatal)a 36 (28%) injuries on snow 
and ice were more likely to
be fatal

Mountaineering was 
potentially a high- risk activity 
compared with rock climbing

0.56 for injuries; 0.13 
for fatalities

23% of the injuries 
were fatal (NACA 7)b

25 fatal case fatality rate: 23% Author concluded 
mountaineering of higher 
risk than pure rock climbing

NS NS 0.12 for fatalitiesa or 1.87/1,000 
exposure days

Mountaineering was 
associated with a high risk 
compared with other 
activities

NS NS Hiking was the most common 
activity during time of death 58%, 
26% in mountaineering

NS NS 5 NACA 7 (fatal) [8.7%]; 1 death 
was unrelated to climbing, 2 fell 
into crevasses, 2 died by climbing 
misadventure (1 climber was 
climbing alone)

Mountain climbing was 
associated with a high risk of 
serious injury and mortality; 
baseline climbing 
experience was 5–7 years

NS NS Mountaineers had a mortality rate 
of 1.3%

Debilitating symptoms of 
high altitude pulmonary 
edema associated with 
descent from summit; 
subsequent deaths 
associated with late arrival at 
summit and fatigue

NS NS NS 12% of all accidents occurred 
in mountain sports are from 
rock climbing: 48% of these 
alpine climbing; 29% sport 
climbing; 9% indoor 
climbing; 1% bouldering

NS 53% NACA 0b; 12% 
NACA 7b; 4% NACAb 
accidents on ice

1,373 fatal accidents

NS NS 292 fatal injuries; 30 fatal ice- 
climbing injuries occurred over a 
30- year period
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32] reported that most climbing injuries involved the lower extremities and resulted 
from big swings into the wall or big falls [4, 23]. The authors suggest that these find-
ings may be partially explained by the minor nature of many rock climbing- related 
injuries recalled by participants in the other surveys. In another recent study on 
rock- climbing injuries, traumatic injuries involved the lower extremities (foot, toe 
and ankle) in 50%, while upper extremities accounted for 36% of the injuries [25]. 

Study Type of climbing/location 
(includes snow and ice terrain)

Study design
n

Cause of injury/location

Hearns et al. 
[90]

Mountaineers who were 
patients at a specialist spinal 
hospital in Scotland

n = 21, R, Q
21 from 1,400 patients 
identified with spinal injuries 
from mountaineering over 10 
years

4 rock climbing, 6 winter 
climbing, 1 other 

McIntosh 
et al. [28]

School teaching outdoor 
training and wilderness skills 
taught at the National 
Outdoor Leadership School, 
Lander, Wyo., USA

n = 996 medical incidents
R, 2002–05

McIntosh 
et al. [71]

Mountaineering Mount 
McKinley (or Mount Denali) in 
Alaska, 6,194 m

n = 96, R
fatalities from 1903 to 2006

McLennan 
and 
Ungersma 
[41]

Mountaineering in Sierra 
Nevada, Columbia; peaks up 
to 5,700 m

n = 215 mountaineering 
accidents
R, 5 years of accidents and their 
possible causes when climbing 
class V routes

94 involved ankle and lower 
tibia, 17 deaths mostly 
involved head injuries

Küpper [30] European Alps (Switzerland, 
Austria)

R, n = 2,730 helicopter rescue 
operations, 4,139 diagnoses

72.8% trauma (falls and 
collisions)/27.2% non- 
traumatic (0.5% alcohol; 0.2% 
suicide); of trauma diagnoses: 
31.8% head/vertebral column, 
12.5% trunk, 18.9% upper 
extremities, 28.5% legs

DAV = German Alpine Club; F = females; M = males; NACA = National Advisory Committee for Aeronautics, I = 
interview, P = prospective, Q = questionnaire, R = retrospective, E = physical examination.
a Injuries/fatalities per 1,000 h calculated by the authors according to the information given in the study.
b NACA score graded by the authors according to the information given in the study.

Table 4. Continued

MSS058017.indd   30MSS058017.indd   30 07/06/12   14:27:0907/06/12   14:27:09



Mountaineering, Rock and Ice Climbing 31

Neuhof et al. [22] found an even injury distribution between the upper (42.6%) and 
lower extremities (41.3%) (table 1).

Indoor Climbing
Limb [26] as well as Wright et al. [11] report mostly about upper limb injuries for 
indoor climbing (table 2).

Injuries/1,000 h 
sport performance

Injury severity 
(NACA score)

Fatality Risk evaluation

NS NS None, as study was of survivors 
with spinal injuries from 
mountaineering

Incidence of spinal cord 
injury less than in overall 
group of spinal injury 
patients
Most of the 21 subjects 
studied had other significant 
and potentially distracting 
injuries

0.071 NACA 1a; 0.074 
NACA 1–3a; 0.0056% 
NACA 2–3a

92% NACA 1b; 7.6% 
NACA 2–3b; none 
>NACA 3b

None

0.063 for fatalitiesa NS 3.08/1,000 summit attempts, or 
100/1 million exposure days on 
Mount Denali

Fatality rate is declining

NS NS 17 deaths, mostly from head 
injuries

Poor acclimatization with 
acute mountain sickness and 
hypothermia found in 104 
patients, resulting in 
judgmental errors

NS 17.3% NACA I–II, 
43.6% NACA III, 
NACA IV–VI 27.4%, 
5.2% NACA VII 
(Western > Eastern 
Alps)

142 (5.2%) injuries and non- 
traumatic incidences were fatal

Significant differences of the 
risk between different alpine 
disciplines (not exactly 
defined since the total 
number of climbers or hours 
of climbing is unknown)
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Ice Climbing
The most injured body regions in ice climbing are the head and the upper extremities 
[27] (table 6).

Mountaineering
In a recent study, which included 2,730 alpine rescue operations, 72.8% of diagnoses 
were trauma and 16.6% concerning internal medicine or neurology [30]. Almost 36% 
of the trauma diagnoses involved the head or vertebral column, 14.3% trunk, 25.5% 
legs, and 14.1% arms. In 1.8%, a polytrauma was present. Almost half (45.2%) of the 
internal/neurological diagnoses affected the cardiovascular system [30] (table 4). In 
another study [41], 94 of 215 injuries involved the ankle and the lower tibia, the 17 
deaths mostly involved head injuries.

Environmental Location
Climbing Sports
Designing scientific studies that account for all environmental injury variables 
related to outdoor climbing is difficult [42]. Injuries at indoor climbing walls have 
more controlled sport- specific variables and are better documented (table 2). More 
injuries are found in traditional and alpine climbing than in sport or indoor climbing 
[5, 8] (table 1). Gerdes et al. [8] report a similar distribution of indoor and outdoor 
climbing injuries, which is in contradiction to Schöffl et al. [5, 13]. Very few injuries 
occur during climbing competitions [8, 12] and indoor climbing (table 2).

Mountaineering
Küpper’s study [30] provides the most detailed data on environmental location – at 
least for the European Alps. A little more than 26% of all accidents were located at 
NACA 3D terrain, which means that accessibility is limited and takes time [30]. 8.5% 
were in difficult access terrain while 5.9% were in very difficult or extreme terrain. 

Table 5. The 10 most frequent locations of injuries in sport and 
indoor climbing (n = 604), 1/1998–2/2001

Fingers 247 (41.0%)
Elbow/forearm  81 (13.4%)
Foot  55 (9.1%)
Hand  47 (7.8%)
Spine/trunk  43 (7.1%)
Skin  42 (6.9%)
Shoulder  30 (5.0%)
Knee  22 (3.6%)
Other  37 (6.1%)
Polytrauma   5 (0.8%)
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There were significant differences between summer and winter climbing injury rates 
(p < 0.05) (table 4).

When Does Injury Occur?

Injury Onset
A distinction between acute injuries and chronic injuries (overuse syndromes) is 
important. Nevertheless, this distinction may be difficult as some injuries, for example 
tenosynovitis in the fingers, may have an acute or chronic onset [6]. Most injuries in 
traditional climbing are acute and result from a fall [4, 15]. Sport and indoor climbing 
show an almost even distribution between acute injuries from performing a strenu-
ous move and chronic injuries (table 2). Schöffl et al. [27] report similar findings for 
ice climbing, with most acute injuries presenting while lead climbing. In mountain-
eering the vast majority are acute injuries (table 3, 4).

Chronometry
Few studies provide data on the timing of injury. In Yosemite National Park more 
rock- climbing injuries occurred in spring (47%) than in summer or autumn [4]. 
Injuries were disproportionately higher on weekends and time of injury was dis-
tributed evenly with the highest frequency at noon [4]. Most injuries in recreational 
activities in Washington State Park occurred during the summer months between 
noon and 6.00 p.m. [29]. This finding is expected as more climbers climb in sum-
mer and during daylight than at nighttime in winter. In alpine climbing the peak of 
injuries or accidents is at noon or early afternoon with 70.1% of all injuries occur-
ring between 11 a.m. and 5 p.m., and most of these between 1 and 3 p.m. [43]. Most 
authors interpret these data as reflecting decreasing mental and physical performance 
after hours of climbing.

Table 6. Location of injury in ice climbing (n = 120)

Head 49 (40.8%)
Finger 16 (13.3%)
Leg 15 (12.5%)
Foot  6 (5%)
Arm  6 (5%)
Shoulder  3 (2.5%)
Chest  3 (2.5%)
Back  2 (1.7%)
Neck  1 (0.8%)
Perianal  1 (0.8%)
Others 18 (15%)
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What Is the Outcome?

Injury Type
Traditional, Sport Climbing and Indoor Climbing
Most authors [8, 23, 25, 35, 44] report that fractures, strains and sprains are predomi-
nant. Chronic overuse injuries occur most often on the upper extremities at the elbow 
and the fingers [8, 22, 35]. As hand and finger injuries are the most common (table 
7), many studies focus on these [9, 24, 33–38, 45]. Schöffl et al. [35] found as the most 
common climbing injury the closed pulley rupture and the most common overuse 
injuries were epicondylitis and tenosynovitis of the finger flexor tendons. These pulley 
injuries are almost rock climbing- specific pathologies and have been studied exten-
sively [24, 46–48]. Other finger injuries which are climbing- specific include ‘lumbrical 
shift syndrome’ [49], ‘extensor hood syndrome’ [50], ‘epiphyseal fractures’ [51], ‘flap 
irritation phenomenon (FLIP) syndrome’ [52], ‘finger amputations – rope- tangling 
injuries’ [36], morbus Dupuytren [53] and acute problems because of osteoarthritis of 
the fingers [38, 54, 55]. In recent publications, back problems (‘climbers back’ [56]), 
shoulder pathologies (SLAP and biceps tendon tears [57–59]) as well as feet deforma-
tions are evolving [60–62].

Ice Climbing
Most acute injuries in ice climbing are open wounds (55.2%) and hematomas (21.9%) 
[27] (table 8).

Mountaineering
Mountaineering tends to be associated with higher graded trauma, multiple fractures, 
severe wounds and polytraumatic patients (table 4). Küpper [30] analyzed 2,730 res-
cue operations. The 72.8% of trauma cases showed a significantly higher severity than 
those in sports climbing, especially more fractures, severe wounds, and polytrau-
matic patients. Due to high altitude there were diagnoses which do not occur in other 

Table 7. The most frequent injuries and overuse syndromes in 
sport climbers (n=604), 1998–2002

Pulley injury 122
Tenosynovitis  42
Epicondylitis  51
Joint capsular damage  37
•Skin laceration  34
Back problems  24
Knee problems  14
Others 281
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climbing sports, e.g. altitude disease (2.5%) or ‘alpine’ diagnoses like hypothermia, 
exhaustion, or heat stroke [30].

Injury Severity
Traditional and Sport Climbing
As shown in table 1, most injuries in climbing studies were of minor severity, although 
the scores and definitions employed were inconsistent. A post- hoc NACA classifica-
tion of the injuries reported in these studies was reported by Schöffl et al. [63] (table 
1). Overall, the majority of injuries in outdoor and alpine climbing were of minor 
severity (NACA 1–2).

Indoor Climbing
Two large- scale studies [13, 26] analyzed indoor- climbing injuries. Limb’s [26] survey 
reported 55 accidents, from 1.02 million climbing wall visits, and no fatalities. Schöffl 
and Winkelmann [13] prospectively surveyed 25,163 registrants at ten climbing walls. 
Only four significant injuries (NACA 3, UIAA 2) were found and no fatalities (table 2).

Ice Climbing
For ice climbing, few data on injuries and accidents exist. Schöffl et al. [27] found 
mainly NACA 1 injuries, and no injury score above NACA 3. Of 46 ice climbers res-
cued over 6 years, Mosimann [64] found 31% had no injury (NACA 0), 42% had 
NACA 2–3 injuries, 8% had NACA 4, 6% NACA 5, and 13% (6 climbers) had a fatal 
injury (NACA 7) (table 3).

Mountaineering
Few mountaineering studies provide exact injury scores. Küpper [30] reported 43.6% 
of all accidents classified as NACA 3 and only 17.3% as NACA 0–2, but 27.4% as 
NACA 4–6. 5.2% were NACA 7 (= dead).

Clinical Outcome – Catastrophic Injuries (Fatalities)
Traditional and Sport Climbing
Recent statistics of the German Alpine Club (DAV) reported 7 deaths during 2006 
and 2007 [65]. These statistics do not differentiate between traditional, ice and sport 

Table 8. Ice- climbing injuries (n = 102)

Open wounds 53 (52%)
Haematoma 21 (20.6%)
Frostbite  9 (8.8%)
Fractures  2 (1.9%)
Other 17 (16.7%)
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climbing. A retrospectively conducted study on mountaineering reported an inci-
dence of 0.13 fatalities/1,000 h [32]. For alpine climbing, Bowie et al. [4] documented 
that 13 of 220 injured climbers died – a case fatality rate of 6%. This case fatality 
rate was much smaller than older American records from 1951 to 1960 that recorded 
41% [66], 23% for the Grand Tetons [32] in 1982, and 8% for the Sierra Nevada [41]. 
Schussmann et al. [32] calculated, based on 25 fatalities in his study, a fatality rate 
of 0.13/1,000 h or a case fatality rate of 23%. Bowie et al.’s [4] Yosemite results are in 
accordance with the results of Hubicka [67] for European climbing areas. The analyses 
in these climbing injury studies were conducted retrospectively using questionnaires, 
and therefore may be prone to recall bias. The ‘older’ studies (20 years ago) [4, 15, 32] 
reported the most severe injuries and highest fatality rates, while recently a prospec-
tively conducted study on bouldering [14] reported no fatalities at all (table 1).

Ice Climbing
The Canadian Alpine Club [68] and the American Alpine Club [16] have statisti-
cally recorded and analyzed all mountain accidents since 1951. In the USA, up to the 
year 2005, there were 6,111 incidents involving 11,089 mountaineers recorded by the 
American Alpine Club [16]. Of these were 1,373 (12%) fatalities (NACA 7). 254 (4%) 
accidents happened in ice, though no further evaluation of the ice- climbing injuries 
was provided. As 4% of all injuries are associated with ice climbing, also 4% of all 
fatalities can be assumed to be ice climbing- related. This would calculate to 55 fatally 
ice- climbing injuries in 54 years, or 1 ice- climbing fatality per year within the USA. 
During the same time frame, 958 accidents in 2,003 mountaineers were recorded in 
Canada [68]. 715 (36%) mountaineers were injured, 292 (15%) fatal. 163 (17%) of 
the Canadian accidents occurred on ‘ice’ terrain. In 30 years, 92 mountaineers were 
injured while ice climbing, 30 fatally. The German Alpine Club (DAV) records ice-
 climbing accidents that are reported to their insurance carrier. In the years 2004–
2005, 150 climbing accidents were recorded, 12% of all accidents in mountain sports 
(1,270) [69]. Alpine mixed climbing accounted for 8% of all accidents and water ice 
climbing for 6%. It is not possible to precisely determine the death risk from these 
numbers, as the absolute number of ice climbers in these areas is unknown. The 
major ice- climbing countries, Switzerland and Canada, report about 1 death per year 
[64, 68].

Mountaineering
Monasterio [70] prospectively surveyed 46 rock climbers/mountaineers over 4 years 
to determine the type and frequency of accidents. He reported 5 deaths – 1 unrelated 
to climbing, 2 in avalanche, and 2 from climbing ‘misadventure’. Küpper [30] found 
significantly more fatal accidents in men than women (p < 0.05), which may be a 
consequence of a higher risk acceptance in men. McIntosh et al. [71] reviewed moun-
taineering fatalities on Mount McKinley, Alaska (6,194 m). In recent years the fatal-
ity rate has declined to 3.08/1,000 summit attempts. They found this fatality rate 20 
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times higher than those given for trekkers hiking in Nepal [72] and even higher than 
those for English and Welsh mountaineers [73]. McIntosh et al. [71] adjusted denom-
inators to allow comparison and reported a fatality rate of 100/1 million exposure 
days on Mount McKinley, or a fatality rate of 0.063/1,000 h. Malcom [74] reported 
1.87/1,000 days mountaineering fatalities on Mount Cook in New Zealand, or 0.12 
fatalities/1,000 h of mountaineering. This figure seems extremely high and may be 
the product of estimated exposure days based on hut night stays, rather than actual 
climbing days [71].

Firth et al. [75] calculated a mortality rate of 1.3% when examining causes of mor-
tality among those who climbed Mount Everest from 1921 to 2006 (192 died from 
28,276). Pollard and Clarke [76] found that at extreme altitude, 70–80% of moun-
taineering deaths were related to environmental factors. Salisbury [77] and Salisbury 
and Hawley [78] identified mortality rates between 0 and 0.126 deaths for every 100 
mountaineers climbing above 6,000 m. In recent years the mortality in mountaineer-
ing has declined [79]. On 8,000 m peaks, ascent success rates declined with sum-
mit height, but overall death rates, and death rates during descent from the summit, 
increased with summit height [75, 80].

Economic Cost
Traditional and Sport Climbing
Climbers often do not seek a doctor’s advice but undergo self- therapy [1, 7]. Gerdes 
et al. [8] found that only one third of the climbers even sought medical treatment. 
Neuhof et al. [22] found in sport climbers that 29% of the injuries were followed by 
a period where the climbers were incapable to work for an average time of 27.7 ± 
41.6 days (range 1–300). More than a tenth (11.7%) of injuries required inpatient 
admission with a mean duration of 11.1 ± 16.4 days (range 1–120). 14% of injuries 
resulted in permanent damage including functional deficits (n = 56), pain (n = 33), 
deformities (n = 12), skin scars (n = 9) and psychosis (n = 1). Bowie et al. [4] give 
exact numbers on cost of injury, although the numbers must be considered as being 
from over 20 years ago (1988). The average clinic medical expense from climbers 
was USD 233.

Ice Climbing
In one ice- climbing study [27], 27.3% of injuries required a doctor’s attendance; only 
a few (5.7%) needed hospitalization. Permanent damage occurred in 22.7% of the 
injury cases.

What Are the Risk Factors?

For injury- intervention and rehabilitation programs to be effective, an in- depth 
knowledge of injury risk factors is paramount.
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Intrinsic Factors
Traditional and Sport Climbing
Few studies distinguish between male and female in risk willingness and risk 
management (table 1). Self- efficacy and sex differences (male higher) emerged 
as important predictors of risk in rock climbing in a psychological analysis [81], 
while it appears that experienced climbers are less motivated by sensation seeking 
or impulsivity. Neuhof et al. [22] found a higher injury rate (number of injuries 
divided by 1,000 h of sport participation) for female (0.23) than for male (0.19) 
climbers (p = 0.83). Age (p = 0.63) and body mass index (p = 0.46) had no influ-
ence on the development of an injury. Difficulty level (p < 0.01) and climbing 
experience (p < 0.01) were significant for the development of at least one climbing 
injury. Climbing experience (r = 0.06, p < 0.01) and difficulty level (r = 0.08, p < 
0.01) also correlated with injury rate. In contrast, Josephsen et al. [14] found no 
relation of bouldering injuries to gender, years of climbing, body mass index or 
weight.

Ice Climbing
Body mass index correlated significantly (p < 0.05) with an increased risk of injury in 
ice climbing [27]. Overuse syndromes correlated significantly with ice- climbing level 
(p < 0.01) and the risk willingness while lead climbing on ice (p < 0.01). The younger 
(under 30 years) ice climbers had a higher injury incidence than did older climbers 
(over 50 years). More than 10 years of ice- climbing experience resulted in a lower 
injury risk.

Mountaineering
Küpper [30] found fatal accidents to be significantly greater in men than women (p 
< 0.05), which may be a consequence of a higher risk acceptance in men. There was 
a linear increase of non- traumatic emergencies with the patient’s age (p = 0.94). Risk 
tolerance and preexisting diseases are important factors of the age- depending pattern 
of incidence in younger and older alpine climbers [30]. Climbers from Asia had the 
greatest odds of dying on Denali [71], while the death rate on Mount Everest is higher 
in climbers than in Sherpas [75].

Extrinsic Factors
Traditional and Sport Climbing
Jones et al. [7] found that the frequency of all forms of climbing behavior were asso-
ciated with overuse injuries. Josephsen et al. [14] found in boulderers no relation of 
injuries to years of climbing and no correlation to injury incidence to the use of spot-
ters, numbers of spotters, height of average boulder, height of tallest boulder climbed, 
use of pads or number of pads. Neuhof et al. [44] found that climbing time per week 
is significant (p < 0.01) for the development of at least one climbing injury and also 
correlates with the injury rate (p < 0.01).
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Certain grip techniques in rock climbing are more prone for injuries than oth-
ers. Schöffl et al. [47, 48] demonstrated on a cadaver model that the crimp grip is 
more prone to injure the A4 pulley, while eccentric movements injure the A2 pulley. 
Gerdes et al. [8] found that males were found to use helmets less (p = 0.019) than 
female climbers and use illicit substances more. The pattern of injury after rock-
 climbing falls is not determined by harness type [82]. Those climbers with a sit-
 alone harness fell on more difficult routes (p = 0.004) and sustained fewer severe 
injuries (p = 0.039). Falls on more difficult routes were associated with less severe 
injuries (p < 0.001) [82].

Indoor Climbing
For indoor climbing, Limb [26] found no correlation between injury rate and the pro-
vision of safety mats, but the mats had some influence on injury pattern.

Ice Climbing
In one study, overuse syndromes correlated positively with training hours (p < 0.01) 
[27].

Mountaineering
On 8,000 m peaks, overall death rates and death rates during descent from the 
summit increased with summit height [75, 80]. More people on Everest die on the 
descent (56%) than on ascent (10%) [75]. The faster the ascent to an altitude above 
2,500 m, the higher is the prevalence of acute mountain sickness, which varies from 
region to region between 8 and 84%, while it is 5–15% for HAPE [83, 84].

What Are the Inciting Events?

To trigger new safety developments the inciting events of injuries are important data. 
The most frequent inciting factor for injury in all disciplines (rock, ice and mountain 
climbing) is a fall [5, 27, 64]. Falls on more difficult routes were associated with less 
severe injuries [82]. Performing a strenuous move is the most frequent underlying 
factor in overuse injuries. In alpine mountaineering, fatigue is discussed as a very 
important factor which causes stumbling and falls [43]. This may explain the peak of 
accidents in the early afternoon and should remind the climbers to be especially care-
ful at this time of their tour.

Injury Prevention

Until now, little research has been performed to test the effectiveness of preventive 
measures.
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Traditional and Sport Climbing
Josephsen et al. [14] found that few of the injury prevention strategies employed by 
boulderers were associated with reductions in the number of injuries. The incidence 
of these injuries was unrelated to the use of a spotter, number of spotters, use of pads 
and number of pads. Of the preventive measures employed, only two provided a pro-
tective effect: taping of the wrist and weight training. In contrast, finger taping, which 
is frequently performed to prevent pulley injuries, was ineffective in preventing injury 
in several other studies [14, 85–87].

Even if scientific data are sparse, general safety strategies do apply and are recom-
mended. Based on the current state of knowledge, the following preventive measures 
seem reasonable: (a) spotters and crash pads in bouldering, (b) closed intersections 
of mats in indoor climbing, (c) dynamic belay technique, (d) proper training on belay 
techniques, (e) double check – partner check of knot, harness and belay device, (f) 
use of a helmet in alpine (traditional) climbing, (g) general recommendations of route 
setting in first ascents (positioning of bolts, belay chains at sport climbs, stainless 
steel bolts, etc.), (h) use of equipment with the UIAA safety label, (i) warm up and 
cool down, and (j) neglect of campus board use in young climbers before closure of 
growth plates.

Further Research

Objective reporting of the injury site and its severity varied in most of these papers 
according to the injury definition and methodology used. This creates differences in 
the injury and fatality results and conclusions, which in turn makes inter- study com-
parisons difficult or impossible. In the absence of a common injury incidence and 
injury severity scoring system, some authors used the NACA score, while others used 
the AIS or ISS score [5, 27]. Nevertheless, all these scores demonstrated weaknesses 
in the evaluation of mountaineering and climbing injuries [5, 27]. Therefore a simple 
and common protocol was developed through a working group of the UIAA Medical 
Commission to report injuries in mountaineering and climbing studies [88]. These 
definitions should be used to allow inter- study comparison.

Further studies should address the following: (1) The use of a common score is essen-
tial and the UIAA MedCom score should be implemented in all studies. (2) Prospective 
studies are necessary to better evaluate cohort fatalities for the various climbing sub-
disciplines. (3) Predictors and preventive strategies for finger injuries must be prospec-
tively tested and developed. (4) The influence of campus board training on the fingers 
must be further explored. (5) Further research is needed on the residual effects of inju-
ries and osteoarthritis in later life. (6) Even if climbing is a regular part in rehabilita-
tion training of other injuries, too little research is currently performed in this field. (7) 
Because most of the research to date has relied on self- report of injury, medical evalua-
tion of injury is required. (8) Injury- preventive strategies must be further explored (e.g. 
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The Epidemiology of Injury in Hang- Gliding 
and Paragliding 
Tiina Rekand
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Abstract
Para-  and hang- gliding are modern air sports that developed in the 20th century. Performers should 
possess technical skills and manage certified equipment for successful flight. Injuries may happen 
during the take- off, flight and landing. PubMed was searched using the search terms ‘paragliding’ 
and/or ‘hang- gliding’. The reference lists of articles identified in the search strategy were also 
searched for relevant articles. The most common injuries are fractures, dislocations or sprains in the 
extremities, followed by spinal and head traumas. Multiple injuries after accidents are common. 
Collision with electrical wires may cause burn injuries. Fatal outcomes are caused by brain injuries, 
spinal cord injuries at the cervical level or aorta rupture. Accidents happen because of risk- taking 
behavior, lack of education or use of self- modified equipment. Observational studies have suggested 
the need for protection of the head, trunk and lower extremities. The measures proposed are often 
based on conclusions of observational studies and not proven through randomized studies. Better 
education along with focusing on possible risk factors will probably diminish the risks of hang-  and 
paragliding. Large denominator- based case series, case- control and population- based studies are 
needed for assessment of the risks of hang-  and paragliding.
 Copyright © 2012 S. Karger AG, Basel

The first attempts of gliding were performed centuries ago. However, a safe land-
ing was a problem that remained unsolved for a long time. German engineer Otto 
Lilienthal (1848–1896) improved gliding equipment based on better understanding 
of the physics of flight process in the 1890s. He is considered to be the first success-
ful aviator with multiple flights and founder of the science of aerodynamics [1]. He 
developed several types of gliders which were based on fundamental research on birds 
and airfoils. His aircraft were controlled by weight shift which inspired later construc-
tors, but his solutions were not completely safe and his life ended with a crash at the 
age of 48.

During the first decade of the 20th century, stiffened flexible wings were further 
developed. In 1948, Francis and Gertrude Rogallo applied a kite patent for fully flexible 
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kited wings which became known as the Rogallo wing [2]. The modern hang- glider 
is a non- motorized aircraft which is made of an aluminum alloy and is controlled by 
shift of body weight, and the pilot is fixed to a cocoon- like harness suspended from 
the airframe (fig. 1). Sometimes air flight control systems are installed in the hang-
 glider. The hang- glider is launched from a hill slope by running against the wind to 
accelerate, or alternately, winches or aircraft may be used for launching.

Paragliders are developed from parachutes and are free- flying foot- launched air-
craft. Parachutes with gliding abilities were developed in the 1950s. Domina Jalbert 
(1904–1991) invented a parafoil which had sectioned cells of aerofoil shape, an open 
leading edge and closed trailing edge which allowed passage through the air – the wing 
construction which is the basis of modern paragliders [3]. He took the patent on the 
equipment in 1963. The modern paraglider consists of the wing, a harness which allows 
sitting and instruments such as vario- altimeter, radio and sometimes GPS. Paragliders 
are launched by the running of pilot, but winches or motor power (powered paraglid-
ing) may be used as well. In general, paragliders are more portable and can be landed 
in a smaller area than hang- gliders, but the flight is more influenced by strong wind.

Although hang-  and paragliding are technically different activities, both are cat-
egorized as extreme sports. The number of amateurs in the world is not known. 
Both hang-  and paragliding are competitive sports with records in altitude, speed 
and length in gliding. Both sports are dependent on considerable technical skills and 
appropriate equipment. Both hang-  and paragliding are divided into different perfor-
mance levels according to pilot skills and education.

Fig. 1. Modern hang- glider where the pilot is fixed to a cocoon- like harness suspended from the 
airframe.
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The current chapter is based on a systematic search of PubMed using the search 
terms ‘paragliding’ and ‘hang- gliding’. All available studies are included. The refer-
ence lists of articles retrieved were also searched for relevant articles.

Scientific publications regarding injuries following hang-  and paragliding are still 
limited. Therefore a systematic review of injuries has apparent limitations such as: (1) 
small sample sizes in many studies; (2) denominator- based data are lacking – most 
reports are case reports or cross- sectional studies; (3) studies are retrospective, which 
is not as optimal as prospective studies for assessment of epidemiological trends; (4) 
worldwide or national epidemiological data are missing; (5) in some studies, only one 
type of injury is reported which makes overview of all injuries incomplete, and (6) 
studies are descriptive in nature – few risk factors or preventive measures have been 
tested. It is important to take these limitations into consideration to interpret this 
overview and the findings in the studies.

Who Is Affected by the Injury?

Epidemiological data on injuries related to hang-  or paragliding have not been sys-
tematically studied in recent years. The main findings in the available studies are 
summarized in table 1, which reveals that hang- gliding studies consist of case series 
and cross- sectional surveys. Data sources include hospital records, autopsy and 
police reports, and reports from pilot schools. The age range, although not consis-
tently reported, varies from 13 to 73 years. However, most participants were young 
adults. Injury rates, when reported, range from 0.007 to 0.08 injuries per 1,000 pilots. 
Table 1 reveals that studies on paragliding also consist of case series and cross-
 sectional studies. Data sources are primarily medical records, but also include rescue 
data. The age range of participants is not provided in more than half of the studies. 
In three studies, the age range was 15–59 years. Injury rates were not provided for 
paragliding.

One study from Auckland, New Zealand, studied injuries related to all parasport 
activities including parachuting, paragliding, parasailing and hang- gliding between 
1994 and 2002 [4]. Of a total of 11,060 admissions, 38 injured persons were related to 
parasport activities. Paragliding was responsible for 34% of injuries. Tongue [5] stud-
ied injuries related to hang- gliding in California. He found 144 registered injuries in 
the period 1973–1975, 37 of them fatalities.

Where Does Injury Occur?

Anatomical Location
Knowledge of the anatomical location of injury can be vital for sports medicine 
staff as well as epidemiologists, helping to highlight which areas are most likely to 
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Table 1. Number and estimated injury rate after hang-  and paragliding accidents

Study Study design ATA source Participants n Age range Injuries n Estimated 
injury rate

Hang- gliding

Krissoff and Eisenman 
1975 [22]

case series MR, autopsy 
reports

12 23–30* 38 not given

Krissoff 1976 [18] case series MR 18 12–34* 35 not given

Tongue 1977 [5] cross- sectional MR, accident 
reports

181 not given 184 0.08

Yuill 1977 [2] cross- sectional BHGA 2,461 not given 51 0.018

Mang and Karpt
1977 [15]

cross- sectional reports from 
the pilot 
schools

3,325 not given 106 0.017

Margreiter and
Lugger 1978 [7]

cross- sectional police reports, 
MR

73 19–61 122 0.102

Bell 1978 [6] case series MR, Q 44 20–40 58 not given

Penschuck 1980 [33] case series MR 36 not given 60 not given

Davidson 1983 [21] cross sectional MR 5,000 13–51 37 0.007

Steinke et al. 1987 [35] case series MR 4 19–28 4 not given

Foray et al. 1991 [34] cross- sectional accident 
reports

200 13–73 220 not given

Hasler et al. 2011 [14] cross- sectional MR 181/4 36.3–44 3 not given

Paragliding

Krüger- Franke
et al. 1991 [13]

cross- sectional Q 218 15–59 283 not given

Zeller et al. 1992 [10] cross- sectional Q, GBFAI 376 not given 423 not given

Fasching et al. 1997 [17] cross- sectional rescue 
protocols, MR, 
Q

70 not given 79 not given

Christey 2005** [4] cross- sectional AHTR 38 not given 78 not given

Gauler et al. 2006 [12] cross sectional MR 41 not given 80 not given

Rekand et al. 2009 [8] cross- sectional/
case series

MR 9 22–59 19 not given

Hasler et al. 2011 [14] cross- sectional MR 181/127 29–48.3 219 not given

AHTR = Auckland Hospital Trauma Registry; BHGA = British Hang Gliding Association; GBRAI = German Board of Flight 
Accident Investigation; MR = medical records; Q = questionnaires. * Not all reported by age. ** Includes several sports.
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be injured and to assist in the direction of future preventive research. The anatomi-
cal region associated with hang-  and paragliding injuries is summarized in table 2. 
Percent values are provided to show the relative proportion of injuries distributed 
by body region in each study. Because of different body positions during the flight, 
para-  and hang- gliders are prone to injuries at different anatomical sites. Whereas 
upper extremity injuries appear to be more common in hang- gliders (6/12 studies), 
injuries involving the spine- trunk account for a larger proportion of injuries affecting 
paragliders (4/6 studies) (table 2). Injuries in the extremities, particularly in the lower 
extremity, are common in both hang-  and paragliding (table 2).

