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ABSTRACT

Snow sports injuries in New Zealand cost the government no-fault insurance
scheme $20.5 million in 2014, accounting for 5% of sport and recreation claims.
Cost in terms of quality of life may be much greater, as an individual’s well-being
potentially affected by injury over months or years. The question of interest in this
thesis centred on finding strategies to ameliorate such injuries. Review of the
literature (Chapter 2, 5, 7) describes aetiology, injury mechanisms, the playing
surface, equipment standards and injury prevention strategy development
processes. To formulate strategy an injury prevention model Translating Research
into Injury Prevention Practice (TRIPP) six-stage framework underpins thesis
progression from epidemiological to experimental studies to injury-prevention

strategy implementation.

Chapter 3 injury surveillance, describes the size and nature of the injury
problem in alpine skiing and snowboarding. Analysis of ski area National Incident
Data (NID) determined New Zealand injury rates of 3.2, 3.3, 3.4, 2.7 and 3.1 per
1000 skier/boarder days respectively (2010 - 2014). Two-thirds of first injury
presentations, mostly sprains, bypassed mountain clinics; important information for
determining targeted injury prevention programmes. Knee injury commonly
occurred, more in skiers than snowboarders or tubing/hiking: 76%, 21%, and 3%
respectively. Intermediate skiers were 1.6 times more likely to sustain a knee injury

with non-release of ski-bindings in hard and soft snow.

Chapter 4 (TRIPP stage 2) aimed to determine factors that may impede ski-
binding release. Analysis of standards of practice found only 10% of ski technicians
met international standards. Torque testing to mitigate the risk of binding
malfunction or incorrect set-up was uncommon. Over a third of the time, weight, an
essential characteristic for the accurate determination of release values was not

acquired.

Chapter 5 established equipment risk via random torque tests. Class Il
deviations + 45% from the tolerance threshold for release warranting removal (8%)
and Class Il (48%) deviations + 30% to + 45% needed corrective action. Ski-binding
heelpieces with two or more seasons use were nine times more likely to be out of
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tolerance than those with only one season of use. The common industry practice of
retiring rental skis after three or four season’s use was an inadequate safety

measure.

Binding self-release manoeuvres and self-adjustments identified as possible
alternative solutions to increased labour and torque-testing plant costs, was the
focus of experimental Chapter 6. Recreational skiers 14 years and over performed
tests in ideal conditions (TRIPP stage 4). Of those that self-released only 28%
released on ISO recommended release torques, all other skiers only released when
the ski-binding settings were lighter than recommended. Additionally, there was no
easy to use ski-boot wear and tear grading system highlighting a gap in existing

standards.

Chapter 7 described the mountain implementation context (TRIPP stage 5)
and detailed strategy implementation (TRIPP stage 6). The five-year injury
prevention strategy developed in the thesis adopted by Ski Areas Association New
Zealand will harness injury prevention efforts going forward. The new snow safety
code, a completed first year strategy action seeks to address part of the injury

prevention puzzle.
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CHAPTER 1 - INTRODUCTION

1.1 Rationale

Treating injured individuals is a privileged trusted space that often brings
satisfaction when part of hastening recovery, and enormous sadness when the
survival odds are stacked against the person. Questions in this thesis formed as a
ski patroller over eighteen winter seasons where multiple mountain rescues fuelled
determination to help change the status quo. It is my belief that people that recreate
in the mountains should leave ski areas having enjoyed their day inspired by viewing
life from the peaks not an ambulance. This thesis anchored by the premise, many
injuries are preventable, sought to determine strategies that can ameliorate skiing

and snowboarding injuries in New Zealand.

Snow sports injuries reported in the New Zealand Accident Compensation
Commission (ACC) no-fault government insurance scheme equated to
approximately 5% of the sport and recreation claims, with a cost of $20.5 million in
2014 (1). In dollar terms, clearly alpine skiing and snowboarding injuries were a
public health burden warranting investment in evidence-based solutions (2, 3).
However, what constituted a snow sports injury in the ACC data was unclear.
Broader injury definitions existed, any damage to the body caused by acute
exposure to physical agents that exceeded the threshold of human tolerance (2, 4).
Sports injury definition included competitive or recreational activity where the
pastime required physical effort (5, 6). Snow sports injuries met sport and general
injury criteria, however, current description of the size and nature of the skiing and
snowboarding injury problem in New Zealand was lacking. Understanding the

magnitude of the problem provided the initial focus of this thesis.

Snow sports injury rates at New Zealand ski areas in the 1989 and 1990
winter seasons were 4.5 and 3.3 per 1000 skier days respectively, with knee medial
collateral ligament injuries one-sixth of all injuries (7). Unspecified knee trauma over
these two seasons indicated knee injury could be a far larger problem. No published
data existed for subsequent years describing New Zealand knee injury trends.
Longitudinal case control studies in Vermont USA found serious grade lll knee

sprains injuries involving the anterior cruciate ligament had a net increase of 121%
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in the period 1972 - 2006 (8). Similar findings were found in France and Norway;
notably, female skiers were three times more likely to have grade lll knee injuries
with anterior cruciate ligament rupture than male skiers (9, 10). The initial decline
of fractured tibias’ seen with the introduction of recommended release values for
ski bindings based on skier characteristics had plateaued (8, 11). There was no
local data on application of equipment standards. The locus of control of injuries
clearly was not solely the responsibility of injured individuals but could include the
system that exposed people to unnecessary risk of harm (6, 12, 13). In order to
develop solutions host-agent-environment root causes needed specifying. Limited
empirical evidence existed on ski-binding safety testing with self-release
manoeuvres. Other than the knee, New Zealand incident data (1989 - 1990)
highlighted that thumb, head lacerations and concussion were common (7). Local
alpine skiing injury patterns in recent decades were unknown. Snowboarding was
not in existence in the era studied so patterns of injury in this sport for New Zealand

were unknown.

Finally, there was limited data on injury prevention strategic development
specific to snow sports. The only published injury prevention message from Ski
Areas Association New Zealand was the New Zealand Snow Users’ Responsibility
Code, last reviewed in 2004 (14). The code did not promote protective equipment.
The efficacy of helmet wear, wrist protectors, knee and back protectors was needed
to inform national injury prevention actions. Knowledge gaps to be addressed in this

thesis

1.2 Objectives
The limitations and gaps in the knowledge identified in the introduction pertaining
to New Zealand skiing injuries, snowboarding injuries, and safety in snow sports
informed the objectives of this thesis. These were:
l. Expand injury surveillance at all New Zealand ski areas.
Il. Describe the magnitude and nature of the skiing and snowboarding
injury problem.

Il. Review standards of practice.

V. Investigate ski equipment risk.
V. Assess a proposed intervention under controlled conditions.
VI. Develop evidence-based solutions.
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1.3 Methods

Centred on injury prevention in alpine skiing and snowboarding in New Zealand, the
thesis follows the six stages of the TRIPP framework: injury surveillance; causation;
identification of possible solutions; assessment of proposed interventions in ideal
controlled conditions; description of the intervention context; and implementation
and evaluation of interventions (15). Application of the injury prevention model
formulated by Finch (2006) helps determine the studies required in the

development of a national injury prevention strategy.