Head injuries are more common among hang- gliders than among paraglid-
ers (table 2). Injuries of the spine with and without concomitant spinal cord injury 
have been reported as a consequence of hang-  and paragliding [6–11]. Differences 
in location of spinal injuries may be due to different body positions during para-  
and hang- gliding. During paragliding the pilot sits which makes him/her prone to 
injuries in the thoracolumbar junction. Rekand et al. [8] surveyed spinal cord inju-
ries following paragliding accidents in Norway and found only injuries in the tho-
racolumbar area of the spine. The same conclusions were made by a 10- year study 
from Switzerland which confirmed that fractures in the thoracolumbar area are a 
common consequence of paragliding [12]. Among the 37 patients with spine inju-
ries, it was reported predominantly fractures between levels Th11- L4. Apart from 
thoracolumbar injuries, they reported 3 patients with spinal injury in the cervical 
area, 2 with mid- thoracal injury (Th5- Th6) and 2 in the sacral area in the spine. 
A similar pattern of spinal injuries was reported by Krüger- Franke et al. [13] in 
Germany and Hasler et al. [14] in Switzerland who studied 283 injuries related to 
paragliding between 1987 and 1989. They identified 5 injuries in the cervical area 
of the spine (1 of these fatal), 25 in the thoracic area (3 of these with concomitant 
spinal cord injuries), 61 in the lumbar area (10 of them with spinal cord injury) and 
3 in the sacral area.

Christey [4] reported a predominance of lumbar injuries among all parasport inju-
ries, among both hang-  and paragliders in New Zealand. Among hang- gliders, Bell 
[6] reported 7 spinal injuries in the thoracolumbar junction.

Burn injuries of limbs have been described as single events, related to hang- gliding 
into electrical wires [6, 15, 16]. Multiple injuries are common and demonstrated in 
most studies (table 2).

Environmental Location
Environmental locations precipitating injuries are sparsely described in the litera-
ture. Both the training situation and competition may be related to injuries and are 
not differentiated in the literature. The optimal location and condition for hang-  and 
paragliding are mountains with windy conditions. A change of wind direction may 
influence all parts of flight take- off, flight and landing [5, 6, 11, 17]. Launches from 
mountaintops are dangerous [18, 19]. Hang- gliders as well as paragliders are prone to 
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Table 2. Anatomical locations of injuries after hang-  and paragliding

Study Study design Participants
n

Injuries
n*

Skull/head/
brain 

Spine/trunk/
spinal cord

Upper 
extremity

Lower 
extremity

Not 
specified

Hang- gliding

Krissoff and 
Eisenman 1975

case series 12 20  4 (20%)   5 (25%)  6 (30%)   5 (25%)

Krissoff 1976 case series 18 31  7 (22.6%)  10 (32.3%)  7 (22.6%)   7 (22.6%)

Tongue 1977 case series 181 151 26 (17.2%)  24 (15.9%) 45 (29.8%)  33 (21.9%) 23 (15.2%)

Yuill 1977 cross- sectional 70 51  0   5 (9.8%) 15 (29.4%)   7 (13.7%) 24 (47.1%)

Mang and 
Karpt1977

cross- sectional 3,325 106  6 (5.7%)   1 (0.9%) 99 (93.4%)

Margreiter and 
Lugger 1978

cross- sectional 73 124 27 (21.8%)  42 (33.9%) 28 (22.6%)  27 (21.8%)

Bell 1978 case series 44 53  0  14 (26.4%) 26 (49.1%)  13 (24.5%)

Davidson 1983 cross- sectional 5,000 34  9 (26.5%)   3 (8.8%) 17 (50%)   5 (14.7%)

Steinke et al. 
1987

case series 4 5  0   1 (20%)  4 (80%)   0

Penschuck 1980 case series 36 42  4 (9.5%)   7 (16.7%) 18 (42.9%)  13 (31%)

Foray et al. 1991 cross- sectional 200 211 14 (6.6%)  63 (29.9%) 43 (20.4%)  91 (43.1)

Hasler et al. 
2011**

cross- sectional 161 4  0   1  0   1***

Paragliding

Krüger- Franke 
et al. 1991

cross- sectional 218 222 15 (6.8%)  99 (44.6%) 38 (17.1%)  70 (31.5%)

Zeller et al. 1992 cross- sectional 376 479 26 (5.4%) 149 (31.1%) 83 (17.3%) 221 (46.1)

Fasching 
et al.1997

cross- sectional 70 104 17 (16.3%)  34 (32.7%) 15 (14.4%)  38 (36.5%)

Christey 2005** cross- sectional 38 78  3 (3.8%)  32 (41%)  6 (7.7%)  37 (47.4%)

Gauler et al. 
2006

cross- sectional 41 59  1 (1.7%)  41 (69.4%) 13 (22%)   4 (6.8%)

Rekand 2009 case series 9 15  2 (13.3%)   9 (60%)  0   4 (26.7%)

Hasler et al. 
2011**

cross- sectional 181** 222 21 (9.5%) 129 (58.1%)  0  70*** 
(31.5%)

 2 (0.9%)

* Multiple injuries registered on some of participants in all studies.
** Study includes injuries after several sports.
*** Upper and lower extremity not specified.
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burn injuries after crashing into electrical wires [6, 11, 15]. Collision with a tree has 
also been described as a cause of injury [11]. Most accidents happen after crashes in a 
terrain not suited for landing [4, 11, 20–22].

When Does Injury Occur?

Injury Onset
Injuries caused by hang-  or paragliding are always sudden- onset injuries. There are 
no reports of overuse injuries in these sports. However, available studies have not 
focused on such injuries.

Chronometry
The timing of injury varies by geographical location and depends on suitable weather 
conditions for gliding. Obviously, it is more likely that accidents will happen in warm 
windy weather in summer. Meteorological assessment, wind conditions in particular, 
is of paramount importance for a successful flight. It has been reported that most 
glider accidents occur between May and September during the daytime [7, 17, 20]. 
However, Schulze et al. [19] reported an increasing number of accidents in autumn 
and winter because of increased sport activity in warmer climates. For example, the 
most frequent accident location was California in the USA [20].

What Is the Outcome?

Injury Type
Fractures in the upper and lower limbs are the most common types of injury as a 
consequence of para-  and hang- gliding [2, 6, 7, 10]. Bell [6] reported dislocations 
and fractures in all parts of the upper extremities following hang- gliding accidents. 
Yuill [2] reported fractures of the shoulder, humerus, ulna, radius, wrist, hand in 
the upper extremities and in the femur, tibia, ankle and foot in the lower extremities 
following hang- gliding accidents in Great Britain. The studies pointed out that para-
gliders are at great risk for ankle injuries, obviously because of the sitting position 
during flights [10, 19]. Margreiter and Lugger [7] studied hang- gliding accidents 
in 1973–1976 in the German- speaking region of Tyrol. They identified 75 injuries, 
21 of which were head traumas. Mang and Karpt [15] reported 106 hang- gliding 
accidents in Germany between 1974 and 1977, of which 19 resulted in severe brain 
injury. Bell [6] reported no head traumas in his study in the period 1974–1978 in 
Wales and England. He identified 2 fatal and 42 non- fatal injuries. The fatal ones 
suffered from retroperitoneal hematoma, rupture of the thoracic aorta and injury of 
the spine. Spinal cord injuries are reported after hang- gliding as well as paragliding 
(table 2). Because of different positioning, spinal cord injuries at the cervical level 
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are more common among hang- gliders and the thoracolumbal level among para-
gliders [5, 6, 10–14]. Spinal fractures in combination with spinal cord injury are 
common [11, 12].

Injury Severity
Christey [4] reported low injury severity among parasport injuries in New Zealand. 
In contrast, Yuill [2] reported that 53% of hang- gliding injuries are severe such as 
fractures, concussions and dislocations.

Krüger- Franke et al. [13] reported that severe injuries occurred in 3% of para-
gliding patients and that 70% of the injured paragliders will return to paragliding. 
Zeller et al. [10] reported that 61% of 376 paragliding injuries required hospitaliza-
tion with a mean stay of 26 days. The mean time of temporary disablement was 80 
days. Only 1 injured pilot sustained a permanent neurological deficit [10]. Fasching 
et al. [17] analyzed 70 paragliding accidents and reported an average hospitalization 
of 22 days and an average working inability of 14 weeks. 34% of the injured pilots suf-
fered from permanent nerve and joint injuries and 43% of the paragliders continue 
their sport despite the accident. Two pilots (11%) had another crash later. Gauler et 
al. [12] reported that 21 of 41 patients with spinal cord injuries related to paraglid-
ing returned to the former their workplace and place of employment. Hasler et al. 
[14] reported that 127 of 144 paragliders (77%) had moderate or serious injury and 
18 (14%) sustained permanent neurological deficits. Among the hang- gliders, 3 of 4 
were moderately or seriously injured.

Clinical Outcome
Hang-  and paragliding are high- risk sports which may be associated with a risk of 
fatal outcome. Fatal accidents are caused by severe brain traumas, spinal cord injuries 
or aorta ruptures [2, 5, 6, 20, 22]. Studies reporting a fatal outcome after accidents 
are summarized in table 3, which reveals that almost all reports are of fatalities that 
occurred during hang- gliding. The causes and characteristics of catastrophic injuries 
are summarized in table 3. Among the non- fatal injuries, those of the head and spinal 
cord are the most serious [10]. Windsor et al. [23] studied mortality of sport activi-
ties performed in the mountains. The mortality rate related to hang- gliding was esti-
mated to be 0.1786 per 100 participants. Unfortunately, this is the only study which 
reports a mortality rate.

Spinal cord injuries and head traumas are the most serious consequences of para-
gliding/hang- gliding accidents. Spinal cord injuries related to hang-  and paragliding 
have been studied by Schmitt and Gerner [11]. They identified 1,016 spinal cord inju-
ries hospitalized in Heidelberg, Germany, between 1985 and 1997. Seven cases (0.6%) 
were caused by hang-  or paragliding. Two patients developed complete paraplegia, 
the others incomplete paralysis. Gauler et al. [12] showed that final outcome after 
spinal cord injury depends on the initial degree of bony occlusion in the spinal canal. 
Occlusion less than 70% indicated a favorable outcome with ambulatory function 
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[12]. Katoh et al. [9] studied spinal cord injury caused by sport in Japan. A total of 528 
cases were identified during 1990–1992 and 374 of these were associated with neu-
rological deficits. Among these cases, 37 were related to sky sports and 33 sustained 
their injury while paragliding.

There are conflicting data about sequelae of spinal cord injuries as a result of 
gliding, but the sequelae depend on the anatomical level and extent of injury. 
Spinal cord injury at the cervical level may potentially cause permanent quadri-
plegia with autonomic failure of respiration, cardiac, urological and sexual func-
tion. Paragliding often causes spinal cord injury in the thoracolumbal junction [8, 
12]. Paraparesis, neuropathic pain and uro- sexual disturbances may be permanent 

Table 3. Studies reporting fatal outcome after accidents

Study Study design Participants n Deceased n Medical causes of death

Hanggliding

Krissoff and Eisenman 1975 case series 12 4 head trauma
aorta rupture

Krissoff 1975 case series 18 7 head trauma
aorta rupture
thoracic trauma
cervical spinal cord injury

Tongue 1977 cross- sectional 142 37 head trauma
aorta rupture
heart laceration
pulmonary collapse

Mang and Karpt 1977 cross- sectional 3,325 25 head trauma
burn injury
multiple injuries

Margreiter and 
Lugger 1978

cross- sectional 73 7 head trauma
cervical spinal cord injury

Bell 1978 case series 44 2 aorta rupture
retroperitoneal 
hemorrhage
thoracic spinal cord injury

Davidson 1983 cross- sectional 5,000 1 cervical spinal cord injury

Foray et al. 1991 cross- sectional 200 7 not given

Paragliding

Krüger- Franke et al. 1991 cross- sectional 218 3 head trauma
cervical spinal cord injury
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sequels of this type of injury [8, 12]. Multiple trauma may worsen the outcome 
after injuries [15].

Economic Cost
Bentley et al. [24] reviewed claim costs after injuries related to adventure tourism in 
New Zealand over a 12- month period. Analysis revealed that hang- gliding/paraglid-
ing/parasailing participants incurred notably greater claim costs, with 26.1% of the 
claims for this activity compared to just 10% of cases across all activities.

What Are the Risk Factors?

This review of the literature reveals few studies which have actually tested intrinsic or 
extrinsic risk factors. Most data are observational and conclusions are made on the 
basis of injury profile.

Intrinsic Factors
Special personality traits of hang- gliders and paragliders may precipitate accidents. 
The results of several studies suggest that experienced pilots tend to take greater 
risks such as gliding in bad weather conditions or with uncertified equipment that 
may cause accidents [5, 6, 10, 18]. Castanier et al. [25] studied 302 men involved in 
high- risk sports, among them 29 paragliders. There were no differences in personal-
ity characteristics among the studied sports (downhill skiing, mountaineering, rock 
climbing, paragliding and skydiving). Compared to the control persons, high- risk 
sport performers were more impulsive, hedonistic and insecure persons. The tests 
revealed negative affectivity that led them to adopt risk- taking behaviors if they use 
an escape self- awareness strategy [26]. The interpretation of these findings would be 
that bodily sensations caused by risk- taking behaviors may serve to divert the per-
former’s attention from their ill- being and problems. Impulsive performers reported 
significantly more accidents [25]. Both publications point out that risk- taking behav-
ior may be associated with socially unacceptable volitional behaviors (e.g. drug abuse, 
dangerous driving, etc.) as well as participating in high- risk sports [25, 27]. The study 
on 150 paragliders demonstrated similarities in sensation seeking between the per-
sons with known opioid- abuse and paragliders [27].

Several studies have demonstrated that accidents occur after abuse of alcohol or 
drugs [5, 18, 22], while others have suggested that paragliders may have prolonged 
cortisol and heart rate responses compared to safe sport performers which may indi-
cate a state of anxiety during the flight [27–29]. There are personality differences 
between amateurs and instructors among high- risk sport performers, including 
paragliders [30]. Amateurs scored significantly higher in psychoticism and self-
 efficacy, while instructors’ scores were more like those of non- participants of high-
 risk sports.
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Extrinsic Factors
The available epidemiological studies have not differentiated between participants’ 
levels of skills; competitive or amateur participants are probably the two groups most 
prone to injuries [8, 10, 13, 24, 31].

There are several extrinsic factors which may relate to an increased risk of injury 
including experience, education, and use of protective measures and appropriate 
equipment. Bell [6] found that 24 of 44 injured hang- gliders were inexperienced. 
Zeller et al. [10] reported that the pilot’s lack of experience caused accidents in 10% of 
cases. The importance of proper education has been pointed out in the other studies 
of para-  and hang- gliding accidents [2, 11, 13, 15].

Several studies have pointed out that amateur- built gliders or uncertified mod-
ifications of gliders may cause accidents [5, 20, 22]. Tongue [5] found that poorly 
checked or experimental equipment was responsible for 9 deaths of 37 fatal accidents 
in California. Failure of certified equipment however is seldom the cause of accidents 
and was reported as the cause in 2% of all accidents by Schulze et al. [19] and 4.9% by 
van Doorn and Vogt [20].

What Are the Inciting Factors?

Proper assessment of weather conditions, wind in particular, is essential to avoid acci-
dents [2, 6, 10]. Misjudgement of wind conditions along with sudden changes of con-
ditions may cause accidents during take- off, flight and landing phases [4, 5, 17, 20].

Several studies have pointed out that landing is the most dangerous phase of a flight 
[11, 13]. Landing with straight legs during paragliding is another important cause of 
injuries in the ankle and/or thoracolumbal conjunction of the spine [8, 10]. However, 
injuries are also incurred after landing on the buttocks, back or side [10, 19].

Hang- gliders are more prone to cervical and brain injuries due to their prone posi-
tion during flight and landing [5]. Landing in hostile ground and uncontrolled land-
ing after stalling are important causes of accidents [2, 4, 10].

Collision of objects in the air causes injuries during the flight, for example collision 
with trees as well as collisions with other gliders [11, 17]. The origin of burn injuries 
is often due to collision with electrical wires during the flight [2, 6, 11, 22].

Injury Prevention

Intuitively, it seems reasonable for hang-  and paraglider pilots to be required to wear 
safety helmets, use spine protection and wear special boots to protect ankles [4–6, 17]. 
However, the protective effect of such measures has not actually been tested. A ran-
domized study design would of course be unethical. However, a case- control design 
may demonstrate the effectiveness of protective equipment in preventing injuries 
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presented to the emergency department as has been demonstrated with bicycle head 
and facial injuries [32].

Since most accidents are caused by pilot errors, lack of training, insufficient prepa-
ration and carelessness, it follows that better education might help to reduce the risk 
and severity of injury in hang-  and paragliding [5, 10, 19, 20, 22, 33]. Physical as 
well as mental fitness are important. Avoidance of alcohol and drug use before flight 
may prevent accidents [6]. Use of helmets, protective boots and back protection may 
prevent injuries [2, 6]. Proper and certified equipment is also necessary for optimal 
flights [4, 6, 20, 22, 33].

Further Research

Epidemiological research on injuries sustained during para-  and hang- gliding is lack-
ing. Several areas should be covered to identify the risks of such sports activities: (1) 
Further epidemiological studies are needed. The risk profile for all injuries as a result 
of para-  and hang- gliding is still unclear. (2) Most available data arise from hospital-
 based case series. There is a lack of comprehensive, prospective cohort studies, and 
studies which determine injury rates as a basis for testing risk factors. (3) There is 
need for more detailed research of predictors and risk factors for injuries. Both psy-
chological and physical factors predicting injuries should be further identified. (4) 
Research focusing only on competition or on instructors is lacking. (5) The study of 
injury mechanisms should be updated. (6) Information is scarce about the effect of 
changes in education or introduction of new protective measures. (7) Information 
about the long- term outcome after injuries and factors influencing drop- out for this 
kind of sport is also scarce. (8) There is a need for research on the outcome after mul-
tiple injuries.

Future research will be more successful with collaboration between para-  and 
hang- gliding organizations and with medical specialists such as neurologists, ortho-
pedists, physiotherapists, and so forth. Common research through medical specialties 
and epidemiologists would reveal the incidence and distribution of injuries follow-
ing hang- gliding and paragliding as well as the risk factors associated with these 
activities.
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Abstract
The epidemiology of injury associated with recreational scuba diving is reviewed. A search of elec-
tronic databases and reference lists identified pertinent research. Barotrauma, decompression sick-
ness and drowning- related injuries were the most common morbidities associated with recreational 
scuba diving. The prevalence of incidents ranged from 7 to 35 injuries per 10,000 divers and from 5 
to 152 injuries per 100,000 dives. Recreational scuba diving fatalities account for 0.013% of all- cause 
mortality aged ≥15 years. Drowning was the most common cause of death. Among treated injuries, 
recovery was complete in the majority of cases. Dive injuries were associated with diver- specific fac-
tors such as insufficient training and preexisting medical conditions. Environmental factors included 
air temperature and flying after diving. Dive- specific factors included loss of buoyancy control, rapid 
ascent and repetitive deep diving. The most common event to precede drowning was running out of 
gas (compressed air). Though diving injuries are relatively rare prospective, longitudinal studies are 
needed to quantify the effects of known risk factors and, indeed, asymptomatic injuries (e.g. brain 
lesions). Dive injury health economics data also remains wanting. Meanwhile, health promotion ini-
tiatives should continue to reinforce adherence to established safe diving practices such as observ-
ing depth/time limits, safety stops and conservative ascent rates. However, there is an obvious lack 
of evaluated diving safety interventions. Copyright © 2012 S. Karger AG, Basel

Ambient pressure increases by one atmosphere for each additional depth of 10 m 
of seawater. Laborers working underwater in caissons while building the Eads and 
Brooklyn Bridges breathed air at a pressure equivalent to the ambient pressure of 
the depth of the workplace and high enough to repel the surrounding water. Upon 
returning to the surface some would experience pain and adopt a posture reminiscent 
of a fashionable pose known as the ‘Grecian bend’. This affliction became known as 
‘the bends’ [1]. A century ago, the Royal Navy commissioned J.S. Haldane and col-
leagues to produce a set of tables prescribing time limits for each depth a diver might 
safely work at while teams of sailors manned compressed- air pumps to force fresh air 
down against the pressure of the water. Then, during the Second World War, Jacques 
Cousteau and Émile Gagnan invented a dual- hose regulator which allowed divers to 
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carry compressed gas in cylinders and to inhale it at a pressure equivalent to that in 
which they were diving. The self- contained underwater breathing apparatus (scuba) 
had arrived. Since first appearing in the late 1940s as a recreational pursuit, scuba 
diving has grown steadily in popularity and, concurrently, so too has the incidence 
of diving- related injuries. This review considers the epidemiology of injury result-
ing from the adventure sport of recreational scuba diving, conventionally defined as 
no- stop diving with compressed gas in open water to depths of ≤40 m. Military, com-
mercial, technical, rebreather, cave, occupational harvester and breath- hold diving 
are not considered here.

An electronic search was made of articles indexed by Allied and Complementary 
Medicine (AMED), Ovid Journals, CAB Abstracts, EMBASE, ERIC, Medline and 
PsychInfo using the search terms ‘div$ and (fatal$ or scuba or risk or injur$)’ and 
Google Scholar using the search terms ‘(diver OR diving) AND (fatal OR scuba OR 
risk OR injury)’. Publications were assessed for relevance to this review and either 
rejected, downloaded from electronic archives or acquired in hardcopy from librar-
ies. Each publication’s reference list was examined for additional potentially relevant 
publications and those identified were also similarly obtained. One limitation within 
the literature that soon became apparent was the lack of uniformity in reporting inci-
dence and prevalence of diving injuries. In Leicester, for example, mortality incidence 
was given per 100,000 divers and yet divers may make any number of dives from 1 
to 500 within a single year [2]. The Professional Association of Diving Instructors 
(PADI) cite a number of deaths over a 10- year period without stating how many 
member- years that period included [3] while other studies estimate the incident rate 
of decompression sickness (DCS) at either 1 case per number of dives or else by the 
number of cases per 100,000 dives. Rarely are incidence rates given per dives (or div-
ers), per year.

Who Is Affected by Injury?

Between 1995 and 2007 3,558 divers were treated for decompression illness (DCI) in 
Australia [4]. During the first 3 years of running dive tours to the deliberately scuttled 
(former HMAS) Swan shipwreck offshore from the south- west of Australia, a single 
dive tour operator documented 27,000 dives and 8 known cases of DCI, an incident 
rate of 29.6 cases per 105 dives, almost three times higher than the Australia- wide esti-
mate of 10.7 cases per 105 dives [5]. One potential reason why these rates differ may 
be that the lower figure includes many dives made well within the prescribed time/
depth limits while the higher figure may have resulted from divers maximizing their 
dive time on the shipwreck which, as Vann et al. [6] suggest in a recent review of DCS, 
would closer approximate the ‘true’ prevalence among dives made to the maximum 
limits. Diving morbidity studies identified during the literature search are summa-
rized in table 1.
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Where Does Injury Occur?

The protean nature of diving injuries means there is barely a location on or within 
the human body that is not susceptible to insult. The most common injury involves 
trauma to the ears and/or sinuses [18], which may not require treatment and often go 
unreported [19]. Of 49 confirmed cases of DCS reported to the Diver’s Alert Network 
(DAN) in 2007, 6 (12%) included loss of bladder control and 23 (46%) included skin 
manifestations [19]. Of 347 medical inquiries to DAN concerning barotrauma, 212 
(62%) affected the ear, 57 (16%) were related to the sinuses, 51 (15%) to the lungs, 
21 (6%) to the face, 3 (1%) to the stomach, and 3 (1%) were related to the teeth [19]. 

Table 1. Recreational diving morbidity studies

Diving 
morbidity

Study 
design

Method Period Sample size Number 
of injured

Number of injuries per 
10,000 divers per year

Number of 
injuries per 
100,000 dives

Switzerland [7] R Q – 230 28 – 25a

Australia [5] R RR 2002–2006 1,750,000b 188 6.7c 10.7

Canada [8] P RR, A 1999–2000 146,291b 14 – 9.6

UK [9] R RR 1986
1990

34,210
36,434

52
80

15.2
22.0

7.0
6.7

UK [10] R Q 1990–1994 2,250 87 – 19

USA [11] R Q – 1,628 57 – 34

Sweden [12] R Q 1999 1,742 190 – 152 (males)
127 (females)

Okinawa [13] R RR, A 1989–1995    – 94 – 13.4

Saba [14] P RR, Q 1999–2000 47,307 122 15.5 64.7

Japan [15] R Q 1996–2001 2,975 52 35.0c 5.2

Orkneys [16] P RR, RD, 
Q

1999
2000

32,128b

36,700b

8
18

–
–

24.9
49.0

Caribbean [17] R RR 1989–1990 77,680b 7 Diving Incidents Report 9.0

Western 
Australia [5]

R RD – 27,000b 8 Diving Incidents Report 29.6

R = Retrospective, P = prospective; RR = records review, RD = recorded dives; A = air fills, Q = questionnaire.
a Injured included recreational, military and commercial divers and 63% had a patent foramen ovale.
b Dives, not divers.
c Per 10,000 divers. It is not known how many diver- years were included.
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Pressure- related injuries usually occur during descent or ascent. The genesis of DCS 
occurs at depth, where tissues take on additional dissolved inert gas, though physical 
injuries manifest following ascent when the ambient pressure drops and relative super-
saturation occurs. Though more commonly associated with diving to deeper depths, 
the minimum depth associated with inciting DCS is merely 6 m [20]. Pulmonary 
barotrauma (PBT) has no such minimum depth and has occurred in even shallow 
training pools [21].

When Does Injury Occur?

Injury Onset
A review of the records of 63 treated air divers referred to a French hyperbaric facility 
found the median delay between surfacing and onset of symptoms was 5 min (range 
0–600) [22]. An analysis of several thousand military dives found the onset of symptoms 
after surfacing occurred as follows: 42% within 1 h, 60% within 3 h, 83% within 8 h and 
98% occurred within 24 h [23]. Freiberger et al. [24] identified 382/2,222 (17%) cases of 
DCS where the first symptoms were reported either during or immediately after flying.

Chronometry
Examining 50 cases of sinus barotrauma, Fagan et al. [25] found symptoms developed 
during or immediately after descent in 34 cases (68%) and during or immediately 
following ascent in 16 (32%). Comparing 70 cases of neurological DCS with 39 cases 
of cerebral arterial gas embolism (CAGE) reported to the DAN in 1981/82, Dick and 
Massey [26] classified the onset of post- dive symptoms as shown in table 2. Clearly, 
DCS has a more latent onset than CAGE. In short, the onset of symptoms is linked to 
the mechanism of injury.

Table 2. DCS and CAGE symptom onset time following surfacing [26]

Time till onset DCS (n = 70) CAGE (n = 39)

On surfacing from dive  0 (0%) 27 (69%)
Surfacing to 10 min 12 (17%)  5 (13%)
11–30 min 14 (20%)  2 (5%)
31–60 min  5 (7%)  1 (3%)
61 min–6 h 13 (19%)  1 (3%)
6–24 h 15 (21%)  1 (3%)
Over 24 h  2 (3%)  0
Unknown or unclear  9 (13%)  2

Total 70 (100%) 39 (100%)
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What Is the Outcome?

Injury type
The most common serious injuries are drowning- related, DCS and/or pressure-
 related, with the latter type generally classified as barotrauma, defined as ‘tissue 
damage caused by expansion or contraction of enclosed gas spaces, due to pressure 
changes’ [27, p. 73]. A survey of 709 experienced recreational divers (with mean 
experience of 262 dives), found mild barotrauma to be the most common injury, 
with 369 (52%) suffering ear barotrauma, 245 (35%) sinus barotrauma, and 66 (9%) 
tooth squeeze [28]. 38 divers (5%) had suffered a ruptured tympanic membrane 
(burst eardrum), 8 (1%) a round window rupture, and 5 (1%) subcutaneous emphy-
sema. DCS was reported by 31 divers (4.4%). DCI is used to more broadly include 
cases of both DCS and arterial gas embolism (AGE), between which a differential 
diagnosis may be difficult at presentation and irrelevant to the treatment regime 
of hyperbaric oxygen. Other acute injuries associated with compressed- gas diving 
include those caused by unsustainable gas mixtures for the depth at which breathed 
(inert gas narcosis, hypoxia, hyperoxia, hypercapnia, high- pressure neurological 
syndrome and contamination poisoning) [29–39], marine bites and envenomations 
[40–44], hyperthermia [45], hypothermia [46–48], and blunt force trauma (from 
boats, falling objects, etc.) [49, 50]. A survey of 208 diving mothers, 136 of whom 
reported diving during one or more pregnancies, found significantly more birth 
defects among children born to women who had dived while pregnant (p < 0.05) 
[51].

An Australian analysis of 859 reported diving incidents found 168 (19.5%) 
involved an out- of- air problem, 57 of which (35%) resulted in diver harm [52]. The 
distribution of types of morbidity for those 57 incidents is presented in table 3. In 
total, DCS, CAGE and PBT formed the majority (71%) of injuries that followed run-
ning out of air.

The annual Diving Incidents Report published by the BSAC summarizes British 
recreational diving fatalities, diving injuries, incidents occurring during BSAC dive 
trips and diver training, rescues and decompression treatments [53–63]. It should 
be noted that each incident is recorded in only one classification although some 
may equally have been classified in another category. Any diver suffering DCI 
was classified as DCI. Perhaps because of this among United Kingdom (UK) div-
ers between 1998 and 2008 DCI was the most commonly reported diving injury 
(n = 1,245). There were a lesser number of other types of injuries (n = 632) and 
even fewer fatalities (n = 180). This contrasts with a survey of 304 recreational div-
ers in Western Australia in 2005 which found DCS to be less common than other 
minor diving injuries [18]. Reported injuries are presented in table 4. Among 3,819 
divers at Osezaki, Japan, 406 (10.6%) reported ear barotrauma, 208 (5.6%) sinus 
barotrauma and yet only 72 (1.8%) reported having suffered DCS [Nakayama, pers. 
commun., 2005].
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Injury Severity
The consequences of drowning, near- drowning and/or related complications range 
in severity from a full and speedy recovery through catastrophic neurologic dam-
age to death [35, 64–67]. Barotrauma may range in severity from ‘mask squeeze’ 
with facial bruising, barodontalgia or ‘tooth squeeze’, ear injuries from bruising 
through to round window rupture, gastric injuries such as esophageal rupture, 
and PBT including emphysemas (subcutaneous or mediastinal), pneumothorax, 
up to the most serious of diving injuries; AGE, particularly the cerebral form 
(CAGE), a leading cause of death or drowning among recreational diving fatali-
ties [21, 25, 67–79]. DCS, now widely accepted as attributable to the liberation of 

Table 4. Prevalence of diving morbidity in a single year among 304 Western 
Australian recreational divers

Injury n % Collective type n %

Vertigo/dizziness 13 4.3
Hearing loss 9 3.0
Tinnitus 4 1.3 ear injuries 24 7.9
Ruptured eardrums 2 0.7
Ear/sinus surgery 1 0.3

Physical injuries 11 3.6
Other (free format) 8 2.7
Blotchy/itchy skin 5 1.6 other injuries 27 8.9
Tooth squeeze 4 1.3
DCS 3 1.0

Table 3. Morbidity associated with 57 out- of- air situations [52]

Morbidity n (%)

Decompression sickness 24 (42)
Cerebral gas embolism 10 (18)
Pulmonary barotraumas 6 (11)
Saltwater aspiration 4 (7)
Near- drowning 3 (5)
Hypoxia underwatera 2 (4)
Pulmonary barotraumas/saltwater aspiration (suspected) 1 (2)
Decompression sickness(suspected) 1 (2)
Not stated 6 (11)

Total 57 (100)

a Rescue resulted in cerebral gas embolism.
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gas from solution to form bubbles in the tissues, manifests in seriousness ranging 
from the type I symptoms of skin rash, pain only and general malaise, through to 
the neurological type II symptoms of motor function impairment, loss of bladder 
control, sensory impairment, permanent paralysis and even, ultimately, death [72, 
80–84].

Clinical Outcome
After a median follow- up of 54 months for 20 American males diagnosed with inner 
ear barotrauma, 3 (15%) had normal audiograms, 8 (40%) had some improvement 
but not full recovery, and 9 (45%) had no improvement since diagnosis [85]. All 
had returned to diving against medical advice. Among 15 consecutive cases of PBT 
treated in Germany, 8 (53%) recovered completely, 4 (26%) substantially, 2 (13%) 
had moderate recovery, and 1 (7%) recovered minimally, requiring permanent nurs-
ing care [86]. Furthermore, a retrospective review of 50 Hawaiian cases of mild DCS 
or serious DCI found 33 (66%) recovered completely, 12 (24%) substantially, 2 (4%) 
moderately, and 3 (6%) minimally [87]. These findings were similar to a study of 
63 French air divers treated for suspected spinal cord DCS which found that 67% 
(n = 42) had fully recovered after 1 month, 8% (n = 5) still had minor symptoms, 
13% (n = 8) had moderate symptoms with mild impact on daily living, and 13% 
(n = 8) still had severe disability with substantial impact upon daily living [22]. The 
odds of a substantial or complete recovery appear good among divers presenting for 
treatment.

Catastrophic Injury
Australian diving fatality reviews have been published annually since 1972 [88–
95]. These reports indicate that Australia averages 10.0 recreational open- circuit 
compressed- gas diving deaths per year. Between 1972 and 1993 the two leading 
causes of death amongst the 178 scuba diving fatalities included in the reports were 
drowning (n = 100, 56%) and CAGE (n = 28, 15.7%) [88]. Table 5 lists diving mortal-
ity studies identified during the literature search.

Recently, the Australian Sports Commission estimates of resident participation 
and Queensland Government visitor activity surveys were compared to the number 
of scuba fatalities recorded in Australia by DAN Asia- Pacific [5]. The fatality rate in 
Australia between 2002 and 2006 was estimated at 0.57 per 105 dives (0.7 per 105 for 
Australian residents and 0.4 per 105 for overseas visitors) [97], which was lower than 
estimates for British Columbia in 1999–2000 (2.05/105) [98], the UK in 2006 (0.8/105) 
[60], and Okinawa in 1989–1995 (1.3/105) [13]. This may be due in part to differences 
in sampling and survey methodology. In British Columbia, Canada, the estimated 
number of air fills sold by dive centers formed the basis of the denominator, in the 
UK a retrospective survey was conducted and in Okinawa the number of air fills sold 
within a military community was used. At a popular former quarry in the UK there 
were 7 fatalities between 1992 and 1996, during which time 238,501 divers registered 
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to dive, generating a 5- year mortality rate of 2.9 deaths per 100,000 divers [2]. Figure 
1 shows the declining deaths per 10,000 memberships among British Sub- Aqua Club 
(BSAC) members between 1965 and 2008 [63].