This first chapter provides the rationale, objectives, methodological approach,
outline and significance of the thesis. The literature in Chapter 2 positions the
reader for what follows. Chapters 3, 4, 5 and 6 involved human subjects and as
such required ethical approval from the Auckland University of Technology Ethics
Committee (see, Appendix I). Two epidemiological studies presented in Chapter 3
describe the New Zealand snow sports injury problem (TRIPP stage one). Both
Chapters 4 and 5 address equipment-related causation (TRIPP stage two). A cross-
sectional study of rental workers and key personnel examines systems risk in
Chapter 4. Chapter 5 focuses on a single aspect of risk with an experimental study
of ski equipment and identifies possible solutions (TRIPP stage three). Chapter 6
tests a potential solution for equipment-related injury under ideal conditions at an
indoor snow dome (TRIPP stage four). Chapter 7 describes the mountain context
(TRIPP stage five) using a literature review, survey data, and a focus group.
Development of a national injury prevention strategy and new snow safety code
meets the implementation requisites of TRIPP stage six. Finally, in Chapter 8,
practical applications are summarised, and future research opportunities for

evaluation of the strategy are identified (TRIPP stage six).

Chapters 3 to 5 consist of published manuscripts. A published monograph and
new safety code are included in Chapter 7. Chapters 3 - 7 resulted in four
international conference presentations and four Ski Areas Association New Zealand

conference presentations.
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1.4 Thesis Outline

The overarching question of the thesis is addressed in eight chapters outlined in

Figure 1.1 organized sequentially in TRIPP stages.

Injury surveillance to implementation: strategies to ameliorate alpine skiing and
snowboarding injuries in New Zealand

Chapter 1- Introduction

* Theoretical rationale: Injuries are preventable.

* Methodological approach: Literature reviews, cohort studies, a cross-sectional study using surveys
and interviews, experimental studies, application of models of injury prevention and implementation
surveys.

+ Overarching question: What strategies are needed to ameliorate alpine skiing and snowboarding
injuries in New Zealand?

MBS Chapter 2 - Literature Review

+ Sports injury prevention, and risk reduction models.
« Injury trends (focused on the knee and the head).
+Snow as a playing surface.

Chapter 3 - The Injury Problem - TRIPP stage 1

* The utility of two national databases to evaluate snow sports injuries in New Zealand.

+ Injuries in alpine skiing and snowboarding at New Zealand ski areas over five winter seasons
(2010 - 2014).

B Chapter 4 - Systems Risk - TRIPP stage 2

+ Translation of international snow sports equipment standards into injury prevention practice: Cross
sectional study using surveys and interviews.

Chapter 5 - Equipment Risk -TRIPP stage 2 + 3

+ Ski-binding engineering and associated equipment standards.
+ Evaluation of ski-binding-boot system safety using torque testing.

Chapter 6 - Risk Reduction - TRIPP stage 4

+ Can skiers establish safe ski binding release torques using a self-release manoeuvre?

B Chapter 7 - Real World Outcomes - TRIPP stage 5 + 6

+ Development of a national injury prevention strategy for snowsports.
+ Development of a new snow safety code.

Chapter 8 - Practical Applications and Future Research - TRIPP stage 6

+ Summary of practical applications and opportunities for future research

Figure 1.1: Thesis outline.
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1.5 Significance of thesis

This thesis lays foundations and focus for future injury-prevention interventions in
alpine skiing and snowboarding in New Zealand. Epidemiological data will provide
essential baseline measures for future snow sports injury prevention research. The
effect of snow surface conditions, visibility, ability and ski-binding release will add
to causation data. New understandings of systems and equipment-related risk in
the set-up of alpine skis will inform changes in practice. Examination of the ski-
binding self-release test will increase understanding of ski-binding-boot system safe
set-up. This thesis will contribute to advances in international safety standards and
dissemination. The findings that arise from this thesis may provide other alpine
sporting nations with a new approach to snow sports injury-prevention strategy
development. Importantly, this thesis will contribute actionable evidence to help

ameliorate alpine skiing and snowboarding injuries in New Zealand.
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1.6 Ethics Approval

Ethics approval for the thesis was granted by the Auckland University of Technology

ethics committee (AUTEC) in 2014 for a period of three years (see, Appendix I).

= #14/146 ACC Client Cohort Study
= # 14/53 Ski-Binding Release
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CHAPTER 2 - LITERATURE REVIEW

2.1 Introduction

Preventing injurious events is clearly preferable to suffering from such incidents
(16). Injury may lead to lost days at work, financial pressures, slow progress in
academic studies, and limit sporting activity (17). Navigating the potentially
convoluted battle to recover may also affect an injured person’s future aspirations,
decrease participation in physical activity and in-turn this lack of activity could
undermine well-being. Adding to the post-injury recovery challenges the psycho-
social impact of injury has also been associated with depression (18). At the outset
of this thesis the World Health Organisation Ottawa Charter call to enable people to
mediate and advocate for good health resonated (19). The data in this narrative
review informs the epidemiological and experimental studies. All elements of this
thesis inform the national injury prevention strategy and the action plans within the
strategy that advocate for change in the status quo. The review of literature is
presented in three sections: 1) sports injury prevention and risk reduction models;
2) injurious events (focused on the knee and the head) and, 3) snow as a playing

surface. The literature search and selection overview is provided in Figure 2.1.

Initial search - 2500

1558 studies excluded
based on title and abstract

920 studies
22 equipment standards

826 studies were excluded on the basis of preceded the
5 |introduction of carving skis < 1993, solely focused on
competition or cross country, not specific to the knee or
head, not seminal works or not pertinent.

117 inclusions
(studies, standards, and grey literature)

Figure 2.1: Schematic representation of systematic search and selection.
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2.2 Methods

Database searches were systematically performed using Google Scholar, Scopus,
Sport Discus and Medline for studies related to alpine skiing, snowboarding and
injury prevention published in English from 1990 using Boolean operators AND/OR
and key words: skiing, snowboarding, injury, knee, head, prevention, models, snow,
equipment, and standards. Regardless of year anthologies of the symposium ‘Skiing
Trauma & Safety | - XXI were considered. Seminal works related to injury prevention
and risk management, grey literature, government documents and equipment
standards (translated to English) also were considered. Exclusion criteria: all articles
pre-carving ski era (<1993) checked for application in the new equipment
environment (ski design changes included shorter ski lengths and side-wall changes
that altered the turning radius) before exclusion. Cross country and competitive
snow sports research also checked for applicability to the downhill recreational

snow sports environment; where there was no cross-over these data were excluded.

2.3 Results/Discussion:

Sports injury prevention and risk reduction models

One of the first questions requiring an answer at the commencement of the thesis
was which injury prevention model(s) would provide the schema to determine injury
trends, identify risks in alpine skiing and snowboarding, and ultimately assist in
determining the targeted injury prevention programs for New Zealand? To answer
this question, a brief treatise of the evolution and construction of injury prevention

models was undertaken.

Sports injury prevention models originated out of the public health arena
and were designed to help researchers provide evidence for injury prevention
interventions (15, 17). The 1987 “Sequence of Prevention” proposed by van
Mechelen, Hlobil and Kemper of the Netherlands National Institute for Sports Care
(17, 20) affirmed injury prevention efforts in sport (see Figure 2.2). This model
created a pioneering platform for developers of other sports injury prevention
models. The four steps in the van Mechelen “Sequence of Injury Prevention Model”
can be likened to a quality improvement cycle of consecutive steps that provide a
measured exploration of the injury problem and possible solutions. The cycle is

repeated until complete resolution of the problem has occurred.
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1

Establishing the
extent of the
snow sports injury
problem:
incidence and
severity

2.
Establishing the

4.

Assessing the
effectiveness of
preventive
measures by
repeating step 1.

causes and
mechanisms of
injuries in alpine
skiing and
snowboarding

3.

Introducing
preventive
measures

Figure 2.2: Sequence of injury prevention model (adapted from van Mechelen et al., 1987).