The mean number of diving deaths per year among BSAC members during the 
last 10 years has been 1.5 deaths per 10,000 members per year, though it is unknown 
how many members were engaged in non- recreational (e.g. decompression) div-
ing during this period or how many dives each member made on average. McAniff 
[99] published estimates per 100,000 divers per year for the USA as shown in figure 
2, based upon diver population estimates derived by training agency certifications 
minus estimated annual drop- out from diving. These estimates were then compared 
with estimates by other large- scale surveys including those conducted by Diagnostic 
Research Incorporated (1988) and the National Sporting Goods Association (1994). 
McAniff ’s estimates were challenged by Monaghan [100] to be inflated by an overly 
conservative drop- out rate and he estimated the real rate to be closer to 16.7 deaths 
per 100,000 diver- years. Regardless, Al Hornsby [101, p. 80] at PADI recently wrote 
‘. . . it appears that McAniff ’s estimate is currently the most suitable figure for use in sci-
entific and medical analyses that require a diver population estimate’.

An analysis of incident reports involving diving fatalities and membership figures 
for PADI generated estimates during a 10- year period of 1.66 fatalities per 100,000 
divers, and 0.47 per 100,000 dives under supervision of a PADI member [3]. The 
fatality rate among PADI dive professionals over the same 10- year period was 1.1 per 
100,000 members [3]. These rates of 1.1 and 1.66 per 100,000 divers/members over 

Table 5. Recreational diving mortality studies

Diving mortality Study 
design

Method Period Sample size Number 
of diving 
deaths

Number of diving 
deaths per 10,000 
divers

Number of deaths 
per 100,000 dives

Canada [8] P RR, A 1999–2000    146,291a 3 – 2.05

Western 
Australia [96]

R RR 1992–2005    76,108 10 1.3b –

Okinawa [13] R RR, A 1989–1995 9c – 1.3

Australia[5] R RR 2002–2006 1,750,000b 50 0.4 0.57

UK [5, 60] R RR 2006 2,000,000b 16 – 0.8

UK [2] R RR, RD 1992–1996    238,501 7 0.3 –

R = Retrospective; P = prospective; RR = records review; RD = recorded dives; A = air fills.
a Dives, not divers.
b Diving deaths per 10,000 all- cause mortality aged ≥15 years.
c Not all divers were recreational.
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10 years could be a hundredth of that found by the BSAC if all of the divers and mem-
bers were eligible for inclusion for the full 10 years (i.e. per 1,000,000 diver- years). 
These extremely low rates possibly reflect the increased safety associated with diving 
with appropriate equipment in a controlled training environment (in contrast with 
recreational dives made unsupervised in the open ocean).

In the United States, DAN recently compared their number of insured members 
against the number of dive- related deaths and, similar to BSAC, found a rate of 16.4 
deaths per 100,000 member- years [102]. It should be remembered that these rates 
concern only fatalities that occurred during the performance of scuba diving. How 
the all- cause mortality rate among people who scuba dive compares with non- divers 
is yet to be assessed, therefore it remains unknown at this time how significantly (if 
at all), recreational scuba diving adds to the mortality rate of the cohort from which 
divers are drawn. What is apparent, however, is that fatalities involving recreational 
diving are extremely rare. In Western Australia there were 10 recreational diving 
fatalities recorded between 1999 and 2005, out of 76,108 deaths at age ≥15 years 
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recorded in Western Australia during the same period, suggesting a rate of 13.1 
recreational diving fatalities per 100,000 deaths [103]. A review of 100 consecutive 
Australian and New Zealand (ANZ) diving fatalities [104], 2,853 American diving 
fatalities reported to the National Underwater Accident Data Centre (NUADC) 
1970–1997 and 83 reported in 1998 to DAN [105] found the most common cause of 
death was drowning (table 6).

In both the ANZ and NUADC studies, more than one cause was sometimes attrib-
uted to a single death, for example suffering PBT and drowning. Regardless, drowning 
is clearly the most common cause of death in all three samples. Similarly, a review of the 
Western Australia Coroner’s Court records from 1992 to 2005 identified 24 recreational 
compressed- gas diving deaths, 14 of which (58%) were classed as drownings [96].

Economic Cost
It is not known what the average cost of such injuries is. A report into the costs of 
accidental near- drowning in Western Australia [107] put the average costs of a near-
 drowning according to the severity of the outcome, as follows: (i) moderate/severe at 
AUD 984,700; (ii) fully recovered (hospital admission) at AUD 6,700, and (iii) fully 
recovered (emergency ward only) at AUD 850.

Recent figures supplied by DAN Asia- Pacific indicate around 130 divers are recom-
pressed for DCI each year in Australia, with an average of two treatments per diver, 
at AUD 900 per standard hyperbaric treatment, totaling AUD 234,000 per annum 
in base costs [J. Lippmann, pers. commun., December 2011]. This figure does not 
include afterhours call- out charges which can triple the cost of treatment because 
of staff call- back pay rates, nor costs associated with ambulance use or Royal Flying 
Doctor flights, nor extended recoveries in hospital. In rare cases, divers may even 
require months of physiotherapy and rehabilitation. From the above it should be clear 

Table 6. Causes of death among three recreational diving populations [106]

Cause of death ANZ %a NUADC %a DAN %

Drowning 86 74 52
Pulmonary barotrauma 13 24 19
Cardiac 12 9 27
Aspiration of vomitus 6 1 1
Trauma 3 1 1
Asthma 2  –  –
Marine animal injury 1  –  –
Coincidental 1  –  –
DCS  –  –  1

a More than one cause of death could be nominated.
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that diving injuries have the potential to comprise a substantial economic burden 
both to individuals with inadequate healthcare provisions and to health systems with 
finite resources.

What Are the Risk Factors?

The influence of individual dive and diver characteristics upon the risks of running 
out of compressed gas were prospectively measured in Western Australia by compar-
ing 183 dives made by divers who surfaced with <50 bar of pressure remaining with 
510 control dives made at the same time and place by divers who returned with >50 
bar remaining. The caeteris paribus effect of associated factors upon the likelihood of 
running low on gas are presented in table 7 [108].

Intrinsic Factors
A review of 30 Swedish scuba diving fatalities occurring between 1960 and 1976 com-
pared the author’s impressions of the predominant causes to those of other diving 
fatality studies of the same period [109]. Insufficient knowledge or training was the 
most commonly attributed risk factor (36%) [109]. When added to the proportion 
attributed to inadequate physical condition (12%) it appears approximately one half 
of the 374 fatalities (48%) were thought caused by diver- related factors rather than 
dive equipment or the dive environment [109]. The comparison table is reproduced 
here as table 8.

Comparing 101 prospective cases of DCI referred for hyperbaric treatment with 101 
healthy controls, Cantais et al. [110] detected a right- to- left shunt (RLS) in 59 (58%) of 

Table 7. Risk factors for running low on gas among 693 recreational dives

Risk factor Adjusted OR 95% CI p value

Surprised by low remaining gas 21.74 5.00, 90.91 <0.01
Male vs. female 13.51 6.41, 28.57 <0.01
Deeper average depth
(per 5 m saltwater)

3.46 1.85, 6.48 <0.01

Younger age (per 10 years) 2.02 1.47, 2.77 <0.01
Time since last dive (per year) 1.51 1.11, 2.06 <0.01
Fewer dives in last 5 years
(per 100 dives)

1.22 1.00, 1.49 <0.01

Higher SACa (per l • min–1 • kg–1) 1.14 1.09, 1.19 <0.01
Warmth (warm vs. cold) 4.25 1.28, 14.13 0.02
Smaller cylinder volume (per l) 1.01 1.03, 1.90 0.03

a Equivalent surface air consumption.
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cases and 25 (25%) of controls (OR 4.3, 95% CI 2.3–7.8; p = 0.09). RLS was especially 
associated with cochleovestibular DCI (OR 14.2, 95% CI 5.3–38; p < 0.01) and cerebral 
DCI (OR 12.9, 95% CI 4.0–42.0; p < 0.01). Similar prevalence of patent foramen ovale 
(PFO) was found by Germonpré et al. [111] when comparing 37 Belgian cases of neu-
rological DCS with carefully matched control divers. Among the DCS divers a PFO 
was detected in 22/37 (59%) and in 13/36 (36%) among the controls. A meta- analysis 
of three combined datasets allowed Bove [112] to determine the risk of type II DCS 
increased 2.5 times in divers with a PFO, though the absolute risk remained relatively 
small (from 2.3 to 5.7 cases per 10,000 dives). A more recent meta- analysis of case-
 control studies found the combined odds ratio of neurological DCS in divers due to 
RLS was 4.23 (95% CI 3.05–5.87), which increased to 6.49 (95% CI 4.34–9.71) for div-
ers with large RLS [113].

Extrinsic Factors
Whilst the association between PFO and DCS is now well established, one of the pio-
neering case- control studies, comparing divers with DCS (n = 85) to their uninjured 
dive buddies and other asymptomatic divers with >100 uneventful dives (n = 91), 
made a remarkable finding [114]. Wilmshurst [114, p. 35] wrote: ‘Dive- related risk 
factors for decompression sickness (missed decompression stops, rapid ascents, post- dive 
ascent to altitude, dives deeper than 50 m, repetitive deep dives >40 m and frequent 
dives >3/day) were implicated in the majority of late neurological bends (78%) and limb 
bends (86%). When early neurological bends occurred, there were usually dive- related 
risk factors if the diver had neither shunt nor lung disease (67%) but rarely were there 
risk factors if a shunt was present (27%). No risk factors were present in those divers 
with early neurological symptoms and lung disease.’

Table 8. Perceived causes of 374 diving fatalities in the 1960s and 1970s [109]

Miles
(1964)
UK
n (%)

Webster
(1966)
USA
n (%)

Baylissa

(1969)
Australia
n (%)

Lausche
(1970)
California
n (%)

Unterdorfer
(1974)
Austria
n (%)

Carlsson
(1976)
Sweden
n (%)

Total n (%)

Insufficient knowledge
or training

83 (50) 16 (19) 12 (17) 13 (43) 2 (40)  7 (41) 133 (36)

Equipment failure 30 (18) 23 (27) 12 (17) 2 (7) –  5 (29) 72 (19)
Inadequate 
physical condition

33 (20)  2 (2) 6 (8) 0 (0) 2 (40)  3 (18) 46 (12)

Other factors 19 (12) 45 (52) 41 (58) 15 (50) 1 (20)  2 (12) 123 (33)

Total (100%) 165 86 71 30 5 17 374

a Bayliss did not classify the accident causes in the same way; the figures given here are only approximate.
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This suggests divers with either a shunt or lung disease are at risk of early- onset 
DCS even when diving conservatively but also, importantly, that dive- related risk fac-
tors for late- onset DCS are a concern for otherwise healthy divers. In a later study, 
Wilmshurst and Bryson [115] observed that 52% (n = 52) of divers presenting with 
neurological symptoms had a large or medium RLS. These findings suggest that 
roughly one half of all cases of neurological DCS involve dive- related risk factors. An 
analysis of 114 cases of DCS treated at the Fremantle Hospital Hyperbaric Chamber 
concluded that multi- day repetitive diving, rapid ascents, multiple ascents and fly-
ing after diving were commonly associated risk factors for DCS in Western Australia 
[116]. Flying after diving is known to increase the risk of DCS due to the reduction 
in ambient pressure. Comparing 382 cases of DCS with 245 control divers, all with 
known dive profiles and flight information, Freiberger et al. [24] estimated the risk of 
suffering DCS to increase with maximum depth reached on the last day before flying 
as shown in table 9.

Comparing 177 British cases of DCS with recorded meteorological changes in 
barometric pressure, water, air and wind- chill temperatures, wind speeds and tidal 
phases, Broome [117] determined that post- dive, and to a lesser degree pre- dive, air 
temperature was associated with increased risk of DCS.

What Are the Inciting Events?

The most common forms of diving injuries follow running out of gas and/or ascending 
rapidly. Drowning was the most common cause of death among 2,404 American recre-
ational diving fatalities between 1970 and 1992 [118]. The most common contributing 
factor among fatalities by the end of that review period, 1991–1992, was insufficient 
air (30%) [118]. This finding was reinforced by the analysis of 974 recreational open-
 circuit diving deaths from 1992 to 2003 which found the most common trigger com-
mencing the series of events leading to death (41% of 346 deaths) was insufficient gas 
[119]. Emergency ascent then followed as the most common disabling agent, in 55% 
of 332 deaths where the disabling agent could be identified [119]. Factors involved in 

Table 9. Odds ratio for DCS by maximum depth on the last day of 
diving before flying [24]

Maximum depth last day
of diving 

Odds ratio (n) 95% CI

Depth <14.7 m saltwater 1 (125) –
14.7 m ≤ depth ≤18.5 m 1.20 (128) 0.68, 2.10
18.5 m ≤ depth <26 m 2.97 (142) 1.65, 5.35
Depth ≤26 m 5.46 (140) 2.96, 10.01
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cases of DCI reported to BSAC between 1998 and 2008 are listed in table 10 (note, 
more than one factor may have been attributed to each case) [120]. Although diving 
to >30 m appeared over the period to be decreasing in prevalence as a risk factor, 27% 
of cases of DCI in the UK primarily involved rapid ascents, only a fifth (20%) involved 
dives within the accepted recreational time- depth limits and a sixth (16%) involved 
exceeding those limits and missing the required decompression stops.

Running out of gas is, unsurprisingly, often followed by a rapid ascent to the sur-
face. The distribution of morbidity among an Australian sample of recreational divers 
between air status and type of ascent is presented in table 11. As shown, even among 
divers who ran out of air (n = 168), approximately equally divided between rapid 
ascent (n = 89) and non- rapid ascent (n = 79), a combination of running out of air 
and ascending rapidly had a much higher prevalence of a resultant morbidity (91%) 
than merely running out of air alone (9%) [52].

A probabilistic risk assessment prepared for the British Health and Safety Executive 
(HSE) used the prevalence of contributory factors among 849 reported BSAC div-
ing incidents, 57 of which (6.7%) were fatal, and 277 DAN reported fatalities as a 
proxy for the probability of occurrence [121]. For an estimate of the likely hazard of 
each factor, the study used inclusion in either the BSAC incidents or the DAN fatal-
ity subsets to indicate a factor contributed to the incident or fatality. In this way each 
potential contributory factor was given a likelihood of being reported and a likeli-
hood of contributing to a fatality. The top ten contributory factors associated with 
diving fatalities and the corresponding estimates of prevalence in the BSAC subset are 
provided in table 12.

The two most influential diving- technique risk factors identified in the Edmonds 
and Walker ANZ study (table 6.6) were inadequate air supply in 56% of fatalities and 

Table 10. Distribution of primary contributory factors for DCI in the UKa, 1998–
2008 [53–63]

Factor Average number
per year 1998–2008

Totalb

n (%)

Depth >30 m 36 394 (29)
Rapid ascent 33 364 (27)
Repeat dives 25 270 (20)
Within limits 24 269 (20)
Missed stops 19 209 (16)

Totalc – 1,506 (100)

a Approximate figures, estimated from annual summary graphs.
b More than one factor was credited to some fatalities in 1998, 2000 and 2001.
c Total without duplicate listings was 1,347 factors.
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buoyancy problems in 52% [104, 106]. The findings are similar to those of earlier study 
of 21 scuba deaths in New Zealand [122]. Differing inclusion criteria may account 
for the lower ranking of these factors in the HSE study (table 12), as mere inclusion 
within a fatality summary was assumed to imply that a factor contributed to the fatal-
ity. In the ANZ and New Zealand studies, diving medical examiners considered the 

Table 11. Type of ascent and associated morbidity for 168 out- of- air incidents [52]

Out- of- air type Out of air n (%) Morbidity n (%)

Rapid ascent (n = 89) Octopus usea  21 (12.5)  9 (15.8))
Buddy  14 (8.3)  7 (12.3)
Other  54 (32.1) 36 (63.2)

Subtotal 1  89 (53.0) 52 (91.2)

Non- rapid ascent 
(n = 79)

Octopus usea  39 (23.2)  1 (1.8)
Buddy  10 (6.0)  3 (5.3)
Other  30 (18.0)  1 (1.8)

Subtotal 2  79 (47.0)  5 (8.8)

Total 168 (100) 57 (100)

a Octopus use refers to using the buddy’s alternate air source.

Table 12. Ten highest ranked potential contributory factors in 286 diving fatalities [121]

Factor Fatalities (n = 286)1 BSAC incidents (n = 849)

n 1 in diver- years2 n 1 event in dives3

Diver separation 126 11,349 53 165,094
Monitor buddy 99 14,444 25 350,000
Brief inadequate 83 17,229 43 203,488
Out of air 71 20,141 8 1,093,750
Fail surface on separation 65 22,000 26 336,538
Consider consequences 50 28,600 11 795,455
Buddy check 47 30,426 14 625,000
Solo dive 35 40,857 14 625,000
Fail to monitor air 32 44,688 49 178,571
Rapid ascent 30 47,667 101 86,634

1 Cardiac deaths excluded.
2 Based on an estimated annual fatality rate of 19.6 deaths per 100,000 divers and an annual aver-
age of 24 dives per diver, both of which appear higher than found elsewhere.
3 Based on a mean 20 dives per diver per year.
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circumstances surrounding each fatality and counted only factors deemed to have 
played a role in the circumstances leading up to and including the fatality. Factors 
associated with 180 British recreational diving fatalities that were described as ‘causal’ 
[53–63] are summarized in table 13. There may have been other underlying triggers 
that led to each death and causality in an epidemiological context remains unproven. 
Environmental factors ‘rough seas and/or strong currents’ were considered relevant in 
just 10% of cases and diver- specific factors were limited to medical conditions and were 
implicated in just 25 fatalities (14%). The majority of factors associated with these 180 
diving fatalities were specific to the fatal dive (e.g. separation, buoyancy loss, panic).

Supporting this view, an examination of 29 Canadian diving fatalities compared 
the circumstances surrounding each fatality to the Safe Diving Practices Statement of 
Understanding, a set of 38 safe practices prescribed by PADI [123]. In the majority of 
cases (86%) at least one breach of safe practices was evident and, of those, 87% of the 
rule violations were thought to have contributed to the fatality. The same method was 
applied to a sample of 24 Western Australian diving fatalities and certified divers were 
found to have broken fewer safety rules than uncertified divers (4.8 vs. 8.5, p < 0.01) 
[96]. Of the 20 divers using scuba equipment, 4 (20%) ran out of air and 2 (10%) ran 
low on air. There can be little doubt this was relevant to the outcome.

Annual analyses of recreational diving fatalities conducted by DAN found the 
three most common problems experienced by certified divers during their final dive 
were running out of air, buoyancy problems and/or making rapid ascents [105, 119, 

Table 13. Factors associated with 180 compressed- gas diving fatalities in the UK, 
1998–2008 [53–63]

Factor Total (n = 180) nt (%)a

Separation 54 (30)
Buoyancy loss 50 (28)
Organized diveb 45 (25)
Rapid ascentb 31 (17)
Rebreathers 30 (17)
Medical 25 (14)
Out of gas 24 (13)
Panicb 24 (13)
Solo 21 (12)
Equipment fail 21 (12)
Seas/currents 18 (10)
DCI 11 (6)

a Note: More than one factor may relate to any single fatality.
b Factor not classed as causal in the summary statistics but identified in the 
vignette.
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124–128]. In the previous HSE study of contributing factors (table 6.11), among both 
fatalities and reported incidents the most frequently reported incident (n = 101/849) 
was a rapid ascent, though no measured rate of ascent was specified [121]. Of the 34 
fatal breath- hold embolisms examined in that study, 13 (38%) involved rapid ascents 
and 10 of those 13 (77%) were deemed due to running out of air. The report con-
cluded [121, p. 26]: ‘The statistics show that: (i) rapid ascent is the most frequently 
reported contributory cause of incident, and (ii) air embolism is the second most fre-
quent principal cause of fatality.’

The most frequent principal cause of fatality, however, was entrapment/entangle-
ment, for example underneath ice or inside shipwrecks. Following on from this report, 
Cranfield University was commissioned by HSE to conduct a research report entitled 
Formal Risk Identification in Professional SCUBA (FRIPS) [129]. The authors used 
both Fault Tree Analysis (FTA), ‘. . .to show the importance of human factors to the ulti-
mate safety of divers’ [129, p. 2] and the predictive model, Failure Mode and Effects 
Criticality Analysis ‘. . .to demonstrate how a formal risk assessment can be carried out on 
SCUBA hardware’ [129, p. 2]. Using Boolean OR and AND options, FTA is most useful 
when aiming to identify proximate causes [130]. Similar methods have been employed 
by DAN in the USA [119, 131] and in Australia [95]. As with the earlier HSE report, in 
the FRIPS analysis scuba deaths were deemed most often attributable to drowning due 
to running out of air or embolism after either a loss of buoyancy control or rapid ascent. 
Among living, adult recreational divers these three factors have been investigated using 
a case- control study design both retrospectively [132] and prospectively [108].

Injury Prevention

Though DCS, drowning and near- drowning appear to be relatively rare events, public 
health injury prevention initiatives have potential to reduce the economic burden to 
healthcare providers, potential that remains largely untapped. A study by DAN exam-
ined the probability of DCS among the recorded dive profiles of 100 cases of DCS and 
found that, in most cases, the dive profiles were within recommended limits [133]. 
These cases were then compared with 50 cases of experimentally induced DCS and 
to the profiles of 50,000 recreational dives with symptom- free outcomes. The authors 
concluded: ‘The incidence of DCS in low- risk dives may not be possible to reduce further 
by controlling the depth- time exposure only’ [133, p. 187]. This suggests two avenues for 
improving diver safety; identifying additional risk factors associated with probability of 
DCS and increasing the proportion of recreational divers who are mindful of empiri-
cally established relatively- safe depth- time profile limits, including ascent rate. Among 
Western Australian scuba diving fatalities it was found that uncertified (or self- trained) 
scuba divers both breach significantly more established safe diving practices (4.8 vs. 8.5, 
p < 0.01) and account for 30% of all diving fatalities where the training status is known 
[96]. Uncertified divers have elsewhere been found to report significantly more diving 
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injuries than certified divers (RR = 1.31, 95% CI 1.16–1.48; p < 0.001) [134] yet in many 
countries there is no requirement for self- trained divers (who are more likely to suffer 
an injury and yet who may still expect treatment at the expense of the local healthcare 
system), to undertake any form of diving skills assessment. This is surely one area in 
which minor regulatory changes might assist the most vulnerable divers underwater, by 
requiring every diver to master even just basic diving skills, such as those endorsed in a 
memorandum of understanding by the Recreational Scuba Training Council, a global 
affiliation of diver training agencies. Meanwhile, governments continue to sell fishing 
licenses to untrained and uncertified recreational divers [96].

Despite repeated calls for regular health assessments by doctors with training in 
dive medicine, there is little evidence that either periodic dive medicals or the exclu-
sive use of physicians trained in diving physiology offer any tangible risk reduction. 
The current international standard requires dive- course candidates to complete a 
self- assessment questionnaire and to undertake a dive medical if answering in the 
affirmative to any known medical contraindications. Routine screening for PFO is 
considered unwarranted for recreational diving as the absolute risk of type II DCS is 
small [113], even with a PFO (5.7 cases per 10,000 dives) [112]. Once certified, divers 
are rarely required to undertake subsequent diving fitness assessments. The medical 
fraternity should not be relied upon to reduce diving morbidity. Public health promo-
tion initiatives have far greater potential effect although there is a dearth of health 
economics research into the burden of diving injuries and hard data remains sorely 
needed to justify greater investment in diving safety initiatives.

Further Research

To date, the majority of diving injury studies are case- series designs, considered a ‘prim-
itive form of case- control study – one in which the controls are only implied’ [120, p. 54]. 
Notable exceptions are case- control studies investigating either environmental factors 
associated with DCS [117], physiological risk factors for DCS and PBT such as RLS 
and small airways disease [86, 113–115], and hyperbaric chamber experiments [135]. 
Larger, prospective cohort studies, though more expensive and time consuming, are 
needed to quantify the potential long- term effects of diving, both among those treated 
for diving injuries and the apparently asymptomatic [136]. Only then will divers have 
an accurate estimate of the risks they assume when returning to the underwater realm. 
Till these occur, we rely on physiological inferences and inconclusive, often controver-
sial evidence, for example concerning the relative risk of PBT associated with asthma, 
the prevalence of brain damage in otherwise symptom- free recreational divers or the 
potential influence of gender on susceptibility of DCS. It is also recommended that 
future research uniformly report injury prevalence using the denominators ‘per 10,000 
divers’ and/or ‘per 100,000 dives’, and incidence rates of ‘per 10,000 divers per year’ 
and/or ‘per 100,000 dives per year’. From a population health perspective, the widest 
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gap in our understanding of diving injuries awaits evaluated diving safety initiatives, 
which are sorely lacking. A wealth of knowledge concerning recreational scuba diving 
injuries has been compiled during the last half a century, more still has been studied 
and yet, to date, even more again remains to be discovered.
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Abstract
The objective of this review was to summarize the epidemiological literature for surfboard riding 
(surfing), kite surfing and personal watercraft (PWC) riding injuries and describe the incidence, 
nature and causes of these injuries, common risk factors, and strategies for prevention. The data-
bases searched for relevant publications included Medline, ScienceDirect, ProQuest International, 
PubMed, Academic Search Premier as well as Google Scholar to identify additional, non- indexed 
studies. Overall, there was a lack of good quality descriptive studies for these three sports and many 
of the studies reviewed involved the use of administrative datasets or case- series designs. Among 
the few studies to provide incidence estimates, there were inconsistencies in how injury was defined, 
the inclusion criteria and the reporting of incidence rates making comparisons within and between 
the sports difficult. While the reported incidence rates were generally low, head and lower extremity 
injuries were common across all three sports. Only two studies reported evidence for postulated risk 
factors. Bigger waves and surfing over rock or reef sea floor increased the risk of injury among com-
petitive surfers, while older age and having more experience increased the risk of significant injuries 
among recreational surfers. No evaluations of preventative measures were identified. This review 
demonstrates the need for well- designed epidemiological research, especially studies that focus on 
the accurate measurement and description of incidence, nature, severity and circumstances of inju-
ries. Once this has occurred, interventions targeted at reducing the incidence of injuries among 
these sports can be designed, implemented and evaluated.
 Copyright © 2012 S. Karger AG, Basel

The adventure and extreme aquatic sporting and recreational pursuits of surfboard 
riding (surfing), kite surfing and personal watercraft (PWC) riding, also known as jet 
skis, seadoos and wave runners [1], are popular activities in many countries. While 
it is difficult to obtain reliable and accurate participant numbers for these sports due 
to their recreational nature, it is estimated that there are more than 18 million surfers 
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globally [2] and more than 1.45 million PWCs are owned in the USA [3]. Due to the 
relative newness of kite surfing, participant numbers are more difficult to obtain. It is 
suggested that these sports are high- risk activities based on the potential for serious 
injury in addition to acute danger, including the risk of a fatal injury [4–6].

Beginning centuries ago in the South Pacific region, both competitive and recre-
ational surfing has become more popular in recent decades [7, 8]. The basic prem-
ise of surfing is to paddle out to an appropriate take- off area, when a suitable wave 
approaches to paddle with enough speed to ‘catch’ the wave and to stand up and per-
form maneuvers on the wave wall until the wave breaks on the shore [8]. This pro-
cess is repeated many times during each session. The powerful waves and currents 
of the ocean in combination with a surfboard’s sharp fins, rails and nose all present 
a level of injury risk to a surfer [9]. Recent advances in design and technology have 
assisted with the development of shorter and lighter boards with improved hydro-
dynamics, allowing surfers to ride more difficult waves as well as reaching higher 
speeds [10, 11]. Additional surfing accessories have developed over time including 
leg ropes, booties, helmets and mouthguards that, when combined with improved 
wetsuit designs, have meant that surfers are able to surf for longer periods of time 
and in a range of conditions [12].

A newer development is big wave surfing, although this activity attracts fewer par-
ticipants compared to the number of surfers. It has been suggested that reasons for 
this low level of participation is the high level of danger that is posed rather than a 
lack of accessibility to big waves or due to technological or equipment deficiencies 
[13]. While injuries are commonplace with a number of highly publicized fatalities, 
they are rarely reported as surfing injuries, but rather are reported as drowning due to 
the surfer being held under water by the ocean force [13]. The advent of tow- in surf-
ing, where surfers are towed to larger waves that are not physically possible to paddle 
to, has further increased the risk of injury amongst big wave surfers [13]. To date, 
there are no published studies related to injuries among these surfers, therefore this 
sport is not discussed in this review.

The sport of kite surfing is reasonably new having first been reported to be 
performed in 1996 [14]. It is unique in that it combines aspects of existing sports 
including wind surfing, kite flying and water skiing, and involves the use of a small 
board and a kite which is connected to the surfer by a harness through which wind 
energy is transferred into speed [5, 15]. The kite is controlled by a handlebar which 
is connected to the kite by four lines with lengths between 20 and 30 m [5, 15]. 
Using the vertical lift of the kite, a surfer can perform high jumps even in light surf 
conditions [5].

While not as old as surfing or as new as kite surfing, PWCs became commercially 
available in the 1970s with participation rates growing rapidly in recent years [16–19]. 
This increase in popularity has been attributed to a number of factors including the 
ease to transport, launch and ride a PWC and the relatively low costs and mainte-
nance compared to other motorized vessels [17]. In addition, more recent models of 
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PWCs have the capacity to tow a water skier, carry up to three people at once, and are 
capable of reaching speeds up to 120 km/h [1, 16].

This review summarizes the epidemiological literature on surfing, kite surfing and 
PWC riding and describes the incidence, nature and causes of injuries, common risk 
factors and strategies for prevention. Based on this, the objective of the review was 
to retrieve and report all studies published in English since 1975. Various computer 
searches were conducted to identify relevant publications using key words: surfing, 
surfboard riding, wave surfing, kite surfing, jet skiing, water sports, and injury/ies. 
A range of databases were searched including Medline, ScienceDirect, ProQuest 
International, PubMed, Academic Search Premier as well as Google Scholar to 
identify additional studies that were not indexed. Additional papers and reports 
were identified through the reference lists from sourced review papers, papers and 
research reports.

There are several limitations in the research reviewed that restrict making com-
parisons across the studies, including: (1) Many of the studies identified involved the 
use of a retrospective review of administrative datasets that provide limited ability 
to explore issues related to injuries in any detail. These datasets include emergency 
department (ED) presentations [6, 20–22], trauma registries [23–27], hospital admis-
sions [21] and boating accident reports [26, 28, 29]. Other studies explored specific 
types of injuries (e.g., ocular injuries among surfers [24, 30, 31]; myelopathy among 
inexperienced surfers [32]), while others collected information from healthcare pro-
viders [33–36] or emergency services providing care for injured persons [14–15]. (2) 
Due to the low number of injuries among these sports, many studies have an insuffi-
cient sample size to carry out detailed analysis related to risk factors. (3) There is dif-
ficulty in accurately determining the number of persons at risk as most injuries occur 
during recreational activities where participants are often spread over miles of coast-
line and any one person may surf or ride in many different localities [33]. In addition, 
there was no consistent common denominator used in calculating rates across the 
studies making comparisons difficult. For example hours, days, the number of PWCs 
in operation are all used. (4) There was wide variability in the definition of injury 
across the studies. (5) There is frequent use of retrospective, self- report question-
naires among the studies. This methodology is dependent upon memory recollection 
in relation to both the recall of less serious injuries and time spent pursuing the sport. 
Many questionnaires had a low response rate (e.g., 37.5% response rate [10]). (6) The 
use of convenient samples or non- random selection may have resulted in surfers and 
riders who are seriously injured or who are more concerned with safety and injury 
prevention to be more often represented in studies. (7) Changes have occurred within 
these sports over time, for example improvements to surfboard design, improvements 
to kite surfing safety equipment and more powerful PWC engines, making it difficult 
to compare results over time. (8) Many of the studies included in this review have 
been conducted in the USA and Australia, and there may be different practices, issues 
and safety regulations in other geographical locations.
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Who Is Affected by Injury?

Surfing, kite surfing and PWC riding are often seen as extreme sports with a high 
risk of injury due to the unpredictability of the ocean and weather conditions that 
make it attractive to surfers and riders [4, 5]. However, defining injury among these 
participants is somewhat problematic as many will continue with the activity through 
an injury and injuries are often seen as inevitable events that are part of participating 
in their sport [36].

Table 1 provides a comparison of injury rates, collected prospectively and retro-
spectively, across surfing, kite surfing and PWC riding. As shown, few studies report 
injury rates for these sports and it is difficult to compare rates among the studies due to 
differences in exposure measures, definition of an injury or due to small sample sizes. 
For example, Nathanson et al. [33] conducted a study of injuries requiring medical 
treatment among competitive surfers worldwide and based the injury rate on hours. 
In contrast, data collection and reporting methods vary significantly in studies of rec-
reational surfers. Taylor et al. [12] recorded significant acute injuries (those requir-
ing medical attention or time off surfing or work), while an earlier study reported 
moderate and severe injuries [10] and another utilized hospital admission records for 
surfboard injuries to estimate rates [11]. Among the studies which reported injuries 
based on exposure, the rates range from 4.2 overall injuries per 1,000 surfing days 
[36] to 2.2 significant acute injuries per 1,000 surfing days [7].

Due to the relative newness of the sport, there is a lack of available data for kite 
surfers. Only two published studies have reported injury rates among recreational 
kite surfers and these varied from 1.05 per 1,000 h [37] to 7.0 per 1,000 h [5]. These 
studies are limited in terms of small sample sizes and short time frames as well as dif-
ferences in study design, thereby limiting comparison between them. There are no 
published studies addressing injuries among competitive kite surfers.