To sort through the maze of internal and external factors associated with
injury in sport, Meeuwisse from the University of Calgary Sport Injury Prevention
Research Group created the “Assessing Causation in Sport Injury: a Multifactorial
Model” (21). This model, published in 1994 sought to improve descriptions of the
aetiology of sports injury. The catalysts for injury when skiing or snowboarding
generally have more than one cause. For example, causes of injury could be heavy
snow, poor visibility, and inadequate skills for the snow surface conditions, ski-
binding release settings that are set too high, no helmet to protect the head in a fall,
or poorly designed trail merges that increase the risk of collision. Internal risk factors
in the heavy snow injury scenario could include poorly developed quadriceps to cope
with the physical demands of the snow surface conditions and/or diminished visual
acuity to accurately read and respond to the changing contour of the terrain. Stating
that any of the aforementioned injury risk factors are the cause of an injury from an
observed association is fraught with no statistical association, or when statistically
associated factors are either associated or have a secondary non-causal

association.

Improvements of determination of the cause or causes of injury in sport

were championed by Bahr and Krosshaug from the Oslo Sports Trauma Research
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Centre (22). More precise descriptions on predisposition, susceptibility to injury and

the inciting event were required in their “Comprehensive Model for Injury Causation”

(see Figure 2.3).

Injury Risk Factors

<> Distant from Outcome <>

*Age (ageing)

*Gender

*Body
composition

*Health

* Physical fitness

EXPOSURE

Equipment-
related or/and
Environmental

Mechanism of Injury

<> Proximal to Outcome <

+ Susceptible
skier
or
snowboarder

* Anatomy

* Skill level

* Psychological
factors

-related risk *INJURY

factors INCITING EVENT

*Predisposed Skier

or Snowboarder description of the

INTERNAL events leading to
RISK the injury situation

FACTORS

MECHANISM
of INJURY

Figure 2.3: A comprehensive model for injury causation (adapted from Bahr and Krosshaug, 2005).

An example of the biomechanical detail elicited from this model was
considering bone density in the ageing skier. As skiers remain active into their
eighties the risk of hip fractures associated with osteoporosis, particularly in the
female population was an important consideration (23). The physical changes of
ageing were also cited as a causative factor in the higher numbers of knee injuries
and tibial-plateau fractures in female skiers (24). Supporting continued physical
activity in the older age group can reduce falls risk and improve wellbeing (25, 26).
Education interventions for individuals based on joint and biomechanical
information can improve performance (27). Snow sport instructions that considered
postural patterns were found to improve balance and reduce the likelihood of
falling. Measures such as the femoral intercondylar notch width at the knee joint
assisted with understanding patella dislocation (28). Other anthropometrical

measures provide alignment information.

27 | Page



Motivation and perception of risk also entered the causation foray in the
Comprehensive Model for Injury causation (22, 29, 30). The challenge of measuring
affective domains was clearly complex. To gain an in-depth understanding of the
inciting event this model also promoted exploration of external factors. In snow sport
the inter-relationship of the skier + ski and the snowboarder + snowboard with the
snow (sports play situations) and protective equipment needs to be determined. The

third section of this review addresses the snow surface and equipment interface.

Finch from “the Australian Collaboration for Research into Injury in Sport
and its Prevention” raised concerns that injury prevention researchers were often
caught in the inertia of describing the size and nature of the injury problem and did
not progress to implementation (15). Her concerns promulgated the development
in 2006 of the TRIPP framework , a mnemonic for a new injury prevention model
“Translating Research into Injury Prevention Practice” where two stages were added
to the four step van Mechelen model; namely Stage 4 and Stage 5 (see Figure 2.4).
Prior to introducing preventative measures proposed interventions should be tested
in ideal controlled conditions, with pilot studies or in focus groups (Stage 4). Once
benefits have been discovered, the impact of an intervention on operations (ski
areas) needs to be described (Stage 5). The addition of this stage provided
opportunities to examine potential barriers that may undermine successful
implementation. Researchers and external injury prevention specialists need to fully
appreciate the increased operational complexity of introducing a new initiative at
ski areas (31). For example, the additional hours of work required to implement
research programmes and roll out injury prevention interventions on snow; the
challenges of working with a seasonal mountain workforce with varied experience
on snow; and the need for staff education at all levels of the organisation to help

advance the safety culture.
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*Injury surveillance }

+Causation - understanding why injury occurs }

+Identification of potential solutions + development of
appropriate prevention measures

+ Assessment of the proposed intervention in ideal-controlled conditions using
laboratory testing, pilot studies and/or focus group research

*Description of the "ski area" intervention context ]

+Implementation and evaluation of intervention effectiveness "in the mountain
context"

Figure 2.4: The TRIPP framework (adapted from Finch, 2006).

Over the following decade researchers grappled with the dilemma of re-
injury and predisposition to injury. To ensure that the recursive nature of risk was
considered Meuuwisse and his Canadian colleagues expanded their original 1994
multifactorial model (21). A pictorial of the “Dynamic, Recursive Model of Aetiology
in Sport Injury” (2007) provided in Figure 2.5 (32). An example of an equipment-
related risk question that arose from this model was “would skiers with a previous
knee or lower leg injury be able to perform the self-release manoeuvre and

determine binding safety?”

More riding
No Adaptation?
* Intrinisic L7
reg.d Predisposed « Events
G sieror +INCITING -
s tj::a?l’gth Snowboarder EVENT RECOVERY

« Control

NO

RECOVER

Risk factors for injury

© distance from outcome <> mechanism of injury proximal to outcome

Figure 2.5: A dynamic, recursive model of aetiology in sport injury (adapted from Meeuwisse et al.
2007).
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Van Tiggelen and colleagues at the Ghent University in Belgium in 2008
tackled processes that may interfere with potential preventative measures in a
seven step model “the Sequence of Prevention of Overuse Injuries”(33). This model
built on the work of van Mechelen and Finch by adding step 6 to look at compliance
and risk-taking behaviours. When results were poor, researchers cycled back to

proposing alternative preventive measures (TRIPP stage 3).

Application of behavioural and social science theoretical frameworks in
injury prevention design across sports was limited, centring on increasing the
uptake of personal protection equipment (34, 35). Risk-taking behaviours were
most likely understood when the personality type of the skier and boarder were fully
appreciated (36, 37). Understanding the push-the-limits, adventurous adrenaline
junky (often young or young-at-heart) is essential as these personality types often
have “follow-me charisma” which may expose others to risk or blunt the reach of
injury prevention messages. Some injury prevention messages may need to be
reworded to reach this target audience (38). Limiting stress during recovery is one
example where a behavioural approach may help snow sports injured return to full
activity and reduce the chance of re-injury (35). The gaps in literature on the
psychosocial impact of skiing or snowboarding injury on the individual and their

family were extensive.

Twentieth century changes in public policy in the United States of America
used epidemiological research led by Dr William Haddon (5, 6, 39, 40). Notably,
Haddon’s earliest manuscript (1962) centred on skiing injuries followed by a
research career that contributed extensively to ameliorating road trauma.
Considering injury as endemic allowed Haddon to use understandings of the inter-
relationship between host, vector, and the spread of disease. Haddon created a
matrix to assist decision makers allocate resources for injury prevention and inform
strategic planning (see Table 2.1). The road trauma-related phases and factors
detailed in the table below are clearly portable to snow sports. The most obvious
application of the Haddon Matrix is in trail design, speed management in congested
zones, and measures taken to prevent skiers and snowboarders colliding. Protective
snow sports equipment such as helmets to mitigate forces of an on-snow crash
another utilization. Considering the efficacy of protective equipment an important
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step before inclusion in any pre-crash prevention initiatives (41). Skiing or boarding
speeds of up to 82.2km/h with an average of 42.4km/h measured in male and
female paediatric participants were in excess of the current ASTM snow sport
helmet testing velocity of 23km/h (42). A risk of head accelerations above the
concussion threshold also found over 40 kg. These findings raise important
concerns about the currency of the snow sports helmet testing speed, regularity of
revision of standards, and subsequently, the protective value of existing helmets.
The speeds recorded demonstrate in the current era younger age snow sports
participants are travelling as fast, or faster, than many of the vehicles involved in
the road traffic crashes analysed by Haddon. A human factors approach cannot be
one size fits all, the attitudes and behaviours of the population at risk will need to

be accounted for.