Only two published studies reported injury rates among recreational jet skiers and 
these rates were reported as 0.45 per 1,000 h [37] and between 11.8 per 1,000 PWCs 
in operation during 1990 and 16.2 per 1,000 PWCs in operation in 1995 [6]. Again, 
these studies are limited in terms of small sample sizes and short time frames as well 
as differences in study design. Furthermore, the use of the number of PWCs regis-
tered to calculate a rate is limited as not all those registered would be used regularly 
[6]. Similar with kite surfing, there have been no published studies among competi-
tive jet skiers.

Although there is some evidence for injury rates across these sports, much of the 
data exists at the recreational level with few studies providing evidence based on par-
ticipation level. In addition, there are consistent methodological limitations in these 
studies including the definition of injury, study design, sample size and length of 
data collection. This suggests the need for a more consistent approach across studies, 
particularly with respect to defining injury and measuring rates, which gives strong 
grounds for research to continue among these sports.
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Table 1. Injury rates among surfers, kite surfers and PWC riders

Activity/study
(first author)

Study 
design

Data 
collection 
method

Duration of 
data 
collection

Number of 
injuries

Number of 
participants

Number of 
injuries per 
year/session

Number of 
injuries per 1,000 
h/surfer days

Surfers

Competitive

Nathanson 
[2]

R Q 6.5 years 116 
(89 during 
heats)

competition: 
5.7/1,000 
heats/surfer
significant 
injuries: 2.9/
1,000 heats

competition: 
13/1,000 h
significant 
injuries: 
6.6/1,000 h

Recreational

Taylor [7] R Q previous 12 
months

168 signi ficant 
acute 146 
chronic health 
problems 

646 
136

0.26 injuries/
surfer/year 

overall: 2.2/1,000 
surfing days

Lowdon 
[10]

R Q previous 24 
months

337 346 moderate/severe: 
3.5/1,000 surfing 
days

Allen [11] R CR 56 months 35 
hospitalizations: 
24 surfboarding,
11 body surfing 

between 
1,969 
and 1,975 
injuries varied 
between 
1/1,056 
and 1/3,683 
hospital 
admissions 

severe injury: 
1/17,500 surfer 
days

Frisby [36] R Q 185 53 overall: 4.2/1,000 
surfing days
minor: 3.0/1,000 
surfing days
moderate/major: 
1.1/1,000 surfing 
days

Foo [40] R Q 1,329 146

Nathanson 
[33]

R Q 4 years 1,237 acute, 
477 chronic 
injuries

1348

Draper [22] R Q last 2 major 
injuries last 
24 months

47 36 paddlers 
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Activity/study
(first author)

Study 
design

Data 
collection 
method

Duration of 
data 
collection

Number of 
injuries

Number of 
participants

Number of 
injuries per 
year/session

Number of 
injuries per 1,000 
h/surfer days

Kite surfers 

Pikora [37, 38] R Q previous 12 
months

30 injured at 
least once in 
previous year

57 overall: 
1.05/1,000 h 

Nickel [5] P Q 6 months 124 235 injury risk 2.5 
times higher 
during 
competition
than training

overall: 
7.0/1,000 h
competition: 
16.6/1,000 h
exercise/practice: 
6.6/1,000 h
mild injuries: 
5.4/1,000 h
medium injuries: 
1.4/1,000 h
severe injuries: 
0.2/1,000 h 

PWC riders 

Pikora [37, 38] R Q previous 12 
months

13 injured at 
least once in 
previous year

47 overall: 0.45/
1,000 h 

NTSB [29] R US Coast 
Guard PWC 
accident 
reports

6 months 563 injured, 
27 fatal

500 PWC 
accidents 
with injury

Branche [6] R CR
ED 
present-
ations 
PWC- 
related 
incident

6 years 624 injuries, 
estimated 32,954 
persons injured 
in US hospital 
EDs

1990: 11.8/1,000 
PWCs in 
operation; 1991: 
8.4/1,000 PWCs; 
1992: 10.7/1,000 
PWCs; 1993: 
9.4/1,000 PWCs; 
1994: 11.6/1,000 
PWCs; 1995: 
16.2/1,000 PWCs

R = Retrospective; P = prospective; Q = questionnaire; CR = case or chart review.
Where no figures are reported, data were not available within the publication or calculations were not possible from the 
available data.

Table 1. Continued
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Where Does Injury Occur?

Anatomical Location
Highlighting the anatomical location for injuries identifies the body parts that are 
more likely to be injured which can in turn assist in the development of preventative 
measures to reduce the number and severity of these injuries. Table 2 shows injury by 
anatomical location for the three sports. Not all the studies reviewed report injuries 
by anatomical location and these studies were not included in table.

As shown in table 2, lower extremity injuries were common among surfers with 
the majority of studies reporting proportions around 40% or higher. The next most 
frequently injured region was the head followed by the spine and trunk region. These 
data are difficult to summarize and compare due to the differences in the definition of 
injury and data collection methods utilized. For example, Taylor et al. [12] surveyed 
surfers as well as analyzing ED presentation data for surfing injuries and found lower 
extremity injuries to be more common (45.8%) among survey participants, while 
head injuries were more common (42.0%) among those attending an ED. Similar 
results were reported by Nathanson et al. [2] with acute surfing injuries equally com-
mon to the head (37.1%) and lower extremities (37.0%), while the head was more 
common for chronic injuries (36.0%).

Only two published studies reported the anatomical location for kite surfing inju-
ries. As shown in table 2, lower extremity injuries were more common in both these 
studies with proportion ranging between 38.2 and 53.2% of all injuries [5, 21]. One 
study described these injuries based on more specific body site and reported that the 
foot and ankle were more common with 28.2% of all injuries, followed by the skull 
(13.7%), knee (12.9%) and chest (12.9%) [5]. However, Ashby and Cassell [21] used 
combined wind and kite surfer data which may not reflect the true nature of injuries 
among kite surfers.

The vast majority of published studies describing injuries among jet skiers uti-
lized trauma registry data or hospitalization records suggesting that these were seri-
ous injuries. Perhaps not surprising, injuries to the head were more common (range 
14.8–62.0%) followed by spine and trunk (range 19.5–50.0%) and lower extremities. 
One study using PWC accident data found that injuries to the lower extremity were 
more common (34.2%), followed by head (27.8%) and spine and trunk (21.2%) [29]. 
The use of administrative datasets limits analysis to the information that is routinely 
collected and none of the studies reported specific body site for injury location.

Environmental Location
Environmental factors that have the potential to influence risk for an injury in ocean 
sports include: waves and currents, wind, impact with stationary objects, impact with 
floating objects, and impact with other persons [39]. Across all three sports, there 
is limited information in relation to these factors. In addition, the frequent use of 
administrative datasets to assess injuries precludes exploring environmental factor 
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Table 2. Anatomical location of injury among surfers, kite surfers and PWC riders

Activity/study (first author) Head % Spine/trunk % Upper extremity % Lower extremity %

Surfers
Competitive
Nathanson [33] 25.0 11.2 25.0 38.8
Recreational
Hay [20] 41.5 14.7 22.6 18.4
Taylor [12]
*Survey participants
**ED visits 

*26.2
**42.0

*15.5
**9.7

*12.5
**16.1

*45.8
**22.8

Foo [40] 5.9 8.7 15.7 65.9
Nathanson [2]
*Acute injuries
**Chronic injuries

*37.1
**36.0

*13.2
**19.0

*12.7
**23.0

*37.0
**9.0

Draper [22]
*Extrinsic injuries
**Intrinsic injuries

*11.8 *11.8
**34.4

*23.5
**34.4

*49.0
**28.1

Barry [35] 22.0 17.5 21.5 36.4
Lowdon [10] 37.0 63.0a

Allen [11]
Severe/serious injuries 27.0 51.0 9.0 6.0
Frisby [36]
Minor injuries 17.3 12.4 14.6 43.2

Kite surfers 
Ashby and Cassell [21]
Wind/kite surfing 21.8 12.4 23.5 38.2
Nickel [5] 13.7 16.1 16.9 53.2

PWC riders
Ashby and Cassell [21] 25.4 20.8 15.3 32.2
Rubin [23] 55.1 19.5 17.3b

Kim [18] 33.9 40.0 3.5 22.6
Haan [25] 62.0 50.0 21.0b

NTSB [29] 27.8 21.2 13.3 34.2
Jones [28] 14.8 3.7 14.8
Branche [6] 29.1 24.2 11.2 34.4

Where no figures are reported, data were not available within the publication or calculations were 
not possible from the available data.
a This study combined body and extremities into a single category.
b This study combined upper and lower extremities into a single category.
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information. Furthermore, the reliance of self- report and recollection of environmen-
tal factors at the time of an injury may be compromised due to both the retrospective 
nature of many of the studies as well as the stress associated with an injury.

Few studies have explored the differences in injuries based on whether they 
occurred in practice or competition. One surfing study compared injuries during 
surfing competition heats and practice and found 76.7% of injuries occurred dur-
ing heats [33]. In addition, this study reported an injury rate of 8.7 per 1,000 surfer 
heats during professional contests compared with 2.7 per 1,000 surfer heats at ama-
teur contests. They suggest that these differences can be explained based on profes-
sional contests are more often held in larger surf, over a hard sea floor and are longer 
in duration [33]. While the numbers were small and three different water sports were 
combined, Pikora et al. [37] found those who participated in competitions were more 
likely to have an injury (OR 2.60, 95% CI 1.15–5.85).

Few studies provide information related to environmental factors associated with 
surfing injuries. Among recreational surfers, common causes of injuries were due to 
contact with the ocean floor (between 10.0% [36] and 17.9% [2]), hydraulic force of 
the wave (between 10.0% [36] and 17.0% [2]), and hitting rocks (13.0% [36]). Among 
kite surfers a high proportion of injuries occurred when on the water (73.0% [37] and 
80.0% [5]) followed by between 13.0% [38] and 20.0% [5] occurring when setting up 
due to a loss of control over the kite. In terms of where injuries occurred, more than 
half (54%) sustained an injury at a distance >50 m from the beach, with the major-
ity occurring at wind speeds between 11 and 18 knots with flat- water conditions [5]. 
While it is suggested that most serious injuries sustained during kite surfing are the 
result of collisions with objects as it is performed near the shore, this was not found 
among less severe injuries [5, 15]. With increasing popularity for these sports there 
is the potential for increased risk of injury due to overcrowding in popular locations. 
Only one study has explored the issue of numbers in the water at the time of injury. 
This study reported that at the time of injury there was an average of 14 other surfers 
in the water [2]. However, this average number increased to 19 when another’s surf 
board caused the injury [2].

When Does Injury Occur?

Injury Onset
There is limited information related to injury onset among surfing in the studies 
reviewed and none for the other two sports. Two studies have reported both acute 
and chronic injuries among surfers. Among recreational surfers, 37.0% reported a 
chronic injury with overuse syndromes (including shoulder, back, neck and knee 
strain) being most common [2]. Other chronic conditions found were related to pro-
longed exposure to sun and seawater with the most common being exostosis of the 
ear (or surfer’s ear) [2]. Similar results were found by Taylor et al. [12] with 21.1% 
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of respondents in their survey reporting a chronic condition that was attributed to 
surfing generally not to an acute injury. Most common were ear problems (45.9%) 
followed by musculoskeletal problems (38.4%) and general muscle and joint pain or 
stiffness (9.6%) [12].

Chronometry
Limited information is available about the chronometry of injuries among surfers, 
kite surfers and PWC riders in the studies reviewed. Only one study reported that 
77% of all surfing injuries occurred during the summer months [20]. Many of the 
studies included in this review used administrative datasets to identify injuries or 
have used short timeframes thereby limiting the ability to determine timing of when 
the injury occurred. It would be useful to determine when injuries occur, either in 
terms of the season, time of the day, or time into practice, to assist in identifying 
whether more injuries occur if and when fatigue is an issue as well as environmental 
conditions.

What Is the Outcome?

Injury Type
Due to differences in defining and classifying injury types across the studies, difficul-
ties arise when making comparisons. In addition, there are vast differences when uti-
lizing self- report results compared with those collected from administrative datasets. 
Table 3 shows the comparison across the type of injury for each of the three sports. 
The most common type of injury among surfers were lacerations (15.5–63.0%) fol-
lowed by sprains and strains (2.0–38.8%). Among those with serious injuries, frac-
tures were found to be prevalent (77.3%), while another found abrasions to be more 
common (41.1%). Injuries involving marine animals were rarely reported in these 
papers.

As shown in table 3, only two studies reported the type of injury among kite surf-
ers. Ashby and Cassell [21] reported more fractures (37.6%) than Nickel et al. [5] pos-
sibly due to the different data collection methods used, while Nickel et al. reported 
contusions to be more common (33.8%). As the former study reviewed more serious 
injuries among both windsurfers and kite surfers based on hospitalizations and ED 
presentations [21] while the later conducted a prospective study among kite surfers 
[5], it is difficult to identify common injuries for kite surfing based on the results of 
these two studies.

The injury type data presented among PWC riders were based on hospitaliza-
tions, ED presentations and trauma registries reflecting that these were more serious 
injuries. As shown in table 3, lacerations were more common among PWC riders 
(between 11.0 and 78.0%) followed by fractures (between 12.4 and 68.0%) and contu-
sions (between 7.0 and 25.4%).
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Table 3. Type of injury in surfers, kite surfers and PWC riders

Activity/
study

Abrasion
%

Concussion
%

Contusion
%

Dislocation
%

Fracture
%

Laceration
%

Sprain/
strain %

Strain 
%

Other 
%

Surfers
Competitive 
Nathanson [33] 5.2 8.6 8.6a 30.2 38.8 7.8
Recreational
Hay [20]
*Minor/moderate 
injuries

*12.6 *13.7

**Serious injuries *13.7 **9.1 **77.3 *36.4 *21.0 **13.6
Taylor [12]
*Survey participants *10.7 *8.9 *46.4 *28.6 *5.4
**ED visits **2.2 **14.2 **47.2 **12.4 **24.0
Foo [40] 37.0 1.4 3.8 54.7 3.1 0.0
Nathanson [2] 5.9 12.6 8.1 42.3 12.0 19.1
Grenfell [34] 5.0 1.0 4.0 63.0 10.0 15.0
Draper [22] 3.9 47.1 2.0 47.0
Barry [35] 41.4 2.9 15.5 3.2 36.1 
Lowdon [10] 38.0 15.0 41.0 35.0b

Frisby [36] 10.1 4.2 29.2 0.5 0.5 19.1 9.6 7.5 19.1

Kite surfers
Ashby and 
Cassell Wind/
kite surfing

5.9 7.1 37.6 14.1 21.2c 9.4

Nickel [5] 27.4 33.8 3.2 16.9 9.7 1.6 7.3

PWC riders
Ashby and 
Cassell [21]

7.0 3.9 7.0 27.8 16.7 15.0c 21.0

White [41] 13.0 28.0 78.0d

Shatz [27] 68.0
Jones [28] 4.0 19.0 11.0 4.0 13.0 
Branche [6] 25.4 12.4 30.8 18.7 12.7
Hammam [26] 26.0 57.0

Where no figures are reported, data were not available within the publication or calculations were not possible from the 
available data.
a This study combined fractures and dislocations into a single category.
b This study combined sprains and strains into a single category.
c This study combined dislocations, sprains and strains into a single category.
d This study combined lacerations and contusions into a single category.
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Injury Severity
Few studies have reported injury severity data among surfers, kite surfers and PWC 
riders. However, among those to have done so, there were differences in the defini-
tion of severity and how these data were presented. Typically, among all three water 
sports, severity has been defined by level of care required to treat the injury and by the 
time lost due to an injury, although these definitions vary between studies. Measures 
of severity have been described among the surfing injury studies based on the level of 
care required to treat an injury, although there were differences in the presentation of 
this information. Many surfing injuries are seen as minor with a range between 42% 
minor cuts [35], 90% minor/moderate [20], 72.4% minor [36], 33% minor [2], and 
9.5% treatment required from medical doctor [40]. Another measure of severity is 
time off from surfing. One study reported that among those who were injured, 43.4% 
lost 1–3 and 39.6% lost 4–14 days of surfing [10]. Due to these inconsistencies, it is 
difficult to draw conclusions related to the level of injury severity.

Only two studies describe the severity of kite surfing injuries. Nickel et al. [5] 
reported 77% of all injuries were mild (5.4/1,000 kite surfing hours); 19% medium 
(1.4/1,000 h) with the remaining 3% severe (0.2/1,000 h) [5]. In this study mild inju-
ries were defined as the incapacity to train or compete on a normal basis, medium as 
absence from kite surfing for more than 1 day, and severe injuries as absence from 
kite surfing for more than 6 weeks. In contrast, Pikora et al. [38] describe injuries 
based on level of treatment required, with 44.1% of injuries required first aid, 20.6% 
treatment from a rehabilitation specialist (e.g. physiotherapist), 10.3% ED visit, 7.4% 
treatment from a general practitioner and 2.9% a hospital admission. It is difficult 
to draw conclusions on injury severity based on these two studies although it would 
appear that most self- reported injuries are minor.

The vast majority of studies among PWC riders were based on administrative 
datasets reflecting the more serious nature of these injuries and with higher numbers 
of fatalities than the other two sports. Based on US Coast Guard data, the majority 
of injuries were minor (61.4%) with 25.1% considered moderate and 8.1% as serious 
injuries [29]. Using an injury severity rating based on level of treatment required, 
survey respondents reported that 25.8% of injuries required first aid, 12.9% an ED 
visit, 12.9% treatment from a general practitioner, 9.7% treatment from a rehabilita-
tion specialist (e.g. physiotherapist) and 3.2% a hospital admission [38]. One study 
analyzed trauma registry data for pediatric patients aged between 5 and 19 years and 
found that 42.4% had a functional disability and that 9.1% of these had a long- term 
disability [23]. Another study reported the length of stay for hospital admission was 
4.4 ± 3.5 days and intensive care length of stay of 3.6 ±4.8 days for injured PWC riders 
[41].

Clinical Outcome
There is limited information related to the clinical outcomes of injury among surf-
ers presented in the studies reviewed with no clinical outcomes reported among kite 
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surfers and PWC riders. Taylor et al. [12] reported that 3.1% of surfers reported long-
 term effects as a result of an acute injury including unstable or painful or stiff joints, 
chronic skin ulcers, and loss of teeth. The vast majority of PWC rider studies have 
sourced information related to injuries and fatalities from administrative datasets. As 
a result, these injuries are often more serious and report a higher number of fatali-
ties than when information is collected at the community level and in the field rather 
than at the place of treatment.

Economic Cost
There was limited economic cost information related to injury among surfers pre-
sented in the studies reviewed with no data available for either kite surfers or PWC 
riders. Typically, this information is provided either in terms of time off work or surf-
ing (e.g., time off work or surfing [12], disabled for more than one day [2]), the level of 
disability [23] or the number of days spent in hospital [41] providing limited oppor-
tunity to compare across the studies. Two surfing studies provide information related 
to the number of days the injury resulted in time off work or surfing while another 
used ‘disabled for more than one day’. The proportion of surfers with an injury that 
required days off or were disabled ranged between 26% for significant injuries (dis-
abled for more than one day [2]) and 67.3% with a mean of 4.3 ± 5.5 weeks and range 
of 2 days to 50 weeks (days off work or surfing [12]). Unfortunately, across all three 
sports, there is no data available on the cost of treatment as a result of injury.

What Are the Risk Factors?

An in- depth knowledge of injury risk factors is important to inform and guide effec-
tive injury prevention, intervention and rehabilitation programs. However, there is 
a lack of analytical studies related to risk factors among these sports available in the 
published literature. Only one study among competitive surfers identified risk fac-
tors for surfing- related injuries during surfing heats [33]. In this study, the adjusted 
risk for injury was 2.4 (95% CI 1.5–3.9) times greater when surfing in waves over-
head or bigger compared with waves less than overhead and 2.6 (95% CI 1.3–5.2) 
times greater when surfing over a rock or reef bottom compared to a sandy bottom 
[33]. Another study among recreational surfers found that, when compared to minor 
injuries, the risk for a significant injury was almost double among surfers aged 40 
years or more compared with those aged 20 years or less (OR 1.9, 95% CI 1.1–3.4) 
and higher among those who rated their level of ability as advanced or expert and 
professional compared to novice or intermediate (OR 1.6, 95% CI 1.1–2.3; OR 1.9, 
95% CI 1.1–3.4 respectively) [2]. In addition, the risk for significant injury in waves 
overhead or higher was twice that of smaller waves (OR 2.0, 95% CI 1.3–3.3) [2]. An 
earlier study by Lowdon et al. [10] reported a correlation between increased surfing 
competence and the incidence of head lacerations (r = 0.18; p < 0.001), skull fractures 
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(r = 0.13; p < 0.001) and other skeletal fractures (r = 0.09; p < 0.05). One explanation 
proffered was that the more competent a surfer became, the more often they choose 
more difficult surf and over shallow reefs while a beginner will generally surf smaller 
breaks [10].

What Are the Inciting Events?

There is limited information related to the inciting events leading to an injury pre-
sented in the studies reviewed. Surfing injuries as a result of impact with a surfboard 
was reported for a proportion of injuries among both recreational (between 45.2% 
[7] and 67.0% [2]) and competitive surfers (29.0% [33]), with this impact being from 
their own board between 37.0% [36] and 82.0% [2] of the time. One recreational and 
one competitive surfing injury study determined when the injury occurred related to 
the maneuver attempted at the time [2, 33]. Among recreational surfers more acute 
injuries were sustained when riding a wave (62.0%), with 16.0% of these following 
an unsuccessful takeoff, 16% following a turning maneuver and 10.0% when riding 
a tube [2]. Similarly, competitive surfers were more likely to be injured due to an 
unsuccessful takeoff (25.0%), 20.0% followed a turning maneuver and 16.0% when 
tube riding [33].

When kite surfers were asked about what caused the injury, 44.0% reported that 
it was due to technical mistake with 30.6% reporting to have mislanded a jump [5]. 
Other common reasons for injury included landing awkwardly (47.0%), an injury due 
to equipment (23.0%), and attempting something beyond control/skill level (23.0%) 
[38]. In addition, 24.0% of injuries occurred due to an overestimated of their exper-
tise and 15.0% due to misinterpretation of the weather conditions [5].

PWC rider injuries are often the result of a collision, although the majority of 
the studies in this review were based on serious injuries sourced from administra-
tive datasets. Collisions are reported to be the most common cause of injuries among 
PWC riders with many of these the result of colliding with another PWC or with a 
fixed or stationary object [21, 23, 25–26, 28–29, 41]. There is a lack of consistency 
among the studies both in the provision of data related to collisions and the informa-
tion provided in relation to what the rider collided with. This may be due to the use 
of administrative data that limits exploring these issues in more detail. In contrast, a 
more recent survey reported a higher proportion of injuries were the result of landing 
awkwardly (77.0%) and only 15.0% as a result of a collision [38].

The risk of injury may be increased through the use of alcohol and illicit drug due 
to slower reaction times, impaired judgment and reduced inhibitions [39]. Few stud-
ies, and no kite surfing studies, report alcohol and illicit drugs as a contributing factor 
for injuries among these sports and of those that did, these rates were low. While an 
optional question, 1% of recreational surfers reported being under the influence of 
drugs or alcohol [2]. Among PWC riders, the involvement of alcohol ranged between 
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5.0% [1, 27, 29] and 8.3% [25] of injuries. However, these results may reflect the use 
self- report method of data collection where participants may underreport negative 
behaviors, including alcohol and drug use, and with the use of administrative datasets 
that restricts exploring these issues in more detail.

Injury Prevention

More information related to injury prevention is required, as this was found to be 
inadequate in the studies reviewed. In addition, there are no evaluations of interven-
tions and equipment modifications reported to prevent injuries among these sports. 
It has been suggested that there has been a limited focus upon prevention strategies 
among any ocean- related sports injuries in relation to the dangers of natural aquatic 
environments, including those related to currents, waves and the ocean floor, as well 
as targeting transient groups [39]. To date, there have been no published evaluations 
of injury prevention interventions or equipment modifications among either surfers 
or PWC riders, although there are several areas for prevention that are postulated 
to reduce injury in the literature including protective headgear and design improve-
ments [19, 42, 43]. While the numbers were small and three different water sports 
were combined, Pikora et al. [37] found that compared with those who used fewer 
items of protective equipment, those who used more items of protective equipment 
were less likely to be injured in the previous 12 months (OR 0.39, 95% CI 0.16–0.92 
for between 3 and 5 items and OR 0.60, 95% CI 0.22–1.59 for more than 6 items).

Few studies have explored the use of equipment among kite surfers to prevent or 
reduce the severity of injuries. One study reported that only 21% of kite surfers used any 
protective devices, with 7% wearing a helmet and 18% using a quick- release system that 
enables the surfer to release the kite when they lose control [5]. The injury rate among 
those who did use a quick- release system was lower than those who did not (4.8/1,000 h 
compared with 7.6/1,000 h) although this was not statistically significant [5].

Further Research

This review summarized the existing injury literature about the aquatic sporting and 
recreational pursuits of surfing, kite surfing and PWC riding. Overall, it is evident 
that injuries are an important issue for these extreme aquatic sports. Using this infor-
mation, there are several recommendations for future research:

(1) Research definitions of ‘injury’ as well as exposure rate measures and economic 
costs are often inconsistent and vary considerably across studies. Therefore, it is nec-
essary to elucidate key definitions and to create consistent measures so that com-
parative population- based studies can be conducted across different geographical 
locations as well as across the different sports.
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 1 Latch R, Fiser DH: The increasing threat of personal 
watercraft injuries. Clin Pediatr 2004;43:309–311.

 2 Nathanson A, Haynes P, Galanis D: Surfing injuries. 
Am J Emerg Med 2002;20:155–160.

 3 Personal Watercraft Industry Association: The his-
tory, evolution and profile of personal watercraft: a 
report by the Personal Watercraft Industry 
Association, Washington 2006. Retrieved from 
http://www.pwia.org/UserFiles/File/History- PWC.
pdf

(2) It remains important to accurately determine exposure rates for these sports for 
the calculation of injury rates which allows comparison across different geographical 
locations as well as across different sports.

(3) In order to overcome the existing reliance on administrative data, future 
research should look to new and innovative ways to recruit and collect data (e.g. via 
online community surveys) and identify improved methods of injury surveillance to 
measure the full scope of injuries. The transient and locational nature of these sports, 
together with the high number of recreational participants, makes it imperative to 
utilize recruitment strategies that cover a wide range of locations.

(4) Body regions that are common sites for serious injuries appear to be head 
and spine/trunk with lacerations, fractures and musculoskeletal injuries prevalent. 
However, the accuracy of these data may be questionable given the variety of data col-
lection methods used along with small participant numbers and short time frames. 
To improve reliability, validity and precision, larger, longitudinal studies are recom-
mended to allow the measurement of injuries over time and assess the impact of inju-
ries and other chronic health conditions as people age.

(5) Few studies have been conducted into injuries based on whether they occur 
among competitive or recreational participants. It remains important to determine 
any differences through recruiting across all levels of participation in large enough 
numbers to determine the focus for preventative strategies.

(6) There is a lack of analytical studies that provide the ability to either identify or 
quantify the level of risk for the factors that may influence injury (e.g. environmental 
conditions, overcrowding, the role of alcohol and drugs). It remains essential to iden-
tify both target groups and preventive strategies. In addition, no evaluation studies 
currently exist of preventive measures. Studies are needed to determine the effects of 
injury prevention programs and other interventions upon the incidence and reduc-
tion in the severity of injuries.

(7) Further research is also required to assess the rehabilitation outcomes and the 
incidence of residual disabilities among severely injured cases as well as the financial 
costs related to injuries.

(8) With new sports evolving and pushing the boundaries, it will be important to 
monitor injuries and to assess preventative measures among these sports. Examples 
of these include tow- in surfing and big wave surfing.
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Abstract
The aquatic environment is a complex mix of waterways with varying uses and hazards. It is the 
intersection of the use of the water and the hazards which provides enjoyment to those who use 
them as well as risk to a person’s health. Canoeing, kayaking and rafting have and continue to be 
popular recreation sports in aquatic environments. This chapter explores participation in, risks asso-
ciated with and prevention strategies for keeping canoeists, kayakers and rafters safe and healthy. 
There is a dearth of good quality descriptive studies exploring these issues, particularly around the 
risks involved and the effectiveness of proposed prevention strategies. According to Outdoor 
Foundation, there are 23.9 million people in the USA who undertake paddling activities per annum, 
with canoeing (10.1 million) being the most popular activity followed by recreational kayaking (6.2 
million). There were 141 deaths of canoeists (89) and kayakers (52) identified by the US Coast Guard 
in their recreational boating statistics data for 2009. The crude rate of death per 100,000 participants 
for canoeing ranges between 0.72 and 0.92 and for kayaking between 0.37 and 0.41 per annum. 
Although death is the most severe consequence of a misadventure while paddling, there are a range 
of other hazards faced such as hitting objects, waterborne diseases, hypothermia from unintended 
submersion, blisters, muscle strain, cuts and abrasions. There are a range of prevention strategies 
which have been proposed and provided in this chapter. However, there is very little evidence of 
their effectiveness. Further research is required in understanding the risk associated with paddling 
activities, the effectiveness of prevention strategies and how these strategies might be delivered.
 Copyright © 2012 S. Karger AG, Basel

The use of the aquatic environment for sport and recreation is not new with boating 
regattas being held in the 1800s and the now famous ‘The Boat Race’ between Oxford 
University and Cambridge University started in 1829 and continues to this day. What 
has changed over the ensuing years is the type and variety of aquatic activity, which 
can be undertaken, with some people embracing recreational pursuits in conditions 
that test them to their limits.
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Added to this is the competition for the tourism dollar, where more and varied 
activities are being delivered to attract and increase the number of people who visit 
a country, region, or town. For those areas, which have access to aquatic locations, 
these are being used for a range of adventure sports or to attract people interested in 
knowing more about the natural environment. Unfortunately, this interaction brings 
with it a range of hazards, although with proper preparation the risk of the hazards 
causing major injuries, illness or death can be minimized. However, those people who 
are seeking adventure activities are often required to visit remote, rural areas, where 
medical help is difficult to obtain [1] and where standard travel insurance coverage 
may not extend [2].

A risk assessment and risk management approach are essential in ensuring safety 
when undertaking any activity. Most people who undertake an activity do not do so 
with the intent to end up severely injured or dead. For those individuals with little or 
no experience, they are reliant on those teaching them or taking them on the activity to 
ensure their safety. In order to conduct a review of the epidemiological data associated 
with canoeing, kayaking, and rafting, a search for relevant publications was conducted 
using PubMed, Medline, Science Direct, Google Scholar, ProQuest International, and 
Academic Search Premier. While there is a dearth of good quality descriptive studies 
exploring these issues, drowning was identified as the major risk faced when in, on, 
or around water. In fact, each year between 400,000 and 1.2 million people drown 
globally [3, 4]. The majority of those who drown do so close to home and a good num-
ber of those who drown while undertaking recreational activities are from Western 
countries. For people travelling the risk of drowning is not insubstantial, an Australian 
study found that while three quarters (73%) of the deaths to overseas visitors was natu-
ral causes, 5% of people drowned while on their vacation to Australia [5]. Drowning 
was a major cause of preventable death in a number of similar studies of travellers 
around the world.

Canoeing, Kayaking and Rafting
For the purposes of this chapter, we have grouped those activities which require pad-
ding, i.e. those activities which require a person to use a paddle to maneuver a vessel 
through the water. Mainly this refers to canoeing, kayaking and rafting. These activi-
ties primarily involve the use of the arms and the need for a level of aerobic fitness 
[6]. While there are differences between the vessels, traditionally a kayak was a closed 
boat where an individual’s legs are under cover and a canoe was an open boat. There 
are now a range of different vessels such as a sea kayak where a person kneels or 
stands to paddle.

In 2009, there were 23.9 million people in the USA who participated in paddling 
activities (table 1) [7]. Canoeists tend to be male (60%), Caucasian (86%), and aged 25+ 
years (25–44, 34%; 45+, 28%) with about a half (49%) earning over USD 75,000 per 
annum. Rafters are also predominately male (60%), Caucasian (81%), and aged 25+ years 
(25–44, 40%; 45+, 25%), with half (50%) earning over USD 75,000 per annum. Kayakers 
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were also predominately male (56%), Caucasian (82%), and aged 25+ years (25–44, 36%; 
45+, 30%), with just over half (57%) earning over USD 75,000 per annum [8].

In a 2009 survey investigating what motivates people to participate in outdoor 
activities such as canoeing, kayaking, and rafting, the Outdoor Industry Association 
and Outdoor Foundation identified the six most common reasons as: it is relaxing, it 
is a great way to get exercise, it is fun, I enjoy discovery and exploration, I want to be 
healthy, and I get away from my usual routine. The order of these changed depending 
on the activity, e.g. it is relaxing was the top reason for kayakers and rafters, whereas 
it is fun was the top reason for canoeists. It is also interesting to note that friends, 
parents and other relatives (such as brother and sister) are significant in a person’s 
decision to participate in outdoor activities [8].

Who Is Affected by Injury?

Canoeing, kayaking and rafting are undertaken by a wide variety of people and injury 
can occur to any person who participates in these activities. For example, in a sur-
vey of white- water rafting guides, 77.4% of the respondents reported back pain while 
guiding [9]. In a study of sea kayaking incidents in New Zealand, they occurred all 
year to people from a range of ages. However, males (85%) were more likely than 
female (10%) to be involved in an incident [10].

Each year the US Coast Guard compiles the number of deaths due to recreational 
boating fatalities in the USA. The number of deaths overall for canoeing and kayaking 
have been increasing over the years with 141 recorded deaths in 2010. However, there 
was a slight decrease in the number of canoeing deaths in 2010 (table 2) [11–15]. While 
these reports also provide injury counts, the number of injuries is lower than the num-
ber of deaths. As such, the authors have considered this information to be unreliable.

In 2010, there were 6 people under the age of 12 who died (4 while canoeing and 
2 while kayaking), with the most common age group being the 20-  to 29- year group 
with 40 deaths followed by the 50-  to 59- year age group with 29 deaths (fig. 1) [15].