Table 2.1: The Haddon matrix (adapted from Haddon, 1972).

Phase Human Vehicles Environment
Pre-crash Prevention Information Road-worthiness Road design
Attitudes Lighting Speed limits
Behaviours Braking Walkways
Enforcement Handling
Speed Management
Crash Mitigation Use of restraint Type of restraints Crash protection
Disabling key Airbags Road barriers
if impaired by Protection Forgiving
alcohol deformation design of| infrastructure
vehicle body
Post-crash Sustaining EMS response Access/egress Rescue facilities
life Fire risk Congestion

The risk reduction tools used to analyse air accidents and medical errors
(13) were also useful when considering systems risk at ski areas and off-hill rental
shops’. Dr James Reason used a Swiss cheese analogy to explain accidents and to
identify ways to stop such catastrophes happening again (see Figure 2.6). Each slice

of the cheese represented successive layers of defence, barriers and safeguard.
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When risks were not identified, holes in the cheese lined up and accidents’
occurred. Debate existed around the term “accident” as this term led to attributing
the cause of the accident to an individual. With attribution of blame to an individual,
organisations such as ski areas, outdoor groups supervising participation in
mountain environments, hospitals and transport authorities were buffered from the
need to improve systems (13, 43, 44). Reason refuted any blame culture that held
individuals solely accountable for accidents and diluted organisations responsibility
for harm. Reason promoted a cultural shift to collectively taking responsibility and
collectively finding solutions. Snow safety rules, safety signs, and closing trails were
three examples of system defences utilised by the ski industry to prevent individuals
making poor decisions. Applying a systems risk lens to injury in skiing and
snowboarding catalysed more questions; for example, are the present New Zealand
safety rules and signs easily understood (38) and positioned appropriately?; once
the safety message is heard or read will the skier or snowboarder act safely?; if not,

why not?

BARRIERS
to the
IMPACT of

making an
ERROR

Figure 2.6: Human error model (adapted from Reason, 2000).

The New Zealand Accident Compensation Commission (ACC) cost-benefit
injury model looked for a return on investment in sports injury prevention programs
based on calculations of savings from injury reduction over the duration of the
program (45). Government injury-prevention personnel commonly looked at health
economics, describing severity in dollar terms rather than clinical terms. Finding
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ACC related data that considered the psycho-social impact of snow sports injury on
the life of a person proved difficult (18). Considering the whole person is integral to
promoting recovery, the lack of psychosocial impact data was another glaring gap

worthy of further research.

The Swiss Injury Prevention Council presented a dynamic holistic
government perspective in the “Effect-orientated Prevention Cycle” (see Figure 2.7);
significantly, this injury prevention model had been applied in snow sports (46).
Multipliers were identified within mountain communities and the ski industry to

extend the reach of the injury prevention interventions across the Swiss Alps.

Accident

Research Prevention Goals

Implementation

of Measures Prevention
Monitoring Programmes
Success

Figure 2.7: Effect-orientated cycle (adapted from Bianchi et al, 2015).