Table 1. Number of participants (millions) in the USA, 2006–2009 
(source: Outdoor Foundation, 2010)

2006 2007 2008 2009

Canoeing 9.2 9.8 9.9 10.1
Rafting 3.6 4.6 4.7 4.3
Kayaking (recreational) 4.1 5.1 6.2 6.2
Kayaking (sea/touring) 1.1 1.5 1.8 1.8
Kayaking (white water) 0.8 1.2 1.2 1.4
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The crude rate of death per 100,000 participants ranged from 0.72 to 0.92 for 
canoe- related deaths and from 0.37 to 0.41 for kayak- related deaths (fig. 2). Common 
contributing factors for canoe deaths and injuries recorded by the US Coast Guard 
included alcohol use (22; 18%), hazardous waters (22; 18%), improper loading (15; 
12.5%), operator inexperience (15; 12.5%) and weather (10; 8%). For kayak- related 
deaths the most common contributing factor identified by the US Coast Guard was 
hazardous waters (41; 45%) [15]. The most common result of the contributing factors 

Table 2. Deaths while participating in canoeing or kayaking activities, 2006–2009 
(source: US Coast Guard Recreational Boating Statistics, 2006–2010)

Deaths 2006 2007 2008 2009 2010

Canoeing
Kayaking

72
27

71
36

 80
 34

 93
 39

 89
 52

Total 99 107 114 132 141
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Fig. 1. Age groupings of 
canoe and kayaking partici-
pants, 2010.
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kayaking, 2006–2009.
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was capsizing for both canoe-  (78; 65%) and kayak- related (48; 52%) deaths and inju-
ries [15].

While death is one possible outcome from undertaking paddling activities, there 
are a range of other injuries which can and do occur. A study by Kameyama et al. [19] 
of the Japan Canoe Association found that more than half (54.9%) of the 417 study 
respondents reported some physical problem during paddling. In a survey of white-
 water rafting guides, three quarters (77.4%) report some back pain [9]. Thus it could 
be concluded that all people who undertake any of the paddling activities are at risk.

Where Does the Injury Occur?

Although death is the most severe consequence of a misadventure while kayaking or 
rafting, these are reasonably rare events with a fatality rate per million participant days of 
2.2–8.7 for kayaking [16] and 4.5–8.7 for rafting [16, 17]. There are a range of both ana-
tomical and geographical locations where the injuries occur. However, while knowing 
information about these provides greater detail in which to help develop injury preven-
tion measures, more information is required about the circumstances leading to either 
injury or death for people who undertake canoeing, kayaking or rafting activities.

Anatomical Locations
According to Whisman and Hollenhorst [18], the body areas more commonly injured 
were the face (33%) (including the eye, mouth, nose and teeth), knee (15%), arm/wrist/
hand (11.6%), and other parts of the leg/hip/foot (11%). This was also supported by 
a study from Japan where they found that respondents experienced lumbago (22.5%), 
shoulder pain (20.9%), wrist pain (10.8%) and elbow pain (3.8%) [19]. For kayakers in 
the sea environment, injury or medical conditions which have been found to commonly 
occur include: sprains and pulled muscles (19.7%), cuts and abrasions (19%), painful 
or stiff back (12.1%), sunburn (11.7%) blisters (11.0%), and painful joints and tendons 
(11.0%). It should also be noted that concussion hypothermia, near- drowning, and 
dislocation have also been found to occur. While all anatomical locations have been 
found to be injured the most common for kayakers in the sea environment include: 
back (17.9%), hand (12.7%), shoulder (11.6%), and head (10.4%) [20].

Injuries do not only occur to recreational participants. For example, a study of 
athletes who participated in the 1996 Olympic trials for white- water paddling found 
that traumatic injuries were the most common type of injury and the torso and back 
were the most frequent sites with strain being the most common occurrence. Other 
anatomical locations injured included the shoulder (of which 15% were considered to 
be severe) [21].

Injuries have also been found to occur to the back, this was particularly high-
lighted in a study of white- water rafting guides where 77.4% of guides reported back 
pain an 20.8% had back pain lasting more than a week. It should also be noted that 
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the back pain may not only be related to the activity but also to the moving of the raft 
[9]. Hyperthermia was also found to be an issue, along with sprains and strains, sea 
sickness, head injury and abrasions [10]. Fractures and deaths have also been found 
to occur in people undertaking white- water rafting in New Zealand with 33 fatalities 
over a 13- year period [22].

Environmental Locations and Hazards
While all of these activities occur on water, there are both a range of aquatic locations 
where the activities are carried out as well as great variability between each type of 
geographical location. As such, for people to better understand the risk, the American 
Whitewater Association has classified white water into six difficulty classes [23, 24].

This is not to say all deaths occur in white- water environments and there are a range 
of hazards faced other than the flow of the water, including interaction with other peo-
ple and vessels on the water, such as the collision between a kayak and motorboat off 
the British Virgin Islands in 2002 where an American tourist was killed [25].

Additional hazards faced by paddlers include: environmental hazards such as the 
temperature of the water, the speed of the water, hitting a submerged objects within 
the water, colliding with objects such as branches which overhang the water, water-
borne diseases, animals (e.g. sharks [26]), the effects of repeated immersion (soften-
ing of the skin, blistering, paronychial infections, sinusitis, otitis) and submersion [6, 
24, 27–29]; the vessel and associated equipment such as blistering from use of the 
paddle, cuts and abrasions from contact with the vessel, being hit by another person 
or their paddle while traversing rapids [6, 24], and from the activity such as over-
use injuries, muscle sprains and mechanical injuries (hematomas, lacerations, contu-
sions, concussion, spinal cord injuries and fractures), as well as sustaining slips, trips 
and fall entering and exiting the vessel and the highest risk of all from drowning due 
to submersion [6, 24].

What Is the Outcome?

While rates of deaths due to paddling have been found, they tend to be low. For 
instance, in 2010 there were 141 fatalities attributable to canoes or kayaks in the USA 
of which 128 (91%) were due to drowning [15]. Injuries sustained are usually by from 
striking an object or another person, traumatic stress from the interaction of water, 
position of the paddler and equipment, overuse injuries and sprains and strains. More 
often than not these injuries are minor or transient. However, people have been found 
to dislocate shoulders, fracture parts of the body, and become hypothermic.

Some of the diseases which have also been identified as being acquired while 
kayaking or rafting include leptospirosis, norovirus and staphylococcal skin infec-
tions. Leptospirosis is a bacterial disease caused by a number of different species of 
the genus Leptospira, which causes fever, headaches, muscle pain, nausea, vomiting 
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and bloodshot eyes. If left untreated, people can develop complications and in rare 
instances these complications can be fatal [30–33]. Leptospirosis has been reported in 
major studies of returning travellers, such as that from the GeoSentinel Network, but 
it is not common [34]. There has been a positive link to leptospirosis and participants 
in adventure sports and exotic tourism in an earlier outbreak reported by the CDC 
(2001) [35].

The norovirus is a group of viruses that can cause diarrhea, stomach pain and 
vomiting, although some people may also experience low- grade fever, chills, head-
ache, muscle aches and tiredness. Generally, the symptoms only last 1–2 days. Other 
names by which the norovirus is known include ‘viral gastroenteritis’, ‘Norwalk- like 
viruses’ and ‘stomach flu’. The virus is found in the vomit or feces of infected people 
and is highly contagious. For instance, people can become infected by ingesting food 
and drinking liquids which are contaminated, touching a contaminated surface and 
putting their hand in their mouth, aerosols from projectile vomiting and having con-
tact with another infected person [33, 36, 37].

Decker et al. [38] provided a report on the epidemics of skin infections from 
Staphylococcus aureus while rafting with guides in Tennessee, South Carolina. S. 
aureus or ‘golden staph’ is a common bacterium that lives in the nose or on the skin. 
In their study, Decker et al. found that there were two factors contributing to the 
outbreak – the first factor was frequent minor skin wounds and the second was pro-
longed close contact to infected individuals. It appears also that cramped living con-
ditions also contributed to the outbreak. Prevention includes washing and showering 
regularly and use a hexachlorophene scrub solution; people with infections not being 
allowed to work, nor share quarters and need to seek medical attention, and also the 
sharing of towels, line and clothing be discouraged.

What Are the Risk Factors?

A risk factor is those elements associated with an increase in injury or death. As pre-
viously describe there is already a classification of the difficulty of the white water 
(table 3). This provides a measure of the risk for those rivers which have a classifica-
tion. In order to provide a river with a category a number of the risk factors are used, 
these include: speed at which the water flows, number and size of hazards (such as 
rock, trees, etc.), size of the waves, strength of the eddies, water volume, predictability 
of the rapids, length, and drops or falls in the water level, experience [23, 24].

Other risk factors include: skill level such as the ability to be able to right the vessel 
(Eskimo roll); experience and familiarity with a particular location; type and famil-
iarity with the equipment being used; need to carry or lift vessel and the weight of 
the vehicle; water quality; wave height; water temperature; activity being undertaken; 
sharks or other aquatic animals; wearing of safety equipment; use of alcohol and other 
drugs, and overloading the vessel [9, 10, 15, 18, 19, 22–24, 26, 28, 30–32].
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Table 3. Classification of white- water difficulty by the American Whitewater Association, 2011 [24]

Class Description

Class I:
Rapids

Fast- moving water with riffles and small waves. Few obstructions, all obvious and easily missed 
with little training. Risk to swimmers is slight; self- rescue is easy.

Class II:
Rapids: novice

Straightforward rapids with wide, clear channels which are evident without scouting. Occasional 
maneuvering may be required, but rocks and medium- sized waves are easily missed by trained 
paddlers. Swimmers are seldom injured and group assistance, while helpful, is seldom needed. 
Rapids that are at the upper end of this difficulty range are designated ‘Class II+’.

Class III:
Intermediate

Rapids with moderate, irregular waves which may be difficult to avoid and which can swamp an 
open canoe. Complex maneuvers in fast current and good boat control in tight passages or 
around ledges are often required; large waves or strainers may be present but are easily 
avoided. Strong eddies and powerful current effects can be found, particularly on large- volume 
rivers. Scouting is advisable for inexperienced parties. Injuries while swimming are rare; self- 
rescue is usually easy but group assistance may be required to avoid long swims. Rapids that are 
at the lower or upper end of this difficulty range are designated ‘Class III–’ or ‘Class III+’ 
respectively.

Class IV:
Advanced

Intense, powerful but predictable rapids requiring precise boat handling in turbulent water. 
Depending on the character of the river, it may feature large, unavoidable waves and holes or 
constricted passages demanding fast maneuvers under pressure. A fast, reliable eddy turn may 
be needed to initiate maneuvers, scout rapids, or rest. Rapids may require ‘must’ moves above 
dangerous hazards. Scouting may be necessary the first time down. Risk of injury to swimmers is 
moderate to high, and water conditions may make self- rescue difficult. Group assistance for 
rescue is often essential but requires practiced skills. A strong Eskimo roll is highly 
recommended. Rapids that are at the lower or upper end of this difficulty range are designated 
‘Class IV–’ or ‘Class IV+’ respectively.

Class 5:
Expert

Extremely long, obstructed, or very violent rapids which expose a paddler to added risk. Drops 
may contain large, unavoidable waves and holes or steep, congested chutes with complex, 
demanding routes. Rapids may continue for long distances between pools, demanding a high 
level of fitness. What eddies exist may be small, turbulent, or difficult to reach. At the high end of 
the scale, several of these factors may be combined. Scouting is recommended but may be 
difficult. Swims are dangerous, and rescue is often difficult even for experts. A very reliable 
Eskimo roll, proper equipment, extensive experience, and practiced rescue skills are essential. 
Because of the large range of difficulty that exists beyond Class IV, Class 5 is an open- ended, 
multiple- level scale designated by Class 5.0, 5.1, 5.2, etc. – each of these levels is an order of 
magnitude more difficult than the last. Example: increasing difficulty from Class 5.0 to Class 5.1 
is a similar order of magnitude as increasing from Class IV to Class 5.0.

Class VI:
Extreme and 
exploratory 
rapids

These runs have almost never been attempted and often exemplify the extremes of difficulty, 
unpredictability and danger. The consequences of errors are very severe and rescue may be 
impossible. For teams of experts only, at favorable water levels, after close personal inspection 
and taking all precautions. After a Class VI rapids has been run many times, its rating may be 
changed to an appropriate Class 5.x rating.
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Injury Prevention

There is very little evidence for the effectiveness of strategies to reduce injuries and 
deaths from activities associated with paddling, however there is some general advice 
which is seen as helping to ensure that a person will return safely from paddling trip, 
this information is provided below. It is recommended that an overall risk manage-
ment approach be used when any aquatic activity is to be undertaken [39].

The first and foremost protection when undertaking a paddling activity is for a per-
son to wear a lifejacket, in some states this is a mandatory requirement during white-
 water activities. A study of recreational boaters who drowned in the USA found that 9 
out of 10 were not wearing a lifejacket [15]. Lifejackets come in a variety of sizes and 
types depending on the conditions and where the activities are being undertaken. In 
the USA there are five types of lifejacket with type I being the most effective but also 
has the greatest bulk. Type I lifejackets are designed for open and rough or remote 
aquatic location where rescue may be slow in coming, they also turn the unconscious 
wearer face- up in the water and have a high visibility color.

There may also be some opportunities to modify the vessel to improve its resis-
tance to capsizing or where the person is thrown from the vessel or choosing a vessel 
that is more suited to the skill level of the participant. In a New Zealand study of what 
causes water rafting deaths, a third (36.4%) were due to the raft overturning/capsiz-
ing and another 30.3% were due to the person being thrown out of the raft [22].

Prevention should start before the person even heads out the door, a summary of 
what should be undertaken prior to commencing a canoeing or kayaking trip can be 
found in table 4. Ensure that the equipment is in good working order, the lifejacket is 
not torn, worn, faded (so the person can be seen if they do end up in the water) and is 
still buoyant and fits properly. Check that the helmet fits and is not worn or cracked. 
To work properly a lifejacket should fit snugly and not move about the person, particu-
larly for children where it should not allow for the child’s chin or ears to slip through.

A plan for the trip should be developed which includes information on where the 
group are going and when they will be back, where the trip is starting and finishing, 
where the vehicles will be located, the kayak and lifejacket colors for all the partici-
pants, as well as any other information which can help to locate the party faster. The 
plan should also include contact phone numbers for all participants, emergency ser-
vices, and the emergency person contact for each participant (e.g. spouse or parent). 
Ensure that the details of the trip are known by a person not participating so they can 
send a search party if they do not return. The plan should also include an emergency 
evacuation procedure and information about what happens if the river conditions 
change (i.e. there is a downpour which makes the conditions unsafe).

Undertaking a first aid course is also of value not just for this activity but for life 
in general. Having good resuscitation skills can save a life but there are a lot of inju-
ries sustained where basic first aid cannot only help save a person’s life but can also 
reduce the risk of long- term harm from the injury. A well- equipped first aid kit is also 

MSS058098.indd   106MSS058098.indd   106 07/06/12   14:37:3307/06/12   14:37:33



Canoeing, Kayaking and Rafting 107

Table 4. Pre- event preparation

Area Activity What to do

Check 
equipment

Canoe/kayak Check it is in working order, no holes, cracks or damage to the 
craft.

Lifejacket Ensure it is in working order, still fits, there is no damage, not 
faded.

Helmet Check for damage, ensure it is in working order.

Other safety 
equipment such as 
distress beacon

Check to ensure they still work, that the batteries are charged 
and that you have spares.

Develop a
trip plan

Location Where will you be going, how are you getting there and 
where are you parking the vehicles. Where does the trip 
originate and what is the intended route.

Returning When will you be coming back.

Who are you 
going with?

Number of people, names, contact details, vehicle types and 
registration, canoe/kayak type and color, lifejacket color.

Contact details Contact details for all the people and who to contact in an 
emergency is also important. Who has a phone with them 
and what are the numbers.

First aid Undertake training/
update skills

First aid is a skill for life and everyone should undertake first 
aid training. Like any skill it needs to be practiced on a regular 
basis undertake a refresher course at least once a year.

First aid kit Make sure that you all the essential items, they are not out of 
date and are in working order.

Check 
conditions

Weather Ensure you have appropriate sun protection including 
sunscreen and sunglasses.

River Ask a local, ranger or someone who visits the area regularly 
what the conditions are like. Take a trip which matches your 
skills by checking the white- water difficulty rating.

Provisions Water Dehydration is a real danger you need to take a gallon of 
water for each day you are away.

Food Ensure you have enough for the journey and that it is stored 
so that it will not become wet if the canoe/kayak capsizes.

Training Technique Learn proper paddling technique.

Swimming If you are not a good swimming have a few lesson, go to the 
local pool and swim a few laps before heading out to check 
your swimming skills, you will need to swim a few as fitness is 
an essential part of swimming.
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valuable, and should include bandages, gauze pads, gauze rolls, ibuprofen, iodine, 
soap, energy bars, rehydration solutions, Dramamine for motion sickness, wrist sup-
port in case of tendonitis, sun block, insect repellent, scissors or Swiss army knife 
with scissors, Steri- Strips, swim ear, Super Glue, waterproof band aids, zip- lock bags, 
and duct tape. Make sure that the first aid kit is waterproof. Super Glue can also be 
used for filling blisters – make sure to eliminate as much of the fluid as possible from 
the blister and glue the loose skin to the skin behind it; the glue does sting on applica-
tion but after a few minutes it is possible to resume paddling [40].

Immediately before heading out or undertaking the trip, the weather conditions 
and forecast should be checked for the period of the trip and if necessary plans put 
in place if rain changes the conditions. Ensure enough drinking water is taken on the 
trip, the rule of thumb is approximately 1 gallon (4 liters) per day.

Know the river – during the year a river can change depending on the amount of 
water flowing, be careful when undertaking activities after flooding as the conditions 
may have changed with boulders and other debris moving due to the large volume 
of water. Never let people go out alone, if people are rafting for the first time they 
should be going with an experienced guide, provided with appropriate instruction 
and ensure the person understands what the guide is saying.

Seek qualified instruction to learn proper paddling techniques prior to com-
mencing and while it is fun to for people to be challenged, ensure that people do not 
overestimate their own ability. In white- water rafting where predominantly people 
are using another’s service to undertake this activity, ensure that the people provid-
ing the activity are responsive to safety, have procedures in place to monitor changes 
in river conditions, undertake appropriate pre- activity assessment to ensure that 
participants are matched to the river conditions, know the river and its conditions 
and have appropriate policies in place for when an activity should be cancelled or 
discontinued as well as safety or exit points along the journey [39]. If a person is 
not a good swimmer, they should take some swimming lessons prior to undertak-
ing the activity or go to the pool and swim laps, remember that paddling requires 
upper body strength and endurance. Know the river classification and choose a 
classification based on experience, skills, fitness and the physical limitation of the 
participant.

If a participant does fall out of the canoe, kayak or raft and find themselves being 
carried along in the water, make sure that they know to float feet first and let the cur-
rent take them with their feet at the top of the water to stop their feet from getting 
stuck between rocks, have them move towards the edge of the river when they see a 
safe exit point. Never try and stand up, the force of the water will push you over.

The prevention of contracting any of the viruses include ensuring that any cuts, 
grazes and abrasions are dressed in a waterproof dressing, before eating wash hands 
with disinfectants and ensuring the camping site is clean and tidy to discourage 
rodents and minimize the contact with animal urine. Clean and disinfect contami-
nated surfaces immediately.
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Other risks include sunburn and hypothermia. Make sure participants are wear-
ing and take with them sunscreen to be reapplied every 2 h, wear clothing that covers 
as much skin as possible, wear a hat that protects the face, head, neck and ears and 
also wear sunglasses, they need to remember that they are not only getting exposure 
directly from the sun but also from the reflection of the water.

Other things to remember are that alcohol and drugs and water do not mix. 
Alcohol affects coordination, reaction time, judgement and can cause disturbances 
in the inner ear affecting balance and orientation when in the water, spasm of the 
vocal cords closing off the airway when in water, and reduces inhibitions and distorts 
judgement [41]. Statistics from the US Coast Guard show that in 2008 the use of alco-
hol or drugs, mainly alcohol, was the cause of the greatest number of fatalities [42].

Avoiding collision with other watercraft – ensure that the paddlers are vigilant by 
watching other boaters and assuming that they cannot see them, this is particularly 
important where there is a swell where the canoe or kayak may be hidden by the 
waves. Ensure they follow the rules of the water and avoid shipping channels.

Further Research

Areas where further research would be of value include: (1) Definitions – in this review 
articles often grouped together paddling activities, or grouped kayaking and canoeing, 
it would be valuable to define appropriately what is included in these activities, the 
type of crafts involved, as well as exploring such issues as skill level, equipment and 
locations. (2) Epidemiological studies – while there are a number of studies which have 
explored injuries and illness to canoeists, kayakers and rafters, there is very little corre-
sponding information on exposure, nor is it clear in many who is the exposed popula-
tion. (3) Locations – the American Whitewater Association has provided a description 
of the ‘international scale of river difficulties’ [23, 24], however this information was 
not used when describing where the deaths or injuries occurred. There was also very 
little information on actual locations. (4) Risk factors – while some of the risk factors 
have been identified and used in some studies they are not consistently applied or 
found across all studies and there is a need to better understand the risk factors in 
order to help develop prevention strategies. (5) Prevention – there is a lot of informa-
tion on the internet about possible prevention activities that could be undertaken.
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Abstract
Knowledge regarding epidemiology of injury is of benefit to injury prevention of activities associ-
ated with high risk. As relatively ‘young’ activities, the investigation of injuries and deaths related in 
extreme sports such as bungee jumping and BASE jumping is relatively sparse. Studies evaluating 
risk in civilian and military skydiving activities have been reported over the past decades, but tech-
nique and equipment has changed. Risk with bungee jumping is only sporadically reported in the 
literature, most often in connection with eye injuries, but also rare events of serious, life- threatening 
injuries and even death. BASE is an acronym for Building, Antenna, Span, Earth, which represents the 
fixed objects from which jumps are made. Estimated risk in BASE jumping for any injury (indepen-
dent of severity grade) is 0.4–0.5%, which as 5-  to 8- fold higher than skydiving. Typically, men out-
number women in a ratio of 10:1 in both injuries and case fatality rates. Age is frequently reported to 
range from 30 to 40 years. Notably, differences in training and environmental locations exist between 
recreational skydiving and BASE jumping. As BASE jumps are made from lower altitudes than sky-
dives, jumpers generally fall at lower speeds, have far less aerodynamic control, and may lose flying 
stability. Yet, typical injuries include a bruised or sprained ankle during landing. Protective gear 
including helmet and pads may help to prevent such injuries, while more complex knowledge of 
human factors, environment and training are needed to prevent fatal injuries.
 Copyright © 2012 S. Karger AG, Basel

Worldwide, risk- associated activity has never been more popular [1]. Together with 
risk- taking activity, such as airborne sports activities, comes the chance for inju-
ries, disability, and even death [2–9]. Indeed, risk- taking behavior is associated with 
trauma in general [10, 11]. Thus, knowledge about patterns of injury and death is of 
benefit in activities associated with high risk. As relatively ‘young’ activities, the inves-
tigation of injuries and deaths related to extreme sports such as bungee jumping and 
BASE jumping is relatively sparse. In contrast, studies evaluating risk in civilian and 
military skydiving activities have been reported in the past, but technique and equip-
ment have changed. For example, parachute jumping during the 1970s and 1980s 
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was performed with round canopies packed in bulky harnesses with belly- mounted 
reserves. These were later replaced by steerable wing parachutes with the main and 
reserve parachutes both packed into one compact backpack. Thus, skydiving studies 
from the past cannot immediately be compared to present activity and reports. There 
is clearly a need for more investigation into these fields of risk taking activity, and 
this chapter will seek to review the epidemiology of injury related to bungee jumping, 
BASE jumping, and skydiving, and to provide suggestions for further research.

Methods

This chapter is based on a search of the literature in PubMed/Medline over the last 
decade (2000–2011) with a strong emphasis on reports from the last 5 years (until 
August 2011). Older references are included where evidence or reports are oth-
erwise scarce. The reference lists of articles identified by this search strategy were 
also searched and articles judged relevant were also selected. Studies are primarily 
related to civilian activity, as reports from military parachute activity may not allow 
for immediate comparison [12–17]. Searches were performed using the index words 
‘BASE jumping’ or ‘Bungee jumping’ or ‘Skydiving’ with ‘injury’, ‘risk’ or ‘mortal-
ity’. Secondary internet resources, including Google Scholar, Wikipedia and related 
homepages were searched for information where appropriate for the topic.

Brief Historic Overview and Definitions

The history of risk- taking activity and extreme sports dates back several centuries. 
Concerning the topics related to this chapter, the activity called ‘bungee’ (or ‘bungy’) 
jumping is probably the oldest. In the 1950s, David Attenborough and a BBC film 
crew brought back footage of the ‘land divers’ (known as Naghol) of the Pentecost 
Island in Vanuatu/South Pacific, young men who jumped from tall wooden platforms 
with vines tied to their ankles as a test of their courage and passage into manhood. 
A similar practice, only with a much slower pace for falling, has been practiced as 
the Danza de los Voladores de Papantla or the ‘Papantla flyers’ of Central Mexico, 
a tradition dating back to the days of the Aztecs. The first ‘modern’ bungee jumps 
were made on April 1, 1979, from a 76- meter suspension bridge in Bristol by the 
Oxford University Dangerous Sports Club [18]. Commercial bungee jumping began 
with the New Zealander, Alan J. Hackett, who made his first jump from Auckland’s 
Greenhithe Bridge in 1986. The first injuries related to this sport was reported only 
two decades ago [19].

BASE is an acronym for Building, Antenna, Span, Earth, and thus represents the 
fixed objects from which BASE jumps are made [6–9]. BASE jumping is in general 
regarded as an ‘extreme sport’, with a calculated risk of serious injury or even death 
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involved. Consequently, and to ensure public safety, BASE jumping has been banned 
from most public places, including popular attractions such as the Eiffel Tower in 
Paris, France. Furthermore, BASE jumping has spurred critique as it may be potentially 
hazardous not only for those involved, but, also for the emergency medicine service 
(EMS) involved in rescue, as it may be performed in remote areas with difficult access 
for rescue workers [8]. Nonetheless, BASE jumping has grown in magnitude and activ-
ity and it is estimated that more than 35,000 jumps are performed annually in Norway 
alone (unpublished report). Further, new developments in equipment, such as wing-
suits have given rise to new terms and activities, such as WiSBASE (wingsuit BASE 
jumping) of which few or no injury or mortality statistics are found particularly.

The history of skydiving starts with Andre- Jacques Garnerin (fig. 1) who made 
successful parachute jumps from a hot- air balloon. He carried out the first jump with 
a silk parachute in 1797 at Parc Monceau, in Paris/France. The military developed 

Fig. 1. First parachute jump: 
Garnerin releases the balloon 
and descends with the help of 
a parachute, 1797. Illustration 
from the late 19th century 
[from Wikipedia, no copyrights 
attached].
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parachuting technology as a way to save aircrews from emergencies aboard balloons 
and aircraft in flight, later as a way of delivering soldiers to the battlefield. Early com-
petitions date back to the 1930s, and it became an international sport in 1952.

Who Is Affected by Injury?

Although millions of jumps have been performed over the latter half century, there 
is only limited reporting and data on injuries, risks and fatalities in these activities. 
For bungee jumping, research is limited to case reports and a few case series, and an 
absence of cross- sectional or cohort research.

For BASE jumping there are but a few studies, although some new data has emerged 
over the last several years [6–9, 20]. An estimated risk in BASE jumping for any injury 
(independent of severity grade) is based on two studies, one from Norway and the 
other from New Zealand, both arriving at an estimate of 0.4–0.5%, or 1 injury in 
every 200 jumps [7, 8]. The risk associated with BASE jumping is 5-  to 8- fold higher 
than that reported for regular skydiving [7–9, 21].

Skydiving is somewhat more thoroughly investigated [2–4, 21–23]. Risk in skydiv-
ing has been estimated to about 5 deaths and 140–170 injuries per 100,000 parachute 
jumps [3, 5]. However, substantial changes and evolvement in training, equipment 
and experience over past decades prevents meaningful comparison with more recent 
research relative to risk, injury or mortality statistics (fig. 2).

Where Does Injury Occur?

Anatomical Location
For bungee jumping the data are based on case reports or small case series. The most 
frequent injury is to the eyes such as retinal bleeding from the increased intravascular 
pressure during the bungee recoil [24–35]. Acute venous stasis in the head may include 
skin edema, purpura- like bleeding in the face and the conjunctiva, dizziness, confusion 
and transient visual problems [36]. However, other injuries have been described rang-
ing from extremity fractures and dislocations [37, 38] to carotid vascular injury with 
the consequence of stroke (cerebral insult) [39], severe neck injury with quadriplegia 
and lastly, fatal outcomes [40]. Further, bungee jumping has been shown to increase 
stress and decrease immune function at the molecular level [41, 42].

Spinal injuries, for the most being compression fractures, are reported in 30–50% 
of incidents in BASE jumping and skydiving [6, 20]. This is 3–5 times more fre-
quent than spinal injuries seen in populations of general trauma [43], and reflects an 
increase risk for this injury pattern with these airborne activities.

Patterns of injury reported in Swedish skydivers [21] are depicted in figure 3 and 
involve primarily the extremities, back/spine and head, with most injuries being low-
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a b

c d

e f

Fig. 2. Different types of parachute activity and techniques.
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 grade or minor. Similar patterns are described in other skydiving activities including 
BASE jumps [6, 7], but immediate comparison is not possible, and data are too scarce 
to draw firm conclusions.

Environmental Location
Adverse events occur more frequently in untrained or inexperienced jumpers, and 
when not paying heed to local weather conditions [13, 16, 17, 44, 45]. Although not 
reported in detail here, the impression is that minor or moderate adverse events that 
occur with BASE jumping are similar in magnitude, cause, and consequence as those 
associated with civilian or military parachute jumping [46–49]. Typically, they involve 
a sprained or fractured ankle, minor head concussion, or a bruised/strained knee in 
association with landing [13, 17, 23, 45, 46].

Notably, some differences in the environmental locations are inherited in the 
nature of the activity and as such differ between regular skydiving and BASE jump-
ing (fig. 4). As BASE jumps are made from lower altitudes than skydives (often less 
than 500 ft above ground level), BASE jumpers generally fall at lower speeds, have 
far less aerodynamic control, and may lose flying stability. Further, if the parachute 
is deployed while the jumper is unstable there is a high risk of entanglement or mal-
function. The single canopy used may also be facing the wrong direction. Such an off-
 heading opening is not problematic in skydiving, but off- heading opening that results 
in object strike is the leading cause of serious injury and death in BASE jumping. Also 
as BASE jumping takes place in close proximity to a cliff or tower which provides the 
jump platform, the BASE jumper may collide with the object.

The Kjerag Massif in Norway (fig. 2e), although highly challenging, may not pose 
near as high a risk as BASE jumps from other sites. In particular, this will be true for 
places where jumping is illegal (i.e. public buildings, skyscrapers, city antennae), for 
jumps performed during dusk or dawn when lighting may be suboptimal, or even 
jumps performed when under the influence of drugs or alcohol. Bad judgment may 
dramatically increase the hazards in risk- taking activity, and thus there is potential 
for an adverse outcome. However, registration of illegal activity is unlikely, and thus 
open, well- organized, legally permitted BASE sites such as Kjerag will have to bench-
mark the risk associated with BASE jumping.

In contrast, one study from the USA reported an increase in landing- related fatali-
ties in modern skydiving, most likely attributed to newer and better equipment that 
allowed for more aggressive flying [23].

When Does Injury Occur?

Injury Onset
It is likely that the vast majority of injuries in bungee jumping, BASE jumping, and 
skydiving, are sudden onset or acute injuries. However, few data are available which 
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relate to onset of injury in these sports. Knowingly, for bungee jumpers this may often 
be a one- time experience.

Chronometry
There are few data on the ‘timing’ of injuries in bungee jumping, BASE jumping, and 
skydiving. Not surprisingly, there is an increased frequency of all injuries during the 
period of year with most activity, i.e. from April/May until August/September [8, 21]. 
Although the incidence of fatal injuries in regular skydiving has dropped since the 
1960 to the 2000s [2], there appears to be an association between number of jumps 
and adverse events in both skydiving (fig. 5) and BASE jumping (fig. 6), at least as 
reported in the past [8].

What Is the Outcome?

Injury Type
For bungee jumping the injury types are limited to case reports, of which ocular man-
ifestations of temporal visual loss due to retinal hemorrhage appears as one of the 
most frequently reported medical problems [25–29, 31–35, 50]. Also, musculoskele-
tal and neurological injuries have been described [38, 51], as well as damage to vessels 
of the neck and intracerebral bleeding [39, 52, 53]. Altogether, reports are scarce and 
likely underreporting causes a bias in interpretation of these events.

The injury types associated with BASE jumping and skydiving are fairly similar 
by nature and involve the musculoskeletal system, typically involving minor bruises 
of ankles, knees and/or a head concussion [7–9, 21]. Fractures in lower and upper 
extremities may occur (again, typically, ankles, legs, arms/wrists), and injury types 
and severity may be severe across several body regions when fatal outcomes are 
reported [2, 4, 8, 20].

Injury Severity
In bungee jumping, most visual symptoms reported are self- limiting although blind-
ness and loss of visual acuity has been reported [26, 27, 32–35]. The majority of inju-
ries sustained in skydiving and BASE jumping are characterized as mild to moderate 
(in about 66% of cases) and sustained in the musculoskeletal system as ankle, knee 
and shoulder injuries [3], either requiring no or only ambulant medical care, or in 
some cases in- hospital care (i.e. for fracture treatment, or the like). Fatalities occur 
in about 0.04% of all BASE jumps, and at much lower rates for recreational skydiving 
activities [3, 21, 54].

Clinical Outcome
No specific data on outcome after minor or moderate injuries exist for these. However, 
on a general note, the outcome and function after, for example, a fractured ankle may 
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represent the same time off work and in recovery as similar injuries sustained by other 
mechanisms. It is thus not possible to specifically account outcomes after these inju-
ries other than those reported for all such injuries in a general trauma population.

Cases of quadriplegia or death are noted in bungee jumping, although rare [19]. 
Intracerebral hemorrhage has been noted on a few occasions, although also infre-
quently [39, 52, 53].

Fatal outcome has been reported in BASE jumping, and a web- page report on con-
secutive fatalities known to the BASE jumper enthusiast globally, but may not be com-
plete [55]. At the time of writing it includes descriptions of 164 case fatalities, many 
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of which occurred in the USA, Switzerland, Norway, Italy and France [55]. Although 
this list may not be complete, or contain exact data for each event, it does represent 
a learning opportunity for the BASE community and highlights possible pitfalls and 
areas for prevention specific to the cites described.

In the USA alone, an estimated 30–40 deaths occur annually due to skydiving [4]. 
Fatal injuries are most often sustained to multiple body regions, including head, thorax 
and abdomen, as well as to extremities. Forensic description of such injuries is scarce, 
and limited to one case report related to BASE jumping [20]. However, an analysis of 
10 BASE- jumping deaths reported in 2007, noted combinations of several severe inju-
ries in multiple body regions; many of the isolated injuries could have been fatal alone 
[8]. This finding reflects the mechanism and energy transfer associated with such inju-
ries, often caused by object or ground impact in failed jumping attempts.

Economic Cost
Information related to cost of treatment associated with injuries, and school or work-
ing time loss as a result of injury is virtually non- existent in regard to bungee jumping 
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and BASE. However, past studies have reported considerable health costs associated 
with injuries sustained from parachute jumping [47, 56]. One critical UK study even 
stated that parachute jumping for charity purposes actually cost the NHS (National 
Health Service) 13 times as much as each charitable pound received [56].

For BASE jumping, the local EMS may need activation in the case of an adverse 
event or injury occurring in remote areas. As reported for the Kjerag Massif in Norway 
[8], the local EMS is influenced by adverse events associated with BASE jumping. The 
helicopter EMS responded in one third of all adverse events, and clearly helicopter 
EMS activity increased with number of accidents, which again followed the annual 
increase in jumps (fig. 6). Although this study could not specifically address injuries 
requiring admission to the hospital outpatient or emergency departments, or costs 
associated with hospital stay or treatment, the activation of the EMS is costly per se. 
Future investigation should include data that permit description of injury spectrum 
and severity, treatment requirements, and cost- related estimates for each incident 
involved with BASE jumps.

What Are the Risk Factors?

Westman et al. [9] reviewed 100 case fatalities from the ‘BASE fatality list’ and 
reported the summarized findings. Human factors included parachutist free- fall 
instability (loss of body control before parachute deployment), free- fall acrobatics 
and deployment failure by the parachutist (fig. 4). Equipment factors included pilot 
chute malfunction and parachute malfunction. In cliff jumping (BASE object type 
E), parachute opening towards the object jumped was the most frequent equipment 
factor. Environmental factors included poor visibility, strong or turbulent winds, cold 
and water. The overall annual fatality risk for all object types during the year 2002 was 
estimated at about 1 fatality per 60 participants [9].

Intrinsic Factors
Typically, men outnumber women in a ratio of almost 10:1 in both skydiving and 
BASE- jumping injuries and case fatalities [2, 8, 9, 21]. Age is frequently reported to 
range from 30 to 40 years in all three sports, which reflects the relatively young yet 
mature population of people involved in these activities.

Extrinsic Factors
In North American reports [4, 23, 54], landing errors were responsible for most of 
the skydiving fatalities in more experienced skydivers. The United States Parachute 
Association (USPA) states that this is due to a new generation of parachutes with 
higher wing loading [57]. Using data on fatalities from 1992 to 2005 as reported 
by the USPA [57], hook turns were found to be a major cause of death but not sig-
nificantly associated with higher wing loading. Fatalities caused by not having a 
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functional parachute have decreased over the years, possibly due to introduction and 
widespread use of safety devices.

A combination of intrinsic and extrinsic factors may be involved in all aspects of 
skydiving events. Whether exiting the aircraft, falling with other jumpers, deploy-
ing the parachute, dealing with malfunctions, or landing, there are opportunities for 
errors and failures that are potentially fatal. Fatalities have involved falling out of a 
parachute harness that was not securely fastened, diving into the spinning propeller 
of a trailing aircraft, and failing to pull the appropriate release handles when the main 
parachute did not open properly [54, 57].

A proposed taxonomy for classifying fatal events after skydiving has been pro-
posed and revised by Hart and Griffith [4, 23, 54] (table 1). This has been used by 
other investigators but with small numbers [2]. Nonetheless, it gives a reasonable 
standard against which investigators can judge and investigate the events into catego-
ries involving human errors or errors due to equipment or technique, and which may 
find areas for improvement and for future prevention of similar events.

Table 1. Taxonomy by Hart and Griffin [23]

Categories of fatality

Fatality category Category definition

No pull/low pull Fatalities caused by the failure to pull parachute deployment handles or by 
deployment that was initiated at an altitude too low for successful inflation of 
the parachute

Landing Fatalities caused by a conscious skydiver colliding with the ground or an object 
on the ground while under a fully deployed, undamaged parachute

Gear failure Fatalities resulting from a mechanical or structural failure of gear

Incorrect gear Fatalities caused by the incorrect donning or configuring of gear 

Midair collision Fatalities caused by a midair collision during free-fall or under parachutes

Medical Fatalities directly caused by some medical condition such as a heart attack. Also 
included in this category are clear-cut cases of suicide, e.g., suicide note

Incorrect 
procedures

Fatalities caused by pulling parachute deployment or disconnect handles in an 
incorrect sequence during normal deployment or following a main parachute 
malfunction

Correct 
procedures 

Fatalities which occurred as the result of failed parachute deployments, despite 
correct procedures

Collapse Fatalities resulting from a parachute collapse at an altitude too low for 
corrective action

Flight Fatalities resulting from parachute control inputs that result in canopy failure or 
loss of control at an altitude too low for corrective action
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A similar analysis was done for BASE- jumping fatalities by Westman et al. [9]. 

What Are the Inciting Events?

Bungee- jumping injuries may be divided into those that occur secondary to equip-
ment mishap or tragic accidents, and those that occur regardless of safety measures. 
In the first instance, injury can happen if the safety harness fails, the cord elasticity is 
miscalculated, or the cord is not properly connected to the jump platform [58, 59]. 
Ocular injuries that occur despite safety measures generally relate to the abrupt rise in 
upper body intravascular pressure during bungee cord recoil.

Similarly, inciting events related to BASE jumping and skydiving may be related to 
equipment (failure of equipment; wrong equipment; failed use of equipment) or fac-
tors related to human error (poor judgment related to location, weather, equipment 
use, etc.).

Injury Prevention

Few injury prevention measures have been tested in the sports of bungee jumping, 
BASE jumping, and skydiving. Proper preparation and training is mandatory for all 
aspects of risk- taking activity. Some safety measures may indeed prevent or reduce 
injury or advertent outcomes in the case of an accident takes place.

Bungee Jumping
In a case of bungee jumping where the elastic cord broke, or the harness failed, a 
major casualty was prevented from a 240 ft free fall by having an air cushion on 
the ground below [59]. This may not always be practically available, and the type 
of ground surface and height of free fall may thus be determining in the type and 
outcome of injury.

BASE Jumping
Fundamental in preventing injuries is training, experience, and adherence to advice 
from local and experienced BASE jumpers. Deaths in the Kjerag study [8] occurred in 
jumpers from different nations with varying degrees of experience in skydiving and 
BASE jumping (data not reported). All deaths had multiple, severe injuries to sev-
eral body regions. However, even otherwise survivable injuries (i.e. hemorrhage from 
fractures) may be fatal when sustained in this extremely challenging environment 
– a fact that those involved in risk- taking should not ignore. As opposed to other 
reports [2], no deaths were caused by drowning. To keep the risk of drowning to a 
minimum, a lifeboat is present during all jumping activity. In order to further reduce 
adverse events, instruction and training within the BASE community is imperative. 
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A mandatory instructional course is now held for all BASE jumpers at the Kjerag 
Massif. Continuously, preventive work and safety precautions are implemented in 
order to reduce the risk of those willing to perform ‘extreme sports’ activity.

Skydiving
While risk factors and preventive measures have been addressed in civilian and military 
parachute jumping (fig. 2) [14, 16, 17, 23, 46–48, 56], few studies thus far have reported 
on prevention associated with sports jumping under more extreme conditions.

Use of a helmet, kneepads, and ankle braces may prevent injuries in airborne 
activities, as reported in similar sport activities [46, 48, 60–62]. An injury reduction 
by 40–50% as reported for preventive ankle braces worn by military paratroopers can 
be extrapolated to some degree to civilian skydiving [61, 63], although no direct or 
immediate comparison can be made.

However, since BASE jumping may be even more challenging than regular skydiv-
ing, a higher degree of vigilance and critical judgment is required in every step from 
the jump zone, free fall, parachute release, flying the parachute, to landing. External 
factors, including location, weather and wind conditions may further influence on 
performance. Thus, adverse events are more likely to occur.

Extrapolating evidence from military training – although both equipment and 
procedures may differ – demonstrates effectiveness in wearing protective ankle 
bracing. In fact, studies show that bruised or fractured ankles occur twice as often in 
those not wearing this protective gear [61, 62, 64]. In fact, simulation and test results 
performed for military parachute training [65] may have some extrapolated learning 
effects for civilian, recreational skydiving, although immediate comparison cannot 
be done.

Further Research

Current availability, data details and completeness of injuries sustained in these three 
airborne sport events are altogether limited, scarce and heterogeneous. This severely 
hampers drawing firm conclusions from the current available literature. For all three 
sports, attempts at producing standardized report systems including incidence and 
prevalence numbers should be attempted.

Bungee jumping appears to suffer the most from incoherent, fragmented and case-
 based reports, with no structured reports or database surveillance to gather informa-
tion on injury profiles. An opportunity for interested organizations should be taken 
towards reporting this risk- associated activity beyond case reports.

Current data on BASE jumping is limited to a few reports from Norway, Sweden and 
New Zealand [7–9], and one combined report on air sport injuries from Switzerland 
[6]. This reflects the scarce pool of reports upon which we base our current knowl-
edge. Provided the nature of BASE jumping will still be based on local enthusiasts, 
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 2 Westman A, Bjornstig U: Fatalities in Swedish sky-
diving. Accid Anal Prev 2005;37:1040–1048.
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ogy of skydiving injuries: World Freefall Convention, 
2000–2001. J Emerg Med 2005;28:63–68.

 4 Griffith JD, Hart CL: A summary of US skydiving 
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1089–1090.

 5 Ellitsgaard N: Parachuting injuries: a study of 
110,000 sports jumps. Br J Sports Med 1987;21: 
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in 20,850 jumps from the Kjerag Massif, Norway. 
J Trauma 2007;62:1113–1117.
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Parachuting from fixed objects: descriptive study of 
106 fatal events in BASE jumping, 1981–2006. Br J 
Sports Med 2008;42:431–436.
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alcohol use and other high- risk behaviors among 
trauma patients. J Trauma 2001;50:13–19.

11 Spain DA, Boaz PW, Davidson DJ, et al: Risk- taking 
behaviors among adolescent trauma patients. 
J Trauma 1997;43:423–426.

the short- term outlook for a more general and wider coverage will be highly sought 
for. Data collection that is uniform, complete and allows for analyses would greatly 
enhance the knowledge base in this area for the future.

While there is a long tradition of in- depth analysis of military training and adverse 
events in parachuting [12, 14, 46, 48, 61, 65–68], a direct comparison to civilian train-
ing, equipment, and hazards is difficult at best. Thus, civilian activities would need 
to make their own information pool from which to derive first- hand knowledge for 
future research. Many of the studies published on civilian/recreational/sports para-
chuting are dated, [4, 44, 47, 69] and only a few series report on data from the last 
decade [2, 21, 23, 54, 56]. Injury reporting is not standardized. For future research, 
injury severity should be reported by standard measures such as the Abbreviated 
Injury Score (AIS) [70], the Injury Severity Score (ISS), or the New Injury Severity 
Score (NISS) [71, 72].

The Swedish Parachute Association (SFF) national registry of skydiving injuries is 
one of the few trauma databases available for research on sport parachuting. However, 
a point- prevalence survey demonstrated low sensitivity in data reporting (from 0.37 
to 0.61) which in turn would yield false low- incidence calculations [73]. Attitudes 
to reporting may be of value to study, to understand the drivers and constraints for 
achieving a more complete notification of skydiving injuries.

The current reporting or collection of incident data appears random and not 
uniform across studies for bungee jumping and BASE jumping, while somewhat 
less so for skydiving. Future reports should aim to provide a uniform consensus 
reporting for both analysis of the event itself, the risk factors associated with the 
event as well as the consequences in terms of physical harm, both in the short and 
long term.
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Abstract
The objective of this review was to summarize the epidemiological literature for extreme hikers in 
volcanic environments and describe the incidence, nature and severity of injuries, the factors con-
tributing to the injuries, and strategies for preventing injuries. Due to the relative newness of 
extreme hiking in volcanic environments, there are only a small handful of studies addressing the 
topic. Moreover, these studies are primarily focused on extreme hikers in Hawaii Volcanoes National 
Park. These studies found that the majority of extreme hikers in volcanic environments are inexpe-
rienced and unfamiliar with the potential hazards present in volcanic environments. The studies 
found that upper respiratory irritation resulting from exposure to volcanic gases and dehydration 
and scrapes, abrasions, lacerations, and thermal burns to the extremities were common injuries. 
The severity of the injuries ranged from simple on- site treat- and- release incidents to more severe 
incidents and even death. This review reveals a need for well- designed epidemiologic research 
from volcanic destinations outside of Hawaii that identify the nature and severity of injuries along 
with the factors contributing to injury incidents. There is also a demonstrated need for studies iden-
tifying preventive measures that reduce both the occurrence and severity of extreme hiking inci-
dents in volcanic environments. Copyright © 2012 S. Karger AG, Basel

While there is no consensus definition of adventure or extreme sports, a growing 
commercial market exists for those individuals wishing to participate in a range of 
what are perceived as risk- taking outdoor sport activities [1]. These activities encom-
pass the risk of traumatic injury along with illness from exposure to adverse envi-
ronmental conditions. In addition, they often take place in remote destinations with 
little or no access to immediate medical care [2, 3]. Even if medical care is available, 
it usually faces challenges related to longer response and transport times, access to 
fewer resources, limited provider experience due to lower patient volumes, and more 
extreme geographic and environmental challenges [4].
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Hiking, also known as trekking, tramping, and bushwalking is a popular outdoor 
sport activity. In the USA alone, hiking has been one of the fastest growing outdoor 
sport activities since the end of World War II with a reported participation of approx-
imately 30 million hikers [5, 6]. In many regions of the world, hiking is considered a 
form of exercise that helps maintain a healthy lifestyle [7]. For example, whether hik-
ing long or short distances, hiking is considered a continuous low- intensity form of 
exercise that has positive effects on the human cardiovascular and cardiopulmonary 
systems in addition to the active and passive structures of the locomotor system [7, 
8]. In other regions of the world, hiking is increasingly viewed as an extreme sport 
activity and a much more intense experience. While some may question whether hik-
ing should be considered an extreme sport, it is important to recognize that expand-
ing road, rail, and air networks in cooperation with operations such as mechanized 
mountain lifts and improved equipment have made more and more remote and 
extreme destinations accessible to hikers [9, 10].

One example of extreme hiking is that taking place in volcanic environments. 
Despite the potential risk to human life, active volcanoes have become popular attrac-
tions for extreme hikers seeking the ultimate intensive adventure [11]. With over 1,500 
active volcanoes worldwide, extreme hiking ventures to the unpredictable and poten-
tially hostile phenomena present at volcanoes such as those in Japan, Italy, Iceland, New 
Zealand, and Hawaii has increased [12, 13]. In the USA alone, over 8 million people per 
year visit national parks with volcanic resources each year [12]. Likewise, national parks 
and other protected areas worldwide such as Arenal Volcano National Park in Costa 
Rica, Etna Provincial Park in Italy, Vesuvius National Park in Italy, and Fuji- Hakone- Izu 
National Park in Japan report over 109 million visitors each year [12].

One of the most sought- after attractions for extreme hikers in volcanic environ-
ments is the opportunity to observe active lava flows and other volcanic activity such 
as eruptions from close proximity [12]. This makes it especially important for hikers 
to recognize that extreme hiking in volcanic environments entails a degree of risk 
that is constantly changing and difficult to remove. Furthermore, as more extreme 
hikers visit volcanic environments, it is almost inevitable that there will be an increase 
of traumatic incidents involving these hikers [14–16]. This review summarizes the 
epidemiological literature on extreme hiking injuries in volcanic environments and 
describes the nature and severity of these incidents, the factors contributing to these 
incidents, and the potential efficacy of any preventive strategies. For the purpose of 
this review, injuries are defined as any physical injury or illness incurred as a result of 
hiking in volcanic environments. PubMed, Medline, ProQuest International, Science 
Direct, Academic Search Premier, and Google Scholar were searched and all pub-
lications were assessed for their relevance to this review. A major limitation of the 
research reviewed is a paucity of literature on the topic. Whereas a sizeable literature 
addressing volcanic hazards, disaster response, and threats to surrounding communi-
ties exists, only a handful of studies addressing the relatively young activity of extreme 
hiking in volcanic environments exist [11, 13, 15].
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Who Is Affected by Injury?

Volcanic environments differ from usual conditions in at least one of the following 
variables of the physical environment: (1) the breathing atmosphere, which consists 
of gas composition, barometric pressure, humidity, and temperature; (2) the body 
envelope, which includes anything in physical contact with the subject such as lava, 
ambient pressure, clothing, air or water temperature, and humidity, and (3) radiation 
from energy sources such as heat or emissions [17].

This type of environment is not selective amongst extreme hikers and therefore 
makes identifying any demographic characteristic more prone to injury extremely 
difficult. If anything, any demographic characteristic is likely more a function of the 
participant make up. For example, in a 2004 case series study of 804 extreme hiker 
injuries and illnesses reported in Hawaii Volcanoes National Park, 63% of all hik-
ers were male compared to 37% female and ranged from 7 to 89 years of age [15]. 
More telling is the fact that out the 804 extreme hikers attempting to hike to active 
lava flows, less than 10% were from Hawaii and over 90% were foreign nationals 
largely unfamiliar with volcanic environments [15]. Table 1 shows that the majority 
of the extreme hikers were from the mainland USA, Europe, and Asia. Given the 
remoteness of many volcanoes from major population centers, it is likely that the 
participant demographic of extreme hiking on volcanoes will consist of a strong 
international character.

Where Does Injury Occur?

Anatomical Location
Understanding the nature of volcanic environments is the key to understanding 
the anatomical location of injuries and the type of illnesses incurred by extreme 
hikers. For example, hiking on volcanic terrain can be tough on shoes and hiking 
boots. The terrain is uneven and rugged at almost every step and the younger the 
substrate, the more difficult the hike. In addition, younger substrates typically con-
sist of rugged and uneven basaltic terrain with a thin layer of silica on the surface. 
Falls on this substrate are not only potentially jarring to bones but are also similar 
to falls on glass. In the 2004 study of injuries and illnesses incurred by 804 extreme 
hikers in Hawaii Volcanoes National Park, the authors found that 59% of the hikers 
sustained scrapes and abrasions to their hands, arms, legs, and head, and 51% of the 
hikers developed blisters on their feet [15]. Only 5% of the hikers received thermal 
burns from lava or hot water near the point where lava enters the Pacific Ocean. 
Lower extremity regions such as the feet, ankles, and knees accounted for most of 
the injuries followed by axial head injuries and upper extremity injuries to the arms, 
elbows, hands, and wrist [15].
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Table 1. Island, state or country of residence reported by lava 
hikers (n = 804) (source: Heggie and Heggie [15])

Number Total % of study 
population

North America
 California 137 17
 Texas 52 6
 New York 31 4
 Illinois 29 4
 New Jersey 28 3
 Florida 25 3
 Colorado 21 3
 Other 184 23
 Subtotal 507 63

Europe
 Germany 39 5
 England 32 4
 Switzerland 17 2
 Austria 15 2
 Netherlands 10 1
 Poland 8 1
 Subtotal 121 15

Asia
 Japan 62 8
 South Korea 10 1
 Taiwan 5 <1
 Hong Kong 3 <1
 Subtotal 80 10

Hawaii
 Oahu 46 6
 Hawaii 19 2
 Maui 5 1
 Kauai 1 <1
 Molokai 1 <1
 Subtotal 72 9

Other
 Australia 8 1
 New Zealand 8 1
 Israel 6 1
 Brazil 2 <1
 Subtotal 24 3
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Environmental Location
Table 2 displays a list of potential hazards facing extreme hikers in volcanic environ-
ments [18]. One of the least recognized hazards facing extreme hikers in volcanic 
environments is that of volcanic gases. Gases such as carbon dioxide (CO2), sulfur 
dioxide (SO2), hydrogen chloride (HCl), hydrogen sulfide (H2S), hydrogen fluoride 
(HF), carbon monoxide (CO), nitrogen (N2), hydrogen (H2), helium (He), methane 
(CH4) and radon (Rn) are common in volcanic environments during and in between 
eruptions [19, 20]. For the unsuspecting hiker, exposure to various concentrations 
of the odorless CO2 gas can create problems ranging from vomiting and headaches 
to unconsciousness and the risk of asphyxiation [19]. Because CO2 is denser than 
air, it can even pose problems for extreme hikers along low- lying hiking trails and 
thermal areas [19]. Likewise, exposure to various concentrations of H2S can result in 
upper respiratory irritation and bronchopneumonia and SO2 can be an irritant to the 
eyes, throat, and respiratory tract [19] SO2 can also pose health challenges to extreme 
hikers with preexisting asthmatic conditions [21]. In the previously mentioned 2004 
study of injuries and illnesses incurred by 804 extreme hikers in Hawaii Volcanoes 
National Park, 77% reported suffering dehydration, 46% reported respiratory 

Table 2. Potential hazards threatening extreme hikers in volcanic environments (source: Hansell et al. [18], 
adapted from table 1)

Hazard Potential health effects

Acid rain Irritant to eyes and skin. Also a potential threat to safe drinking water. Forms when rain falls 
through volcanic gas and acid particle emissions. Also forms where lava enters ocean water.

Earthquakes Impact injuries from damage to tourist facilities and other structures. Earthquakes are common 
with volcanic activity. A tsunami may occur if water is displaced by underwater volcanoes.

Lava flows Thermal injuries. Methane explosions can occur as active lava flows over vegetation. 
Lacerations, scrapes and abrasions, muscle strains and sprains, and other fall injuries when 
inactive lava flows used for recreational purposes.

Landslides/
mudflows

Burial, drowning, and impact injuries. May create a localized tsunami if either flow into an ocean 
or lake.

Laze Irritant to eyes, skin, mucous membranes, and throat. Exposure to high concentrations can 
cause laryngeal spasms and pulmonary edema.

Pyroclastic 
density

Thermal and impact injuries. Forms when a mixture of hot currents ash, rocks, and gas is pulled 
down a volcano by gravity.

Tephra and 
ash

Impact injuries, skin and eye abrasions, and respiratory irritation. Long- term exposure can result 
in silicosis and chronic obstructive pulmonary disease. Hazardous to aircraft and the structural 
capability of facilities. Lightning is common in ash clouds.

Volcanic gases Asphyxiation, vomiting, headache, dizziness, visual disturbances, tachycardia, respiratory 
irritation, bronchitis, bronchopneumonia, eye irritation and throat irritation.
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irritation resulting from exposure to volcanic gases, 13% reported eye irritations due 
to exposure to high winds and volcanic fumes, 4% experienced asthma attacks, 3% 
suffered from heat stroke, and 3 individuals went into cardiac distress [15].

When Does Injury Occur?

Due to the relative newness of extreme hiking in volcanic environments and the fact 
that only a few studies addressing injuries incurred by these hikers actually exist, 
any information related to the onset of injuries and the chronometry of injuries is 
non- existent. Injuries such as broken bones, thermal burns from contact with lava, 
scrapes, abrasions, and lacerations incurred after falls onto volcanic substrates can 
be expected to be acute injuries. Other injuries such as blisters and muscle strains 
and sprains can gradually develop over time. Likewise, incidents involving dehydra-
tion and heat stroke develop over time whereas respiratory irritation resulting from 
exposure to volcanic gases is almost immediate depending on the concentration of 
the gases.

What Is the Outcome?

Due to the varying degrees of potential danger existing in volcanic environments, the 
type of injuries incurred by extreme hikers can range from minor scrapes and abra-
sions to more severe respiratory irritation cases. For example, in the Hawaii Volcanoes 
National Park study, 6% suffered broken bones from falling on the substrate, 3% 
suffered dislocations, 47% suffered muscle strains and sprains, and 27% sustained 
lacerations after falling on the substrate [15]. The severity of the injuries can range 
from simple on- site treat- and- release incidents to more severe incidents and even 
death. Table 3 provides examples of the type and severity of some injuries reported in 
Hawaii Volcanoes National Park between 1992 and 2002 [22]. For example, the hik-
ing incident reported in February 1993 resulted in minor scrapes and abrasions and 
dehydration whereas the hiking incidents reported in November 2000 and October 
2002 resulted in severe respiratory irritation and the eventual death of the hikers. 
Table 4 provides a detailed case report of the November 2000 incident that resulted in 
the death of two hikers. This incident highlights the potential severe conditions pres-
ent when hiking in volcanic environments where lava flows into seawater.

What Are the Risk Factors?

Few risk factors involving extreme hikers in volcanic areas have been tested for cor-
relation or for predictive value. It is recognized that people often underestimate the 
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Table 3. Summary of fatal and non- fatal extreme hiker injuries in Hawaii Volcanoes National Park, 1992–2002 
(source: Heggie [��], adapted from table 1)

Date 
reported

Description of the incident

02/93 A hiker became lost and suffered minor scrapes and abrasions and dehydration while hiking 5 km to 
active lava flows at night. The hiker did not carry drinking water or a flashlight. Search and rescue 
operations cost USD 4,000.

04/93 A Vietnamese national died and 16 other hikers were injured when a coastal land bench on which they 
were standing to view lava entering the ocean collapsed. The hikers ignored warning signs in the area.

05/93 A Japanese tourist died after falling into an active lava tube.

06/93 A 43- year- old male teacher collapsed and died from a heart attack while guiding and hiking with high 
school students to active lava flows. Dense volcanic fumes were measured in the area at the time of 
the incident.

06/93 A hiker with asthma died from a severe asthma attack after exposure to sulfur- based fumes.

06/93 A hiker died from a fatal 200 m fall into Kilauea Caldera.

06/94 A 28- year- old American female died after falling into Halemaumau Crater.

07/94 A 38- year- old American male from California sustained second- degree burns to his left leg when a 
wave of lava heated water washed ashore. The hiker had ignored warning signs and was standing 
only 4 m from the ocean while attempting to view lava entering the water.

08/94 Two American hikers from California sustained second- degree burns to their chest, arms, and legs 
when a wave of lava heated water washed ashore. Both men were standing on a coastal bench and 
had ventured beyond warning signs.

01/95 A 25- year- old German hiker sustained second- degree burns when attempting to pick up active lava 
with a stick.

01/95 A 61- year- old female hiker sustained second- degree burns to her hands and legs after touching 
active lava. The tourist indicated she could not resist the urge to reach out and touch lava even 
though she had read warning signs.

02/95 A 63- year- old female American hiker suffered back and neck injuries after being thrown 10 m by a 
methane explosion approximately 40 m in front of an active lava flow. In vegetated areas, the heat 
from advancing lava flows generates underground gas from the combustion of organic materials 
such as plant roots.

02/95 An American tourist sustained minor injuries after being thrown by a methane explosion.

05/95 Two university students became lost when hiking to active lava flows at night. The students were 
suffering from dehydration and exhaustion when located the next morning.

08/95 A 44- year- old American female with preexisting heart and asthma conditions died of a heart attack 
while hiking out of a 150 m deep volcanic crater. Exertion and dense volcanic fumes in the area were 
reported as contributing factors.

07/96 A 35- year- old female American hiker suffered a broken leg and multiple lacerations to both legs after 
falling 5 m into an earthcrack. The woman was hiking in the dark at 22:00 h.

08/96 A 27- year- old American male died from heat stroke while hiking alone near active lava flows.
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potential dangers and overestimate their own abilities [23]. The perceived risk and the 
calculation of what is an acceptable risk by the individual extreme hiker is a core factor 
to consider in any preventive strategy. Research by the author has shown that extreme 
hikers in volcanic environments seem to rely on their personal judgment when they 
consider the potential risk of hiking into volcanic areas [23]. Often they are lacking the 
basic knowledge of the true conditions in volcanic environments, in their ignorance 
causing danger to themselves as well as possibly to others. This in turn can lead to costly 
rescue and recovery situations even without the contribution of volcanic activity [23].

In the Hawaii Volcanoes National Park study of extreme hiker injuries and illnesses, 
52% of the extreme hikers considered themselves beginning hikers with no previous 
experience in volcanic environments [15]. In fact, only 12% of the 804 hikers reported 
having previous experience on volcanic terrain of any type in locations such as Japan, 

Table 3. Continued

Date 
reported

Description of the incident

09/97 A 38- year- old female from Colorado collapsed from heat stroke while hiking to active lava flows.

01/98 A 51- year- old male was found suffering from exhaustion after becoming lost during a night hike to 
active lava flows.

04/98 A 26- year- old hiking guide and 6 others died after falling 10 m onto cooling lava. The guide was 
operating illegally.

08/98 Three American brothers aged 7, 9, and 18 sustained minor scrapes and abrasions while attempting 
to hike to active lava flows at night.

04/99 Three hikers from Canada became lost while hiking to the active Pu’u O’o Vent in bad weather. Two of 
the tourists sustained minor injuries after spending a night in a forest.

06/99 A 19- year- old female hiker from New York fell 30 m into an earthcrack. She was hiking at night with no 
flashlight, ignored warning signs, and sustained multiple scrapes, abrasions, and lacerations to her 
head and legs.

11/00 The bodies of 2 hikers, a 41- year- old American female and a 42- year- old American male were found 
40 m from the point where active lava was flowing into the ocean. The cause of death was 
determined to be pulmonary edema from environmental exposure to volcanic fumes.

07/01 A 38- year- old female hiker suffered multiple lacerations to both legs when attempting to hike to 
active lava flows in the dark and during heavy rain.

07/02 A 67- year- old hiker was revived by park rangers with an external defibrillator (AED). The hiker had 
recently undergone quadruple bypass surgery and was visiting an area of the park with heavy 
volcanic fumes.

10/02 The body of a 45- year- old female hiker from Florida was found near active lava flows. The body had 
contact burns from lava but the cause of death was determined to be environmental exposure to 
volcanic fumes. The hiker had a preexisting heart condition.
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Table 4. Report on the death of 2 extreme hikers in Hawaii Volcanoes National Park, November 2000 (source: 
adapted from Heggie et al. [11])

In November, 2000, authorities at Hawaii Volcanoes National Park received a report of 2 dead bodies found 
near the ocean entry in an area of the park referred to as the Eruption Site. Both bodies (1 Caucasian male, 1 
Caucasian female) were approximately 91 m directly inland from the ocean entry and located on the eastern 
side of active lava flows. The bodies were located approximately 12 m apart from each other. In addition, the 
male victim had a backpack that was found 6 m west of his body. An expert geologist at the scene reported 
seeing no sign of volcanic spatter and no evidence of a recent explosion in the area.

The bodies were removed via a sling load attached to a Hawaii County rescue helicopter. Two days later, 
autopsies of the victims were conducted by a medical examiner for the County of Honolulu. Dental records 
identified the victims as a 43- year- old male and a 42- year- old female. Examination of the female victim found 
no obvious burns on her clothing. However, her state of decomposition was extremely advanced for the 
estimated time of death (maximum 48 h prior to body recovery) and in comparison to the male victim. 
According to the medical examiner, the female had perimortem first-  and second- degree burns to her head, 
neck, shoulders, upper chest area, and to all limbs. She also had perimortem wounds to the head, face, and 
limbs that were superficial in nature. Examination of the male victim also found no obvious burns to his 
clothing. Abrasions and lacerations to his body were also perimortem and superficial in nature. There were, 
however, very obvious perimortem first-  and second- degree burns to the his head, neck, limbs, and areas of 
his trunk.

During the autopsies, no evidence suggesting that lightning or violence were factors in the deaths was 
found. The medical examiner did report, however, that the burns were consistent with that caused by a hot 
gas or vapor rather than contact with hot liquid, contact with a hot object, or radiant heat. This was based on 
the findings of undamaged clothing and the regions of the bodies that were burnt. For example, both victims 
sustained burns to areas that were unprotected or protected by a single layer of clothing. No burns were 
indicated or obvious where there were three layers of clothing. In areas where there were two layers of 
clothing there were some burns indicated and observed where the clothing may have been penetrated or 
tucked up. The final cause of death determined by the medical examiner was death as a result of pulmonary 
edema caused by inhalation of volcanic laze sustained when they were exposed to the plume near the ocean 
entry.

This incident highlights a potential hazard when entering areas of volcanic activity. What makes this a case of 
interest is that it was the first known incident of its nature in Hawaii and that it specifically highlights a 
potential global hazard present in locations where lava enters ocean waters. Conditions near the ocean entry 
typically involve exposure to volcanic laze, a dense hydrochloric acid mist that is formed when hot lava enters 
the ocean. This laze is often mistakenly referred to as a steam plume. Heat from the lava entering the ocean 
rapidly boils and vaporizes seawater producing a large white plume. This plume contains a mixture of 
hydrochloric acid (HCl) and concentrated seawater that is a brine with a salinity about 2.3 times that of 
seawater and a pH of 1.5–2.0. Moreover, dense laze plumes are known to contain as much as 10–15 ppm of 
HCl. These values drop off as the plume moves away from the ocean entry but acid rain commonly 
precipitates on individuals and land near its proximity. Hence, following the inhalation of the laze, the bodies 
of the victims were exposed to extreme heat and acidic conditions during the maximum 48 h they were at 
the ocean entry. This explains the advanced stage of decomposition of the female body which was the 
closest body to the ocean entry.

In addition to the cost of life, the final cost of this incident included USD 3,025 for aircraft assistance and USD 
9,507 for personnel costs. 
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Italy, Indonesia, and Iceland [15]. Those considered beginning hikers in this study 
were found to be significantly more vulnerable to injury than the more experienced 
hikers [15]. Of further concern was the willingness of 63% of the extreme hikers to 
ignore posted warning signs and hike into areas exposing themselves to immediate 
and exceptionally dangerous conditions. In fact, only 24% of the extreme hikers took 
the time to read warning and information signs posted at the entrance points of active 
volcanic areas or speak with park authorities prior to beginning their hike.

Additional risk factors in the study from Hawaii Volcanoes National Park deal 
with the preparedness and preexisting health status of the extreme hikers. For exam-
ple, 73% of the extreme hikers carried less than 1 liter of water with them, an amount 
that is below the recommended amount of water required per person. Furthermore, 
only 14% of the extreme hikers wore adequate hiking boots capable of withstanding a 
rugged basaltic terrain whereas 57% wore a version of running shoes that could tear 
easily on the terrain and burn easy when near active lava flows [15]. Only 3% wore 
protective gloves to protect their hands from cuts and abrasions when falling and only 
16% carried extra batteries for their flashlights. In terms of preexisting health condi-
tions, 37% of the extreme hikers indicated they were suffering from traveler’s diarrhea 
prior to beginning their hike, 22% reported that they were asthmatic, 29% reported 
having cardiac concerns, 4% reported being pregnant, and 5% were intoxicated at the 
time they started their extreme hike [15].

Injury Prevention

To date there are no known studies which have tested the effectiveness of preven-
tive measures for extreme hikers in volcanic environments. However, there are a few 
practical suggestions based on the experience of park managers at Hawaii Volcanoes 
National Park that, when applied in other locations, may prove successful to prevent-
ing injuries to extreme hikers.

Despite their goal of facilitating safe public access to active volcanism, in 2000 
managers at Hawaii Volcanoes National Park realized they faced three specific safety 
challenges [23]. First, lava flows and other volcanic activity in the park are dynamic 
and constantly changing. Second, volcanic activity and the opportunity to hike to 
active lava flows are heavily marketed by a variety of non- park sources. Third, after 
arriving on the island, extreme hikers and other tourists receive misinformation from 
locals and others employed in the hospitality and lodging industry. An example of 
such misinformation was the encouragement to hike to the active lava flows at night 
even though there are no marked trails.

To counter these challenges, park managers adopted a risk management strategy 
adapted from the Continuum of Travel Medicine [24]. Park managers developed a 
more informative website with the objective of providing valuable safety informa-
tion to extreme hikers before they began their trip to Hawaii. Park managers then 
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developed an ‘Eruption Update’ telephone hotline to combat misinformation received 
once the hikers arrived on island. Park managers collaborated with hospitality and 
lodging facilities in Hawaii to provide the number of the hotline to potential hikers. 
When called, the hotline provided up to the hour information on volcanic conditions 
in the park and also reminded hikers of maximum safety initiatives such as wearing 
adequate footwear, carrying the right amount of water, and the benefit of hiking dur-
ing daylight hours. Finally, when extreme hikers entered the park they were reminded 
of safety issues in the park visitor center and a video/CD at the actual eruption site 
that played safety messages every few minutes. The park managers believe that these 
preventive methods have reduced the incidence and severity of injury in the park, 
however this difference has not yet been verified statistically.

Future Research

Due to the fact that extreme hiking in volcanic environments is a relatively young 
activity, there is a need for a wide variety of future research initiatives. For exam-
ple, more research into the motives of extreme hikers in volcanic environments is 
needed. It is obvious from this review that many of the extreme hikers are lack-
ing in experience and are making decisions regarding when they themselves are not 
aware of all the hazards present in volcanic environments. Hence, they are begin-
ning their extreme hike without the best of equipment and supplies, without a clear 
understanding of the hazards present in volcanic environments, and without caution 
for their preexisting health conditions. As previously noted, individuals such as the 
extreme hikers are known to often underestimate the potential dangers and overes-
timate their own abilities [23]. Thus, the perceived risk and the calculation of what 
is an acceptable risk by the extreme hikers is likely a core factor to consider in any 
preventive strategy.

A further future need is the collection of information on the epidemiology of inju-
ries to extreme hikers in volcanic environments and the contributing factors outside 
of Hawaii as well as the collection of information on successful injury prevention 
strategies. These could include modifiable strategies on the part of extreme hikers 
or any government or regulatory body that may be overseeing the activity. Locations 
such as Mount Etna in Italy, Cerro Negro in Nicaragua, Mount Nyamulagira in the 
Democratic Republic of Congo, Mount Yasur volcano in Vanuatu, and multiple vol-
canic destinations in Guatemala and Iceland are some of the fastest growing popu-
lar destinations for extreme hikers. Any data examining the epidemiology of injuries 
to extreme hikers in these volcanic environments would further help identify any 
trends and contributing factors that in turn will assist the development of preventive 
measures.
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The Epidemiology of Injury in Skateboarding
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Abstract
The purpose of this report is to review the available literature to provide an epidemiological over-
view of skateboarding injuries, as well as to suggest possible areas for future research. A literature 
search was performed with the databases of PubMed, Sport Discus, Google and Google Scholar 
using the search terms ‘skateboard’, ‘skateboarding’, ‘injury’ and ‘injuries’, with all articles published in 
refereed journals in the English language being considered. An ancestry approach was also used. 
Articles from non- juried journals were also infrequently included to provide anecdotal information 
on the sport. Comparison of study results was compromised by the diversity of different study popu-
lations and variability of injury definitions across studies The majority of injuries affect young males 
although conflicting arguments arise over the issues of age and experience in relation to injury 
severity. Most injuries are acutely suffered, and the most commonly affected body part was the wrist 
and forearm, with lower leg and ankle injuries also common. The incidence was relatively high but 
reports on severity differed. Clear conclusions could not be drawn on environmental location and 
risk factors. Most injuries tend to occur from a loss of balance leading to a fall, in more recent times 
due to a failed trick. Research on injury prevention is not conclusive although protective equipment 
and skatepark use are recommended. Further research using more rigorous study designs is required 
to gain a clearer picture of the incidence and determinants of injury, and to identify risk factors and 
viable injury countermeasures. Copyright © 2012 S. Karger AG, Basel

Skateboarding is believed to have begun sometime in the late 1940s or early 1950s 
when the surfing community of California was looking for an outlet to transfer their 
skills from the waves to the sidewalks [1]. This resulted in various wooden platforms 
being combined with the wheels from roller skates and eventually companies began 
producing boards of multiple pressed layers of wood to create something not dissimi-
lar to modern- day skateboard decks. As several surfing companies started to manu-
facture skateboards, the popularity of this pastime grew and Skateboarder Magazine 
was first published in 1964 [2]. However, due to health and safety fears which caused 
many American cities to ban skateboarding, the sport had all but disappeared by the 
end of 1965 and after only four issues the magazine ceased publication.
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The resurrection of skateboarding in the early 1970s can be attributed to the poly-
urethane wheel, invented by Frank Nasworthy [1]. Previous wheels made from clay 
or steel lacked the necessary performance that skaters’ skills demanded, and this 
improved standard allowed the skateboarder a greater degree of control. The popu-
larity of skateboarding increased as the technology progressed which brought about a 
greater range of tricks that could be performed. With faster speeds and more danger-
ous tricks came a high price and spiralling insurance costs forced many skateparks 
to close, leaving enthusiasts without a regular place to skate and forcing them to use 
unsuitable public or even private property. The general public and lawmakers viewed 
this practice as dangerous and banned skateboarding in many areas; by the 1980s the 
sport again slipped back into obscurity.

The last 20 years has seen an explosion in both the popularity and the participa-
tion of adventure and extreme sports, fuelled by the interest and disposable income of 
the current generation [3]. Skateboarding has been at the forefront of these activities 
with increased exposure in popular culture through television, music, fashion, video 
games and the internet; the resulting increase in financial backing has transformed 
the amateur exhibitionist into a full- time professional athlete and multimillionaire. 
Household names such as Tony Hawk and Shaun White regularly compete on televi-
sion, culminating in the X Games – the extreme sport equivalent of the Olympics 
where skateboarders take part in street, vertical and ‘big air’ disciplines. These events 
require the athlete to perform different tricks and skills using various pieces of equip-
ment such as ramps, rails, banks, ledges and half- pipes – large semicircular ramps 
that allow the participant to project themselves high into the air and perform multiple 
tricks before landing and maintaining their momentum to the opposite side where 
the process can be repeated several times. Points are awarded by judges for such fac-
tors as content, variety, style, degree of difficulty and originality.

As in any highly competitive professional sport, athletes push themselves to the 
limit to achieve new heights and break boundaries; skateboarding is no exception. 
Tricks have become more and more inventive and complex with these sportsmen 
seemingly defying gravity with increasingly difficult maneuvers. Today’s icons are 
extremely athletic, being able to control themselves and their board at speeds of 
up to 40 miles an hour, flying through the air and landing in a controlled manner. 
They need to have excellent balance, flexibility, strength and awareness. This puts an 
unprecedented demand on the professional skateboarder’s body and nearly every one 
of them has an extensively long list of previous injuries suffered as a result of their 
passion.

Another characteristic that skateboarding shares with all sports is the attempt by 
youngsters and other amateurs to emulate those at the highest level. This can be harm-
less in other activities, but represents a significant risk to the inexperienced skater. 
With many recreational participants lacking the necessary aforementioned skills and 
judgement to pull off such high- risk maneuvers, as well as the availability of modern 
equipment and the public’s accessibility to skateparks, injuries are common and can 
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sometimes be catastrophic. These events are not a recent development; skateboard-
ing injuries have been reported in numerous journals since the 1960s [4] with the 
‘perilous skateboard’ inciting great debate in the British Medical Journal as long ago 
as the 1970s [5]. Despite these warnings, serious injuries are still prevalent and are 
often tragic; in the first 6 months of 2011 alone there were two highly publicized cases 
in the USA involving 16-  and 17- year- old males who died as a result of major head 
injuries [6, 7]. Notably, neither individual was wearing a helmet at the time of their 
accident.

According to the National Electronic Injury Surveillance System (NEISS), con-
ducted by the US Consumer Product Safety Commission, it is estimated that 144,416 
injuries related to skateboards presented to hospital emergency departments in 
2009 across the nation, with the vast majority affecting males under the age of 24 
[8]. The Safe Kids organization estimates that of these injuries affecting children, just 
over 3,000 were of a serious nature [9]. In addition, the National Sporting Goods 
Association (NSGA) believes that there are nearly 8 million individuals over 7 years 
of age who participated in skateboarding more than once in 2010 [10]. Although there 
continues to be this high rate of participation and frequency of injury, as well as the 
catastrophic stories featured in the media, there remains a distinct shortage of recent 
research performed on the topic of skateboarding injuries.

Several reviews of skateboarding injuries [11, 12] and in- depth case studies [13, 
14] have been published, however several limitations are apparent which creates dif-
ficulty in analyzing the subject. The most recent review on this topic was performed 
almost 10 years ago and was based on figures from the NEISS and the NSGA, which 
are estimated numbers. This study was also the first to relate skateboarding injuries to 
participation exposures, highlighting the shortcomings of previous reviews. Very few 
exposure- based, cohort studies have been conducted, with the majority of research 
being provided by case series. Although this research is useful for formulating hypoth-
eses, it is impossible to use them to investigate a clear statistical association and fully 
identify possible risk factors. Comparison between these studies is complicated by 
the diversity of different study populations, with discrepancies in such aspects as age, 
performance level and exposure hours. This may be due to skateboarding’s position 
as a recreational activity without a reliable structure that more traditional activities 
and team sports possess. There may also be a seasonal element involved, with more 
participants in the warmer months of summer, which few studies take into account. 
Also many articles focus primarily on fractures sustained from skateboarding acci-
dents and overlook other relevant injuries such as sprains, strains, lacerations and 
head injuries. These limitations should be taken into account when analyzing the 
research, yet the reader should also acknowledge the challenges faced when collecting 
the relevant data.

The primary aim of this report is to address the available literature to provide an 
epidemiological overview of skateboarding injuries, as well as to suggest possible 
areas for future research and further investigation. A literature search was performed 
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with the databases of PubMed, Sport Discus, Google and Google Scholar using the 
search terms ‘skateboard’, ‘skateboarding’, ‘injury’ and ‘injuries’, with all articles pub-
lished in refereed journals in the English language being considered. Articles from 
non- juried journals were also infrequently included to provide anecdotal information 
on the sport. The following topic areas are addressed in this report: Who is affected 
by injury, where does injury occur (both anatomically and environmentally), when 
does injury occur, what is the outcome of injury, what are the risk factors, what are 
the inciting events, injury prevention and future research?

Who Is Affected by Injury?

Skateboarding has always been viewed as an activity with a high risk of injury given 
its association with risk- taking and dangerous behavior, the lack of structured and 
supervised periods of participation and the reluctance of a mainly adolescent male 
population to wearing personal protective equipment. The definition of an injury 
from skateboarding can be a difficult concept for the academic and the statistician 
to grasp as many injuries, particularly those of a minor nature, may go unreported. 
Many articles are based upon information from hospitals or emergency departments 
and focus on fractures sustained during skateboarding, meaning injuries of a lesser 
severity that are treated in a different environment are not present in the literature. 
Individuals may also not present to a healthcare professional and avoid certain obsta-
cles or maneuvers to hide an injury from their peers. Although the majority of skate-
boarding injuries may be acutely suffered, chronic or overuse injuries can also occur 
and remain absent from the available literature.

Table 1 shows a comparison of demographic data across a number of studies in 
skateboarding. The design for most studies is case series; however, cross- sectional 
and retrospective cohort designs are also included. However, few of the studies are 
comprehensive in their content, with very little reporting of injury rates and level of 
experience featured. It is clear that the vast majority of injuries are suffered by males 
with numerous reports presenting figures of well over 90%. Males suffer from more 
serious injuries due to their habits of skating outdoors, in more dangerous locations 
and wear less protective equipment than females [15]. Also interesting to note is that 
several older articles from the 1960s, 1970s and 1980s show a higher degree of female 
involvement; this may be down to the general trend of girls showing lower participa-
tion in sports in general throughout more recent years.

The average age of those injured shows a variation from the mid- to- late teens up 
to the early 20s, possibly explained by the variation of data collection from both chil-
dren’s hospitals and those focusing on adult medicine. Several studies conclude that 
injured individuals tend to be at the younger end of this scale, between 10 and 15 
[13, 22], and Vaca et al. [23] report that ‘fewer skatepark users in the age range 15–19 
years were injured’.
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In relation to other activities, skateboarding is a comparably safe pastime [12]. 
Based on figures acquired from 1998, the rate of injuries treated in emergency depart-
ments (8.9 per thousand participants) was significantly lower than those for basketball 
and football (21.2 and 20.7, respectively). Even when compared to other adventure 
sports, skateboarding compared favorably with bicycling at 11.5 and snowboarding at 
11.2. However, Kyle et al. [12] also found in their review that the rate of skateboard-
ing injuries is increasing, doubling between 1993 and 1998. In a direct comparison 
to roller- skating and scooter- riding, pediatric patients suffering from a skateboard-

Table 1. A comparison of injury frequency in studies of skateboard injuries

Study
(first author)

Patients 
n

Injuries
n

Injury 
rate

Mean age of 
patients

Male 
proportion %

Experience level

Case series

Hawkins
1981 [16]

49 50 14 73 0–6 months: 52%
6 months–1 year: 26%
1+ year: 22%

Forsman
2001 [14]

139 147 16 95

Everett
2002 [17]

100 106 1.11/
1,000 
people

19 98 beginner: 15%
intermediate: 38%
advanced: 36%
professional: 11%

Zalavras
2005 [13]

187 191 13 95

Vaca
2007 [18]

95 97 20 98

Lustenberger
2010 [19]

2,270 2,658 16.9 91

Cross- sectional

Schuman
1967 [4]

1,984 494 range:
9–15

77% fractures
in boys

Pendergrast
1990 [20]

94 69 37% non- current users
27% moderate users
36% heavy users

Osberg
1998 [15]

254 12.8 93

Keilani
2010 [21]

75 22 97 8 years mean experience, 
18 h/week mean practice
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 related fracture tended to be older and were more likely to be male [13]. Another 
article investigating severe injuries in non- motorized wheeled vehicles found that 
skateboarders were also more likely to be male, but were younger than cyclists and 
in- line skaters [24]. These observations suggest that those injured in skateboarding 
tend to be adolescent males.

Where Does Injury Occur?

Anatomical Location
Knowledge of the anatomical location of injury can be vital for sports medicine staff 
as well as epidemiologists, helping to highlight which areas are more likely to be 
injured and assist in the direction of future preventive research. Table 2 shows skate-
boarding injuries by anatomical location across a selected range of articles. Not all 
studies of skateboarding injuries report injury by anatomical location or in a way 
that makes it possible to fit them into table 2. Indeed several papers purely focus on 
fractures suffered during skateboarding and do not cover other major injuries such 
as those to the internal organs or the brain, or minor injuries such as sprains and 
contusions.

Table 2. A comparison of injury by anatomical location in studies of skateboarding injury

Study (first author) Forearm/
wrist, %

Elbow
%

Hand
%

Ankle
 %

Foot
%

Leg
%

Head 
%

Case series

Illingworth, 1978 [25] 61 11 8 5 1

Cass, 1990 [26] 58.6 4.3 4.3 12.8

Schieber, 1994 [27] 19 6 11 11 3 7

Finch, 1998 [28] 54.3 upper 
extremity

17.6 lower 
extremity

18.4

Forsman, 2001 [14] 19 5 12 19 21 2

Zalavras, 2005 [13] 48.2 12.6 5.8 23 4.2 3.7

Cross- sectional

Keilani, 2010 [21] 77 67 83 72 18

Retrospective cohort

Konkin, 2006 [24] 44 extremities 16.3

Lustenberger, 2010 [19] 27.8 upper 
extremity

22.4 lower 
extremity

36.3
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As shown in table 2, the forearm and wrist area is the most commonly injured 
region of the body with several studies reporting proportions of 50% or greater. There 
was a discrepancy in data collection that meant only the forearm or wrist was recorded 
in some articles, and in others was merely referred to as ‘upper extremity’. The second 
most frequently injured body part is the ankle (4.3–23%), and again was interpreted 
in different ways; ‘lower leg’ and ‘lower extremity’ both commonly used terms. Head 
injuries, as well as those to the neck and face, were the next most common site of injury 
and often produced a more severe outcome for the patient. Injuries to the elbow, foot, 
hand and leg were also frequently yet inconsistently reported and support the idea that 
musculoskeletal injuries are the most common finding in an injured skateboarder.

A review of injuries in skateboarding by Fountain and Meyers [11] supports the 
theory that upper extremity injuries are the most frequent, due to the participant fall-
ing on an outstretched arm. It is also reported that fractures of the upper and lower 
extremity account for 50% of all injuries seen in skateboarding. A second review [12] 
came to similar conclusions.

The high figures quoted by Keilani et al. [21] can be attributed to the study design, 
as all participants were active skateboarders. Skateboards reach high speeds, lack a 
mechanical braking system and individuals perform more complex stunts and tricks 
as they become more experienced, making the likelihood of an injury at any point 
very high.

Environmental Location
Very few papers have investigated the environmental location of skateboarding inju-
ries, with mostly anecdotal evidence taking the place of reliable, structured research. 
Skateparks are built to provide skaters with an environment containing obstacles 
expressly designed for skateboarding free from traffic for their own safety, and to 
leave pavements and other public areas in the pedestrian’s domain. In their review of 
NEISS data, Kyle et al. [12] found that those requiring hospitalization were 11.4 times 
more likely to have been injured by a motor vehicle than those who were discharged 
from hospital on the same day. On the other hand, Sheehan et al. [29] reported that 
skateparks had a relative risk of 8.35 for fractures requiring manipulation or an inva-
sive treatment when compared to injuries suffered in the street.

The purpose of skateparks is to provide a safe and supervised area for skaters away 
from the dangers of traffic. Despite this, many subjects choose to skate on roads and 
in public places. Forsman and Eriksson [14] report that most injuries took place in 
specially designed areas for skateboarding, although a high frequency of injury would 
be expected as the same skills are being performed on similar equipment to that out-
side a skatepark. Another paper found that the type of terrain was not significant with 
respect to injury [21] whereas in a review hospitalization was 11.4 times more likely 
after a skateboarder experiences a crash with a motor vehicle [12].

In one article that investigated the influence of skatepark design on injuries, more 
incidents occurred in the ramps and bars region compared to the half- pipe and gully 
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areas [17]. It is suggested that this may be because the ramps and bars are the most 
popular attractions to the skatepark users, as well as their popularization in profes-
sional competitions featured on television.

Understandably several hospitals report an increase in the frequency of skateboard-
ing injuries when a skatepark has opened nearby [18, 30]. However, the Committee 
on Injury and Poison Prevention recommends that skateboards should ‘never’ be rid-
den in or near traffic and ‘skitching a ride’, where a skater holds onto a vehicle to gain 
momentum, should not be practiced [31]. Communities are also encouraged to con-
tinue developing skateparks and skateboarders to utilize these in preference to home-
 made jumps or ramps as they are also more easily monitored for safety.

When Does Injury Occur?

Injury Onset
In a sport such as skateboarding, where complicated tricks are conducted at high 
velocities on extremely hard surfaces with high- risk skills being performed, it is inevi-
table that sudden- onset injuries will occur frequently. A cross- sectional observation 
of skateboarders in Vienna discovered that 97% of respondents reported at least one 
injury [21]. The vast majority of studies reporting on skateboarding injuries harness 
data acquired from hospital emergency departments which strictly deal with acute 
cases, or focus on fractures that present in the same way. There are no articles that 
take into account more chronic or gradual- onset injuries, making the comparison 
between the two groups impossible.

Chronometry
It would be expected that a greater proportion of injuries would be seen from skate-
boarding during the spring and summer months when conditions would be more favor-
able to spending extended periods outside. However, very few papers acknowledge this, 
with one article reporting that 36 out of 50 injuries were sustained during the summer 
[32] and another remarking that its research period ‘included the winter months when 
accidents were likely to be fewer’ [25]. Another reasonable assumption would be that 
more injuries occur during the day, when skating environments are bathed in natural 
light. An article by Hawkins and Lyne [16] concurs by revealing that most injuries seen 
happened during daylight hours with only 15% being sustained after 8 p.m.

As most skateboarders are recreational practitioners there are no figures for inju-
ries suffered in competitive environments; many well- known and professional skate-
boarders have a long list of previously suffered injuries although this evidence is 
anecdotal. Research looking into the injuries of competitive skateboarders in and out 
of competition would be a welcome addition to the landscape of information in skate-
boarding. Information on skateboarding events and competitions is freely available 
on the internet [33].
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What Is the Outcome?

Injury Type
The various types of injury are categorized slightly differently from study to study, 
however it is possible to make clear comparisons. Table 3 shows the percent compari-
son across a range of studies of skateboarding injuries. It can be seen from the table 
that fractures (15.2–60%) are the most common type of injury, followed by sprains 
and strains (14.8–44%). Lacerations and contusions were also common injuries, with 
concussions less commonly reported. The distribution of injuries by type may not be 
truly reflective of the percent distribution of injury types actually experienced. Since 
these are injuries presented to the emergency departments of hospitals, they are likely 
to be more severe in nature. In reality we would expect to see a greater proportion of 
minor injuries that could be self- treated, such as lacerations and contusions.

The main difficulty in comparing the data across different studies was the defini-
tion of the different injury types and the grouping together of similar injuries such as 
strains and sprains and contusions and abrasions.

Injury Severity
The severity of an injury is an important factor to consider in determining the rela-
tive safety and risk level of any activity. Although several articles report on how severe 
skateboarding injuries were in their research, there is a large variation in the way it is 
collected; some use Injury Severity Score (ISS), AIS system or merely describe sever-
ity in basic terms such as mild, moderate and severe. Konkin et al. [24] reported a 

Table 3. Type of injury suffered during skateboard activity

Study (first author) Sprain/
strain, %

Fracture
%

Laceration
%

Contusion/
abrasion, %

Concussion
%

Case series

Schieber, 1994 [27] 20 29 22 21 <1

Forsman, 2001 [14] 44 29 9 15 3

Vaca, 2005 [23] 15 60 7 9 (closed head 
injuries)

Lustenberger, 2010 [19] 50.3 11.9

Review

Kyle, 2002* [12] 14.8 15.2 8.1 4.9 2

* From the ten most frequently occurring emergency department- treated skateboard- associated 
injuries.
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mean ISS of 10.5 which compares favorably next to in- line skating (10.6) and cycling 
(12.7). A similar ISS of 8.6 was found in another article [19] that supports this find-
ing. Lustenberger et al. [19] also described an overall rate of severe injuries at 16.2% 
(3.3% critical) which corresponds with similar results by Osberg et al. [15] (16.5%) 
and Vaca et al. [23] (15% serious, 58% moderate, 27% minor). Forsman and Eriksson 
[14] reported no severe injuries at all (30% moderate, 70% minor). These figures 
paint a picture which suggests skateboarding is relatively safe, however in a study of 
75 skateboarders, 45% were reported as having suffered a severe injury in the last 2 
years [21]. An open fracture of the forearm or radius was also 19 times more likely to 
be due to skateboarding than any other mechanism [13].

With some injuries being severe in nature, operative intervention and hospitaliza-
tion may be required to treat the patient appropriately. As many as 42.2% of patients 
required surgery [19] with 68% of skatepark- related fractures being operated on [29]. 
Hospitalization rates have been quoted at 9% [23] with the average length of stay 
varying from 6 to 8 days [15, 23].

Clinical Outcome
Very little information is available on injury recurrence, non- participation, or the resid-
ual effects of injuries sustained by skateboarders. Catastrophic injuries, although rare, 
do occur and garner some interest in the media due to their nature; defined as a ‘sport 
injury that resulted in a brain or spinal cord injury or skull or spinal fracture’ by the 
National Centre for Catastrophic Injury Research, these injuries are always worrying.

Although there have been case reports of other serious injuries – notably a renal 
laceration [34] and a scroto- abdominal impalement injury [35] – only recently have 
quality data been published on catastrophic injuries. In a Canadian textbook on cata-
strophic injuries in sports and recreation, Tator [36] reported a total of 9 such injuries 
across a 4- year survey. Eight of these were suffered by males, with the same number 
affecting those aged between 11 and 20 years. One fatality occurred to a 10- year- old 
boy who suffered head and spine injuries. The annual catastrophic injury rate was 
0.007%, a relatively low figure, however injuries of such magnitude and severity 
should never be underestimated.

Lustenberger et al. [19] also reported a severe traumatic brain injury frequency 
of 13.4%, including subdural hemorrhage (3.7%) and subarachnoid hemorrhage 
(2.3%).

Economic Cost
Lengthy stays in hospital and surgical interventions can cost patients and hospitals con-
siderable sums of money; a Scottish study that looked at the impact of a new skatepark 
opening near a local hospital shows one example [30]. In the 12 weeks prior to the 
opening of the skatepark, 1.5% of sporting injuries were skatepark- related. Following 
the opening, this increased to 5.6%. With this rise in injuries came a direct rise in costs, 
which before was estimated at GBP 2,985 and increased by more than 5 times to GBP 
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16,862. Although this may seem fairly trivial given the large budgets of modern hos-
pitals, this impact could be more serious on a grander scale and an area with a larger 
skateboarding community such as areas of the USA. It also hints at a greater economic 
cost to society in terms of loss from earnings due to long- term morbidity.

Vaca et al. [18] investigated such issues in an article investigating the economic 
impact of skatepark- related injuries in Southern California. Young patients missed 
on average 2 days of school as a result of their injuries, forcing parents to stay away 
from work to care for their child; this resulted in an average wage loss of USD 146. 
Furthermore, adults aged 26–39 who were injured missed an average of almost 17 
days of work, amounting to an average of USD 3,163. This demonstrates the ‘con-
siderable risk’ these injuries represent to employed individuals who potentially have 
much more to lose than their younger counterparts. There is even anecdotal evi-
dence of injured patients with manual skills losing their jobs as a result of their 
injuries.

What Are the Risk Factors?

For injury intervention and the implementation of preventive measures, an under-
standing of the relevant risk factors is of high importance. However this is challenging 
with skateboarding injuries as many studies do not specifically test for risk factors.

Intrinsic Factors
As discussed above, the vast majority of those injured when skateboarding are males. 
They are also more likely to suffer from a serious injury than females [15]. However, 
the relation between exposure- based injury rates and gender was not tested in the 
literature reviewed.

Reports on the risk related to age are conflicting. Many studies report that older, 
more experienced participants are more susceptible to severe injuries [19, 21, 23] 
whereas others believe that severity decreases with age [14]. Vaca et al. [23] also found 
that fewer users of skateparks between the ages of 15 and 19 were injured, as well as 
there being no association with experience. Another study has shown that experience 
does not correlate with severity [29] and neither did age. This relationship has also 
not been subjected to statistical tests using exposure- based injury rates.

Similar findings are seen with head injuries. In a study by Lustenberger et al. [19], 
a high frequency of traumatic brain injuries were suffered by skateboarders. The inci-
dence of severe head injury increased significantly with age. It is hypothesized that this 
may be attributed to older participants travelling at greater velocities, on street sur-
faces and using helmets significantly less than their younger fellow skateboarders. This 
contrasts with the Tator study [36] where all catastrophic injuries were sustained by 
those younger than 20 years of age and the long- held theory that younger children are 
more susceptible to head injury [21] due to their high center of mass and psychomotor 
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underdevelopment [11]. Nonetheless, young children do tend to be top heavy and this 
characteristic, combined with balance difficulties, may predispose them to injury [37].

There is an explanation for these differing results, none of which are incorrect. 
Although age and experience are two separate factors, they often go together and 
should be considered when evaluating skateboarding injuries. One would think the 
less experienced skateboarder would be more prone to injury, however experience 
has not been tested as a risk factor. The young may lack the physical and mental 
maturity, as well as the experience to exhibit the necessary level of control, putting 
them at a higher risk. Older skateboarders, from the age of 20 upwards, may also 
lack this experience as they are not regular practitioners. As seasoned skateboarders 
become older, and throughout their adolescent years their physical attributes change, 
their experience allows them to attempt more dangerous maneuvers at greater speeds. 
So it is possible to say that all levels of age and experience carry with them an element 
of risk in one way or another.

Results regarding the level of experience are small in number and often contra-
dictory. Inexperienced skaters may be injured due to the alien nature of the sport, 
whereas those with years of practice tend to take more risks with difficult tricks per-
formed at greater velocities [11]. Keilani et al. [21] appreciate this ambiguity, with 
Vaca et al. [23] also reporting that injury occurrence and severity are not strongly 
associated with experience level.

Very few papers report on the impact of socio- demographic details in skateboard-
ing injuries. Those that did found that factors such as occupation, partner status, resi-
dence, education or insurance status had no significant impact [21, 23].

Extrinsic Factors
Protective equipment is an obvious method of trying to reduce injuries and nearly 
every article advocates the use of such items as helmets, elbow and knee pads as well 
as wrist protectors. Unfortunately no research has been performed looking specifi-
cally at the effect of not wearing personal protective gear and injuries. Rates on the 
use of protective equipment range from as low as 5% [29] to over 90% [23].

The teaching of certain skills such as how to fall properly and attempt tricks safely 
would be a useful lesson to the young skateboarder. However, due to its recreational 
and unstructured nature, skaters tend to learn from their friends or from watching 
professionals and very few receive any form of instruction before they start skate-
boarding [38].

What Are the Inciting Events?

Injuries in skateboarding may occur for a variety of reasons. Table 4 shows the com-
parison of the mechanism of injury in skateboarding accidents across a selection of 
studies. Loss of balance (24.9–42) and irregularities encountered in the riding surface 
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(6.9–32.4) account for the majority of injuries. Presumably these led to falls from the 
skateboard, although only Osberg et al.’s [15] research reports on the frequency of 
injuries caused by ‘falling’.

Interesting to note is the lack of figures quoted for a failed trick in the two earlier 
papers by Illingworth et al. [25] and Hawkins and Lyne [16]. This is possibly due 
to the advancement of skateboarding technology in allowing participants to attempt 
more advanced skills, hence accounting for the significant number of injuries caused 
by trick failure in more recent times.

Osberg et al.’s [15] results show that, despite warnings to the contrary and the obvi-
ous danger, skateboarders still use streets and highways as a location for their skills.

Injury Prevention

A summary of preventive measures is provided in several reviews of injuries in skate-
boarding [11, 39] as well as the majority of articles suggesting ways in which injuries 
can be minimized or avoided. However, these reports are mostly intuitive with con-
clusions drawn from descriptive data; no studies have actually fully tested preventive 
measures. This is because factors such as equipment and skatepark use are extremely 
difficult to test. It would be dangerous and impractical to ask a control group of skate-
boarders to practice without any protective equipment at all for an extended period 
of time, and many users in the studies featured were wearing appropriate equipment 
[23]. Likewise difficulties exist in assessing the safety of skateparks as many skaters 
participate in several different locations, both custom- designed and public areas [21]. 
A case- control study design may demonstrate the effectiveness of protective equip-
ment in preventing injuries presented to the emergency department as has been 

Table 4. Mechanism of injury in skateboard- associated studies

Study (first author) Lost
balance %

Failed
trick %

Cornering/
swerving %

Skidding
%

Surface 
irregularity %

Collision
%

Case series

Illingworth, 1978 [25] 24.9 10.2 5.3 30.2  7.6

Hawkins, 1981 [16] 35.1 2.7 32.4  2.7 (object)

Forsman, 2001 [14] 37.4 26  6.9

Rethnam, 2008 [32] 42 56  2 (vehicle)

Cross- sectional

Osberg, 1998 [15] 73.6 (fall) 24.8 (vehicle)
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demonstrated with bicycle head and face injuries [40]. However, to date there are no 
published reports on this.

Wearing protective equipment cannot stop injuries from occurring but they can 
decrease the severity [11]. Despite this, adolescents wear less protective equipment 
than is recommended [41] and compliance with its use is not 100% even in skateparks 
where it is mandatory [17]. This could be because this kind of equipment is regarded 
as unfashionable and portrays the individual as inexperienced with limited skill, an 
important factor in a sport where the opinion of one’s peers is often the only measure-
ment of success. In a randomized controlled trial where helmets were given directly 
to pediatric patients in the emergency department, reported helmet use increased 
by 16 times when reported by a parent and 10 times when reported by the child [42] 
than those who received a voucher for a helmet or only verbal counselling. This dis-
played the importance of non- financial barriers to helmet use and that the biggest 
reason for not wearing a helmet was not owning one.

There have been huge efforts made to provide skateboarders with safe areas to 
practice without the dangers of traffic or in pedestrianized areas. Although their effec-
tiveness is unclear [23], it is generally perceived that they help to reduce the severity 
of injuries and protect against head injuries [19].

There is tremendous scope to improve education efforts for skateboarders and 
their parents, teaching them about the dangers of the sport as well as techniques to 
avoid injury such as proper falling and rolling. This instruction and guidance could 
prove invaluable as very few skateboarders receive any instruction before they begin 
skating [38].

Further Research

In reviewing a topic such as skateboarding injuries it is inevitable that shortcomings 
in the current data will be exposed and there is potential for further research to be 
developed. Some critical areas of research have been identified for skateboarding: (1) 
Prospective cohort research is required on injury in relation to exposure time and 
experience, which few studies have so far failed to address. (2) There is a need for 
greater standardization of data in several fields, notably injury severity, in order for 
clearer comparisons to be made across studies. (3) There also needs to be a transi-
tion to more etiologically- based research. (4) Observational data are needed to investi-
gate skating safety behavior and the consequences, and gather further detail on injury 
mechanisms, risk factors and intervention strategies. (5) Case- control study designs 
should be used to examine the effectiveness of skateboarding safety equipment and the 
benefits of skatepark use. (6) Studies should be conducted comparing injuries from 
private skateparks to other parks and public places to test the effectiveness of safety 
guidelines. (7) Data on injuries suffered in competition, possibly by professionals, is 
an area that has been overlooked and which there are no figures currently published. 
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Abstract
Off- road motorsports are popular in rural and suburban areas, and allow for racing, recreation, and 
easy access to backcountry destinations. This chapter will review the incidence and types of injuries 
sustained in off- road motorsports. We completed a structured review of motocross and all- terrain 
vehicle (ATV) injuries, assessing for injury rates, risk factors, and mortality figures. Information for this 
study was obtained from a PubMed search under the terms ‘motocross’, ‘motorcross’, ‘all- terrain vehi-
cles’, ‘injury’, ‘motorcycle’, ‘ATV’. Abstracts and articles in the English language from 1980 onward were 
reviewed. Further statistics were obtained from the US Consumer Product Safety Commission publi-
cations. Operating vehicles off- road requires coordination, experience, and training. Motocross is an 
organized sport with national associations governing the competition of highly trained athletes. 
ATVs are used both recreationally and commercially, typically for farming and ranching. ATV use 
appears more dangerous that motocross, with a higher mortality rate, disproportionately for chil-
dren. Both sports continue to have high rates of head, spinal cord, and extremity injury. Future pro-
spective studies in off- road motorsports should evaluate the risk factors for injury and target specific 
areas for injury prevention. Improved training programs, use and improvement of safety helmets, 
and for ATV use, limiting access to minors, may improve the overall safety of off- road motorsports.
 Copyright © 2012 S. Karger AG, Basel

Introduction

All- terrain vehicle (ATVs) and off- road motorcycling (motocross) are growing in 
popularity, for industry, recreation, and competitive sports. In the USA, the number 
of ATVs in use has increased from 400,000 in the 1970s to 10.5 million by 2009 [1]. 
In one rural US state, 30% of residents surveyed by telephone owned an ATV [2]. In 
rural and suburban areas, participants have access to private and public trails as well 
as formal courses. On the whole, injuries from off- road vehicles are increasing [1, 3, 
4]. Vehicles are readily available, but substantial skill, coordination, muscle strength, 
and judgment are required to safely operate an off- road vehicle. This is particularly 
applicable to children and young adults, who may lack these psychomotor skills and 
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are at increased risk for injury, especially as passengers. There are particular safety 
concerns about children operating and riding ATVs and off- road motorcycles. A 
growing body of literature is available on the injury patterns and severity of off- road 
vehicle injuries. Investigations are often prompted by the severe and disabling moto-
cross and ATV injuries seen by emergency care providers and physicians rather than 
reports from coaches, riders, and team physicians. We aim to describe patterns of 
injuries and strategies for injury prevention for individuals participating in competi-
tive and recreational off- road sports.

Information for this study was obtained from a PubMed search under the terms 
‘motocross,’ ‘motorcross’, ‘all- terrain vehicles’, ‘injury’, ‘motorcycle’, and ‘ATV’. Abstracts 
and articles in the English language from 1980 onward were reviewed. Further statis-
tics were obtained from the US Consumer Product Safety Commission publications. 
Information from these national injury registries was utilized, even though the data 
includes both agricultural and recreational use of vehicles.

One of the authors (A.L.M.) has extensive firsthand experience developing a moto-
cross sports medicine program and has initiated an injury- registry program. Original 
data from these efforts are included, particularly with respect to head injuries and 
motocross.

ATVs are four- wheeled motorized vehicles used extensively in rural areas for agri-
culture, ranching, hunting, recreation, and transportation. Vehicles may weigh from 
100 to 600 lb (1 lb = 0.45 kg) and engine displacement ranges from 50 to 500 cm [3, 
4]. ATVs may achieve speeds of 75 mph [5]. ATVs have a straddle seat with handle-
bars. In contrast, golf carts or dune buggies have steering wheels and bucket seats 
and are excluded from this review. In order to provide maneuverability and traction 
over uneven ground, ATVs have large, low inflation tires and a short wheel- based, 
resulting in a high center of gravity [6]. When the ATV encounters an obstacle in 
the path, the rider may need to adjust the steering angle, body position, and throttle 
almost instantaneously to avoid rollover [6]. Children and young adults may have 
lower body weight and may not be able to counter the rotational momentum of a 
vehicle by changing their center of gravity.

In most regions, ATVs are not permitted on public, paved roads and must be used 
in an off- road capacity. Specific regulations are dependent on jurisdiction, but for 
many states, there is no licensure of the driver or the vehicle. Three- wheeled ATVs 
were previously available, but due to vehicle instability and high injury rates, they 
have been taken out of production in the USA under a consent agreement between 
the manufacturers and the US Consumer Product Safety Commission in 1988. As 
part of this agreement, adult- sized vehicles were limited to riders >16 years of age [7]. 
Rider education programs were established, and dealers associated with the Specialty 
Vehicle Institute of America (SVIA) offer free training with purchase of an ATV.

Motocross is defined as use of a two- wheeled vehicle in an off- road capacity, typi-
cally for sporting or recreational purposes. The sport is increasing in popularity [8]. 
It is a physically demanding activity which requires endurance, coordination, and 
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balance. Simulated models show motocross riders spending 87–97% of their riding 
time above 90% of the maximum heart rate [9–11]. Sporting events at advanced levels 
require complex jumps and turns with vehicle heights reaching up to 10 m above the 
ground.

Although there is limited literature about the epidemiology, this chapter will dis-
cuss what is known about the rates and types of ATV and motocross injuries.

Who Is Affected by Injury?

The best data regarding overall injuries rates from off- road vehicle use in the USA 
come from national registries. According to the National Electronic Injury Surveillance 
System, there were an estimated 275,123 injuries in 2006 due to ATVs, motocross, and 
mopeds, with 30,818 hospital admissions or deaths annually [12]. Other estimates for 
exclusively four- wheeled off- road vehicles show 163.0 injuries annually per 10,000 four-
 wheeled ATVs in use, or 1.6 injuries per 100 vehicles including all applications (table 1) 
[13, 14]. ATV injuries are more common in males and Caucasian individuals [15–18].

Approximately 30% of ATV injuries occur in children <16 years of age [12]. 
Although children only comprise 14–18% of riders, they account for 30–50% of off-
 road vehicle injuries [12–19]. Motocross injuries in children frequently have a high 
level of severity and high rates of hospitalization [20]. The American Academy of 
Pediatrics and American Academy of Orthopaedic Surgeons recommend against chil-
dren <16 years of age riding or operating two-  or four- wheeled off- road vehicles [21, 

Table 1. Epidemiology of ATV injuries

Reference
(first author)

Study/
setting

Years Inclusion 
criteria

Patients
n

Incidence Mortality Mean ISS 
(range)

Length 
of stay

Streeter
2008 [14]

National 
database

2006 all ER visits 140,900 
(estimate)

163 ER visits 
per 10,000 
machines in 
use

1.1 deaths 
per 10,000 
4- wheeled 
visits in use

n/a n/a

Cvijanovich
2001 [7]

retrospective 
review/
estimate

1998 injury rate n/a 195 overall 
per 10,000 
machines in 
use

n/a n/a n/a

Mullins
2007 [3]

retrospective 
state/trauma 
visits, includes 
motocross

1998–
2003

Oregon 
Trauma 
Registry

1,237 120 deaths per 
1,000,000 
males, 25 per 
1,000,000 
females

14 (1.1%) 10±8 4±5.9
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22]. Of the 4,483 children admitted for ATV accidents, the majority are male (76%), 
Caucasian (85%), and privately insured (63%) [19]. ATV patients aged 12–15 years 
have higher injury severity scores (ISS) compared to adult patients [18]. Adolescents 
in this age range may have an adult body size and are allowed to ride independently, 
but they may have not yet acquired the appropriate psychomotor skills and cognitive 
skills to operate a motor vehicle [18].

In the USA from 1982 to 2008, there have been 10,281 ATV- related deaths (table 
2) [1, 23, 24]. A 1999–2007 summary report estimates 0.9–1.4 deaths annually per 
10,000 vehicles in use [1]. Of those, 26% of deaths were in children <16 years and 
12% in children <12 years [1]. For an average ATV user, age 30 with 8 years of driving 
experience who rides a 300- cm3 engine recreationally 23 h/month, the average risk of 
injury is 0.25% per year [4].

In adult competitive motocross riders, reports have shown injury rates ranging 
from 2.7 to 29.2 per 1,000 h of riding (table 3) [25–27]. This represents up to 4.5 
injuries per race [25]. In one study, motocross racing had a significantly higher injury 
rate compared to trial racing, which involves a single participant negotiating complex 
terrain at low speeds [27]. Motocross injuries are more frequent in insured, male and 
Caucasian individuals [16].

Where Does Injury Occur?

Anatomic Location
Knowledge of the anatomical location of injury can be vital for sports medicine staff 
as well as epidemiologists, helping to highlight which areas are more likely to be 
injured and to assist with directions of preventive research. For ATV injuries, the 

Table 2. ATV mortality

Reference
(first author)

Study/setting Years Age years deaths n Cause of death Mechanism

Garland
2009 [1]

national database 1982–2006 all 10,281 n/a n/a

Cvijanovich
2001 [7]

retrospective review, 
children

1998 n/a 8 1 head injury, 
7 unknown

driver (8)

Lister
1998 [23]

retrospective/state 1991–1995 n/a 4 n/a n/a

Kirkpatrick
2007 [24]

retrospective review, 
level 1 trauma center, 
children

2001–2007 mean 12.5 
(range 
10–15)

4 4 head injuries auto collision (3), 
rollover (1)
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head and extremities are the most frequently injured anatomic area (table 4) [4, 17, 
28]. In a series of 208 patients at two level 1 trauma centers, 26% had major head 
injuries (coma or intracranial hemorrhage) and an additional 15% had concussions 
or loss of consciousness [18]. A prospective series of 193 patients reported that 47% 
of patients sustained a head injury [28]. Of the 208 patients, 23% had extremity 
injuries and 14.9% had spinal fractures, 4 patients (1.9%) with a neurologic defi-
cit. A similar trend has been seen in children as well (fig. 1). Of the 4,483 children 
admitted for ATV injuries in 2006, 7.4% had spinal fractures [19]. Of those with 
spine injuries, polytrauma was common, with a mean of 4.3 injuries per pediatric 
patient [19].

Head injuries are also the most commonly reported cause of death in ATV acci-
dents, followed by exsanguination from great vessel or internal organ injury [2, 18, 
29]. Laryngotracheal trauma may also occur from encountering unseen wire fences 
at high speeds [1]. Deaths have also been associated with racing, jumping, rollover 
accidents, and alcohol use [30].

Motocross patients typically present with musculoskeletal injuries and/or head 
trauma. Up to half of patients present with extremity trauma [16, 20, 26]. The most 
common fractures in the pediatric population are forearm, clavicle, tibia, and femur 
(fig. 2) [16, 20]. Left- sided injuries are more frequent, perhaps due to the location of 
foot- operated gear shifts [25]. Series have reported that 30–36% of pediatric patients 
presenting with a motocross injury require surgery, typically orthopedic procedures 
(fig. 3) [16, 20]. Tibial plateau and talus fractures have also been reported in adults 
participating in competitive motocross [25, 31, 32]. Upper extremity fractures are 
common as well. One series reports that up to 20% of distal radius fractures occur 
simply from the impact of landing through the handlebars, due to improper regula-
tions of the forward suspension of the motorcycle. The crash then occurs after the 
fracture, due to loss of control of the vehicle [25].

Table 3. Motocross injuries and severity

Reference
(first author)

Study/setting Race days
n (years)

Injuries, 
(number/riders)

Mean ISS
(range)

Injuries/1,000 
exposure hours

Colburn
2003 [26]

prospective/adult 
competition

24 
(1992–1995)

9.6%
(172/1,787)

3.9
(1–34)

 2.7

Gobbi
2004 [25]

retrospective/
adult competition

n/a
(1980–1991)

9.5% 
(1,500 injuries/
15,870)

n/a 22.7

Tomida
2005 [27]

retrospective 
questionnaire/
adults

n/a
(3/2001–
6/2002)

53%
(32/60)

n/a 49.2
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Motocross patients with chest trauma typically present with other associated inju-
ries [16]. Rare catastrophic injuries have been reported, including aortic false aneu-
rysm and cardiac ischemia due to coronary artery dissection from blunt chest trauma 
[33, 34]. Spine injuries with permanent neurologic defect have been reported, despite 
the use of safety equipment (table 5) [25]. In one series, 9% of patients presented with 
a spine fracture (fig. 4) [16].

In motocross, head injuries are also very common. Head injury and concussions 
are commonly sustained in motocross riders, with 22–33% of pediatric patients 

Table 4. ATV injuries

Reference 
(first author)

Study/setting Years Inclusion 
criteria

Patients
n

Mechanism Injuries Mean ISS 
(range)

Positive 
ethanol 
screen

Mean 
length of 
stay days

Alawi
2006 [30]

retrospective/
regional/
children

1998–
2003

age <18
ISS ≥12

 17 
(1.6% of 
pediatric 
trauma 
patients)

17 rollover internal 8
head 6
fracture 13

22.8
(1–34)

n/a 9.7

Smith 
2005 [18]

Retrospective/
2 Level 1 
Trauma 
Centers

1994–
2003

all 
admissions

208 57 rollover
55 ejected
62 other/
collision

internal 75
head 86
fracture 83

12.3 n/a n/a

Kirkpatrick
2007 [24]

retrospective 
review, level 1 
trauma center

2001–
2006

trauma 
registry, 
age <16

 73 n/a head 33
facial 20
fracture 36

10.3 n/a n/a

Lister
1998 [23]

retrospective/
state

1991–
1995

age <16 218 n/a head 88
facial 77
internal 98
fracture 116

 8.8±6.0 1% 4.3

Brown
2002 [15]

retrospective/
level 1 trauma 
center

2006 age <18 109 17 rollover
45 ejected
40 other

head/
neck 22
internal 16
fracture 25

 8.3±7.2 n/a 6.3 ± 13.9

Cvijanovich
2001 [7]

retrospective/
state

1992–
1996

age <16, 
admissions

130 n/a head/neck 
31
internal 20
fracture 52

 8±6.0 n/a 2 
(median)

Mullins
2007 [3]

retrospective/
level 1 trauma 
center

1998–
2005

all ATV 
trauma 
admissions

197 n/a head/neck 
91
internal 105
fracture 76

14±10.3 14% 8±9.5
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presenting with head injury [16, 20]. In a prospective survey of 127 motocross riders, 
50% reported sustaining a concussion during that season. The majority suspended 
participation following their injury for a mean of 2.7 weeks. Concussive symptoms 
included memory problems, photophobia, headaches, nausea/vomiting. In the pedi-
atric population, many participants will not present for medical care following minor 
concussion, with up to 30.1% of surveyed riders continuing to compete despite 
symptoms of a concussion [35]. A history of multiple concussions was reported by 
36% of the riders [35]. These are concerning figures with the new awareness of long-

a

Fig. 1. a Radiograph of a distal femoral fracture involving the growth plate in a 7- year- old female 
who was operating a four- wheeled vehicle when she struck a stationary plow. b Radiograph follow-
ing surgical fixation of the fracture with screw placement. Her risk of growth plate arrest resulting in 
an angular deformity or cessation of growth at the femur nears 50%.

b

Hand/arm/shoulder

Spine

Pelvis/hip

Foot/ankle/tibia

Femur

Knee

Other

Fig. 2. Distribution of orthopedic injuries in children due to motocross [19].
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 term sequelae of repetitive head trauma [36–38]. In other sports, chronic traumatic 
encephalopathy of the brain have been seen on autopsy in soccer or football players as 
young as 23 years who have a history of repetitive minor neurotrauma [36, 37]. Major 
head injuries such as intracerebral hemorrhage, skull fracture, or subarachnoid hem-
orrhage are less frequent, but have been documented in 1–5% of motocross patients, 
despite the use of helmets [16–20].

Environmental Location
Reports on the location of injury are limited. One case- controlled study found a 
higher rate of ATV injuries with recreational versus occupational use [4]. The US 
states with the highest reported numbers of ATV deaths are California, Pennsylvania, 
and Texas [1].

One report of elite motocross riders in Japan found a higher rate of motocross 
injuries during practice than during competition, perhaps because during the practice 

Fig. 3. High- energy, comminuted femur frac-
ture in an 8- year- old motocross participant. 
Surgical fixation is required for this fracture pat-
tern.
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Table 5. Distribution of motocross injuries

Reference
(first author)

Total number of injury 
episodes/setting

Fractures Spine 
fractures

Permanent neurologic 
sequelae, n

Head 
injuries

Colburn
2003 [26]

 172 (adult 
competition)

 49  1 0 21

Gobbi
2004 [25]

1,500 (adult 
competition)

450 26 8 (5 paraplegia, 
3 tetraplegia)

86

Tomida
2005 [27]

  32 (adult 
competition)

 26  1 0 n/a

Larson
2009 [20]

 299 (pediatric 
competition)

217 13 2 (residual weakness after spinal 
cord injury, partial hemiparesis 
after head injury)

55

a

Fig. 4. a Sagittal CT image of the thoracic spine 
in a 17- year- old male who sustained a T4 burst 
fracture when he fell from his motorbike during 
a competition and was struck by another rider. 
b Axial view shows vertebral fragments in the 
spinal canal with compression of the spinal 
cord. c The canal was decompressed and the 
spine was stabilized with rods and pedicle 
screws. The patient remained neurologically 
intact throughout treatment.

b

c
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rounds riders compete aggressively to obtain a good starting position [27]. The same 
report noted the majority of accidents occurred on curves, bumps, and steep slopes 
[27]. A report on pediatric motocross injuries found the majority of patients present-
ing for medical evaluation sustained the injury at a formal course, but this study was 
unable to differentiate practice rounds from races [20]. A comparison of stadium ver-
sus outdoor motocross competition found a much higher rate of injuries, including 
permanent paralysis, during the indoor events [25].

When Does Injury Occur?

Injury Onset
Most motocross and ATV injuries are acute, although chronic exertional com-
partment syndrome of the forearm has been reported in a motocross patient [39]. 
Commonly called, ‘arm pump,’ riders complain about tightness in the forearms and 
weakness in the hands, which is attributed to loss of control of the vehicle [8]. This 
is thought to be a type of chronic exertional compartment syndrome, but also may 
be associated with deconditioning, tight grip on the handlebars, or dehydration [8]. 
Little is known about chronic injuries in motocross and ATV patients.

Chronometry (Time into Practice, Time of Day, Season)
There is some evidence that night- time use of off- road vehicles is a risk factor for 
injury, as is driving the vehicle on highways or in traffic with conventional vehi-
cles. Accidents typically occur when the vehicle rolls over or strikes a stationery 
object.

In our limited series, we found several motocross riders injured during their first 
attempts at riding, although there is limited epidemiologic data to confirm these find-
ings [20]. In data from adult competitors, injuries appear to be evenly distributed 
across multi- day events [26].

What Is the Outcome?

Injury Type
The distribution of injuries by type may not be truly reflective of the percent distribu-
tion of injury types actually experienced. Since these are injuries most often presented 
to emergency departments of hospitals, they are likely to be more severe in nature.

Orthopedic and trauma brain injuries are most common following motocross and 
ATV injuries. In children, reported neurologic injuries after motocross accidents 
have shown some improvement with time [20]. Reported paraplegia and tetraplegia 
following motocross accidents in adults have resulted in permanent disability and 
impairment [25].
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Injury Severity
In a series of 270 patients with motocross injuries treated over a 1- year period at 
a trauma center, the mean ISS was 6.8 (range 1–38) [16]. Mean ISS from profes-
sional competition, including patients who only sought medical attention onsite at 
the race track, was 3.9 (range 1–34) [26]. Two retrospective series found that surgery 
was required in more than one third of patients with motocross injuries [16, 20].

On the whole, injury severity is higher in ATV accidents. Mean ISS from ATV 
accidents ranges from 9.2 to 13.6 (table 3) [1, 3, 17, 18, 28, 29]. Mean length of hospi-
tal stay ranges from 4.0 to 8.75 days [3, 17, 29].

Clinical Outcome
Mortality rates of ATV riders presenting for treatment range from 0.0 to 1.0% [3]. 
Little is known about the long- term outcomes of ATV injuries, such as rates of post-
 traumatic arthritis, sequelae of head injuries, and other trauma.

Many motocross participants return to play quickly after their injury. Over time, 
the typical motocross athlete has multiple injury episodes [20]. In the case of head 
injuries, this is concerning, given the recent data about the long- term effects of repet-
itive head injuries in football and boxing [37, 38]. In one series of pediatric patients 
with motocross injures, there was a patient who sustained a spinal cord injury, who 
had nearly full recovery and one patient with hemiplegia following a head injury with 
partial recovery [20]. Neither patient returned to motocross.

Economic Effects
Mean billed charges at hospitalization for a pediatric ATV injury in 1996 was esti-
mated at USD 4,240 [7]. Mean billed charges of pediatric motocross injury in 2000 
was estimated at USD 14,947 [20]. Including quality- of- life measures, wages, and 
medical services, the estimated cost of an ATV fatality is USD 3.0 million [2]. The 
estimated total cost of ATV injuries by the Consumer Product Safety Commission is 
USD 6.5 billion [6].

What Are the Risk Factors?

A case- control study evaluating risk factors for ATV injuries reported the highest 
risk for injury in children <16 years old [4]. Risk of injury decreased with more hours 
of driving experience, nonrecreational activities, and smaller engine size [4]. A 1% 
increase in driving experience reduced the risk of injury by 0.4%, and a 1% decrease 
in engine size increased risk of injury by 0.9% [4]. In one report of 112 ATV deaths, 
alcohol was detected in the blood of 50% of ATV victims and illicit substances in 21% 
of the decedents [40].

Motocross has limited data on the risk factors for injury. As has been classi-
cally reported in other sports, laboratory and field studies have shown improved 
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coordination and outcome in motocross skills later in the day, with a diurnal effect 
noted [41, 42]. Thus, there may be increased risk of injury earlier in the day, although 
this is not proven. A report of injuries sustained at national competitions showed no 
association between rider experience and risk of injury [27].

What Are the Inciting Events?

Typically, ATV accidents occur when the vehicle hits a stationary object, a rider falls 
from the vehicle, or the vehicle rolls over [15, 18, 28]. ATV riders are more likely to 
collide with a stationary object than a moving object [18]. Collisions with  stationery 
objects are more frequent injury mechanisms among children [28]. Collision with 
another vehicle is relatively rare and represents only a fracture of the injuries [29]. 
Children are frequently injured when riding as passengers or when driving an 
adult- sized vehicle [15]. From 16 to 63% of ATV accidents are reported to include 
a rollover mechanism [15, 28]. Only half of the rollover  accidents involved riding 
on a slope, and the remainder occurred on flat or uneven ground [28]. Backward 
rollovers are associated with traveling up a slope [28]. ATV rollover accidents have 
been associated with a higher level of injury severity, with the vehicle frequently 
landing on the patient [28]. Of the pediatric patients  presenting to one center with 
an ISS >12, all were victims of rollover accidents [30].

Studies from adult motocross racing show common injury mechanisms include 
hitting a stationery object/single vehicle accidents (70% of accidents) [26, 27]. Other 
causes include loss of traction and collision with another vehicle [26]. Ejection from 
the handlebars is associated with striking an object and upper extremity fractures 
[26].

Injury Prevention

There is conflicting evidence for the benefit of helmet use in ATV trauma. One study 
showed associated lower rates of traumatic brain injury, death, and neck/facial inju-
ries with helmet use [43], while other studies have shown no difference in ISS between 
helmeted and unhelmeted riders [17]. The Consumer Product Safety Commission 
suggests that the death rate would fall with the use of mandatory helmets. Safety 
training is offered with the purchase of every vehicle. Further the Consumer Product 
Safety Commission recommends participating in free training sessions upon pur-
chase of the vehicle. Unfortunately, <10% of purchasers opt to participate in the free 
safety training [6].

The American Academy of Orthopaedic Surgeons has made the following recom-
mendations with regard to ATVs: (1) read the operator manual; (2) take a training 
course; (3) never carry a passenger; (4) never operate the vehicle on paved or public 
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roads; (5) wear safety equipment, including helmet and eye protection; (6) never con-
sume alcohol prior to operating a vehicle; (7) never attempt jumps or stunts; (8) use 
the vehicle at low speeds; (9) do not allow children <18 to drive or ride the vehicle; 
(10) never lend your vehicle to others; (11) never operate your vehicle after dark, and 
(12) always use headlights [22]. There is little evidence to support these recommen-
dations but given the high rate of injuries, these are reasonable measures.

There are limited data about the use of safety equipment in motocross, since most 
competitive settings require the full protective equipment, including eye, trunk, knee 
protection, as well as boots, helmets, and gloves. Open- face helmets (‘jet- type’) have a 
higher associated rate of facial laceration and trauma due to limited protection from 
flying debris [25]. Specialized neck braces are available, but have not been shown to 
decrease the rate of cervical spine injury [8].

Safety at the motocross site requires advanced planning. Spectator- free areas 
should be designated, with access points for medical personnel [8]. Transportation 
to a hospital should be prearranged and available the site. Flaggers should identify 
injured competitors and stop the race or redirect traffic. Injuries often occur in areas 
that are hidden from the view of oncoming racers. Rescuers should proceed only to a 
safe scene. C- spine precautions and ABCs of trauma should be initiated. Any patient 
with signs of a concussion or loss of consciousness should be transported to a medical 
care facility [8].

Further Research

Significant work remains to be done on injury epidemiology and prevention in these 
two relatively new sports. Clearly, there is significant economic and social cost to 
injuries sustained from motocross and ATV competition. Participants are avid about 
their sport, and these often represent family events, with parents and children riding 
together. Further work is necessary to determine the risk factors for injury and to 
implement preventative measures to improve the safety of the sport.
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extrinsic factors 123–125
intrinsic factors 123

sequelae of injuries 120–122
severity of injury 120
timing of injury 118, 120, 121
type of injury 120

CAGE, see Cerebral arterial gas embolism
Canoeing

demographics of injury frequency and 
fatalities 100–102

environmental location of injury and 
hazards 103, 105

overview 98–100
prevention of injury 106–109
prospects for injury studies 109
risk factors for injury 104, 106

Cerebral arterial gas embolism (CAGE), scuba 
diving 60, 62

Climbing, see Ice climbing; Mountaineering; 
Rock climbing

Clinical incidence 5
Cost analysis, descriptive epidemiology 9, 10
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DCI, see Decompression illness
DCS, see Decompression sickness
Decompression illness (DCI), scuba diving 58, 

61, 66–68, 70
Decompression sickness (DCS), scuba 

diving 58–61, 63, 68, 69, 73, 74
Descriptive epidemiology, sports injury 4–10

Epidemiologic approach, sports injury 
prevention 3, 4

Fatality rate, see specific sports

HACE, see High altitude cerebral edema
Hang-gliding

anatomical location of injury 46, 48, 49
costs of injury 53
demographics of injury frequency and 

fatalities 46, 47
environmental location of injury 48, 50
fatalities 51, 52
historical perspective 44, 45
inciting factors for injury 54
prevention of injury 54, 55
prospects for injury studies 55
risk factors for injury

extrinsic factors 54
intrinsic factors 53

sequelae of injuries 51–53
severity of injury 51
timing of injury 50
type of injury 50, 51

HAPE, see High altitude pulmonary edema
High altitude cerebral edema (HACE) 18
High altitude pulmonary edema (HAPE) 18
Hiking, see Volcano hiking

Ice climbing
anatomical location of injury 32, 33
costs of injury 37
demographics of injury frequency and 

fatalities 25, 26
fatalities 35, 36
injury type 34, 35
prospects for injury studies 40, 41
risk factors for injury

extrinsic factors 39
intrinsic factors 38

severity of injury 35
Incidence rate 5
Indoor climbing, see Rock climbing

Injury site, descriptive epidemiology 6, 7
Injury type, descriptive epidemiology 8

Kayaking
demographics of injury frequency and 

fatalities 100–102
environmental location of injury and 

hazards 103, 105
overview 98–100
prevention of injury 106–109
prospects for injury studies 109
risk factors for injury 104, 106

Kite surfing
anatomical location of injury 86, 87
costs of injury 92
demographics of injury frequency and 

fatalities 83–85
environmental location of injury 86, 88
fatalities 91
inciting events for injury 93, 94
overview 80–82
prevention of injury 94
prospects for injury studies 94, 95
risk factors for injury 92, 93
sequelae of injuries 91, 92
severity of injury 91
timing of injury 88, 89
type of injury 89, 90

Motocross
anatomical location of injury 161–165
costs of injury 168
demographics of injury and fatality 

frequency 160, 161
environmental location of injury 165, 67
inciting events for injury 169
overview 158–160
prevention of injury 169, 170
prospects for injury studies 170
risk factors for injury 168, 169
sequelae of injuries 168
severity of injury 1681
timing of injury 167
type of injury 167

Mortality, see specific sports
Mountaineering

anatomical location of injury 27, 30–32
costs of injury 37
demographics of injury frequency and 

fatalities 19–23, 26–31
environmental location of injury 32, 33
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fatalities 35–37
historical perspective 17, 18
inciting events for injury 39
injury type 34, 35
prospects for injury studies 40, 41
risk factors for injury

extrinsic factors 38, 39
intrinsic factors 38

severity of injury 35
timing of injury 33

Off-road motor sports, see All-terrain vehicle; 
Motocross

Outcome, injury in descriptive 
epidemiology 8, 9

Parachuting, see BASE jumping; Skydiving
Paragliding

anatomical location of injury 46, 48, 49
costs of injury 53
demographics of injury frequency and 

fatalities 46, 47
environmental location of injury 48, 50
fatalities 51, 52
historical perspective 44, 45
inciting factors for injury 54
prevention of injury 54, 55
prospects for injury studies 55
risk factors for injury

extrinsic factors 54
intrinsic factors 53

sequelae of injuries 51–53
severity of injury 51
timing of injury 50
type of injury 50, 51

PBT, see Pulmonary barotrauma
Personal watercraft (PWC)

anatomical location of injury 86, 87
costs of injury 92
demographics of injury frequency and 

fatalities 83–85
environmental location of injury 86, 88
fatalities 91
inciting events for injury 93, 94
overview 80–82
prevention of injury 94
prospects for injury studies 94, 95
risk factors for injury 92, 93
sequelae of injuries 91, 92
severity of injury 91
timing of injury 88, 89

type of injury 89, 90
Pulmonary barotrauma (PBT), scuba 

diving 62, 63
PWC, see Personal watercraft

Rafting
demographics of injury frequency and 

fatalities 100–102
environmental location of injury and 

hazards 103, 105
overview 98–100
prevention of injury 106–109
prospects for injury studies 109
risk factors for injury 104, 106

Rock climbing
anatomical location of injury 27, 30, 31
costs of injury 37
demographics of injury frequency and 

fatalities 19–23
environmental location of injury 32
fatalities 35, 36
indoor climbing

anatomical location of injury 31, 32
injuries and fatalities 19, 24
severity of injury 35

injury type 34, 35
prevention of injury 40
prospects for injury studies 40, 41
risk factors for injury

extrinsic factors 38, 39
intrinsic factors 38

severity of injury 35
timing of injury 33

Scuba diving
costs of injury 66, 67
demographics of injury frequency and 

fatalities 58, 59
depth location of injury 59, 60
fatalities 63–66
historical perspective 57, 58
inciting events for injury 69–73
prevention of injury 73, 74
prospects for injury studies 74, 75
risk factors for injury

extrinsic factors 68, 69
intrinsic factors 67, 68

sequelae of injuries 63
severity of injury 62
timing of injury 60
type of injury 61, 62
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Severity, injury in descriptive epidemiology 8, 
9

Skateboarding
anatomical location of injury 147, 148
costs of injury 151, 153
demographics of injury frequency 145–147
environmental location of injury 148, 149
inciting events for injury 153, 154
overview 142–145
prevention of injury 154, 155
prospects for injury studies 155, 156
risk factors for injury

extrinsic factors 153
intrinsic factors 152, 153

sequelae of injuries 151
severity of injury 150, 151
timing of injury 149
type of injury 150

Skydiving
anatomical location of injury 115, 117, 118
costs of injury 122, 123
demographics of injury frequency and 

fatalities 115
environmental location of injury 118
fatalities 51, 52
inciting events for injury 125
overview 112–115
prevention of injury 126
prospects for injury studies 126, 127
risk factors for injury

extrinsic factors 123–125
intrinsic factors 123

sequelae of injuries 120–122
severity of injury 120
timing of injury 118, 120, 121
type of injury 120

Surfing
anatomical location of injury 86, 87
costs of injury 92

demographics of injury frequency and 
fatalities 83–85

environmental location of injury 86, 88
fatalities 91
inciting events for injury 93, 94
overview 80–82
prevention of injury 94
prospects for injury studies 94, 95
risk factors for injury 92, 93
sequelae of injuries 91, 92
severity of injury 91
timing of injury 88, 89
type of injury 89, 90

Timing, injury in descriptive epidemiology 7, 
8

Volcano hiking
anatomical location of injury 132
costs of injury 122, 123
demographics of injury frequency and 

fatalities 132, 133
environmental location of injury 118, 134, 

135
fatalities 135–138
hazards 134
overview 130, 131
prevention of injury 139, 140
prospects for injury studies 140
risk factors for injury 135, 137, 139
sequelae of injuries 135
timing of injury 135

White water rafting, see Rafting

X Games 2
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