This section highlighted that each group of researchers, risk reduction
specialists or government agencies sought to unravel the complexity of the injury
problem and the subsequent injury prevention solutions using models. The benefits
of the sport specific models were that tangential curiosity was ring-fenced and each
model drove focus. The Swiss Cheese (13) and the Haddon Matrix (5) ensured that
people, equipment and environment risk factors were considered when working to
reduce injury. A combination of approaches in reducing alpine skiing and

snowboarding injuries was clearly of benefit.
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Injurious events

The cornerstone for determining the nature of the injury problem addressed in the
first stage of the TRIPP framework is injury surveillance. Longitudinal population
studies have informed snow sports injury prevention efforts from 1972 to present
day. The Vermont research group, French Medicins de Montagne Safety Network,
and the Norwegian Ski Lift Association have led the way to our increased
understanding of trends, patterns of injury, and causation of injurious events in
snow sports (8, 9, 47-50). To enable effective comparison of these studies,
members of the International Society of Skiing Safety agreed on research methods
that should be employed worldwide (51). The reader needs to be cognhizant of the
limitations of these recommendations. Some jurisdictions only included injuries
assessed and diagnosed by medical practitioners; whereas other areas only used
ski patrol data. Number of injuries and patterns of injury slightly increased or
decreased depending on the type of data entered into incident database. In Canada
there were concerns that ski patrol databases had increased the number of
inaccurate diagnoses; these doubts were refuted (52). In New Zealand (NZ) ski
patrol data were collected by medical practitioners, ski patrollers and other health
professionals that worked in mountain clinics (53). No previous in-depth analysis of
the reliability of NZ ski patrol data was found. Visitation numbers were determined
using ski area ticket sales (51). The limitations of ticket sales were that gender and
skiing or snowboarding participation, were not necessarily recorded by all ski areas.
Data collection omissions negate opportunities to determine injury trends by gender
or specific snow sport. Population at risk calculations also needed to account for
season-pass average days skiing or snowboarding. Depending on the monitoring
systems or survey data gathered by ski areas on season-pass holder participation
these calculations potentially were only “a best guess”. Another challenge for
determining the size of the skiing and snowboarding population is that some season
pass holders alternate between skiing and snowboarding depending on snow
conditions or their friend’s preference so cannot be recorded for a single activity.
Introduction of electronic monitoring at lift-lines may improve determination of the

population at risk of injury.

Where researchers in New Zealand had no access to ski area visitation
numbers, census data were used (54, 55). New Zealand census data calculations
were likely to be inaccurate as increases or decreases in participation cannot be
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determined. Census data analysis cannot account for the impact of closed ski area
days from fluctuations in the weather, snow-pack cover or stability. These statistics
also cannot account for days when the surface was icy, conditions that may limit

beginner skier/boarder participation.

A brief historical perspective on snow sports is required to fully understand
injurious events and work through stage 1 - injury surveillance and stage 2 of TRIPP
- causation. Alpine skiing was a form of transport over snow for over 5 millennia and
evolved into a recreational and competitive sport in the 19t century (56).
Snowboarding a relatively new sport was invented late last century and popularised
at the 1998 Winter Olympics in Nagano, Japan (57). Around the time of the Nagano
competitions researchers started reporting data as skier/boarder days; however, to-
date skier days are often used to describe the prevalence of injury in both sports.
From 1974 to 1988 injury rates ranged from 0.8 in Japan to 9.1 per 1000 skier
days in the USA (53). In the USA the 2010 weighted skiing incident rate was 2.5 per
1000 visits declining from 3.1 in 1980, 2.7 in 1990, and 2.6 in 2000 (47). Lamont
examined NZ ski patrol incident reports at one South Island ski area in 1988 and
reported an injury rate of 4.7 per 1000 skier days (53). With support of the NZ
Mountain Safety Council data collection forms were created for use at NZ ski areas
based on the Orthopaedic International Classification of Diseases - 9t Clinically
Modified edition were used at five ski areas in 1989 and seven in 1990. (7). Injuries
declined, 4.5 to 3.3 per 1000 skier days, with the decline attributed to a bumper
snow season in 1990. ACC notably did not have a sport-specific database to assist
in description of the alpine skiing and snowboarding injury problem. High injury rates

in epidemiological studies are clearly of concern, as are numbers of severe injuries.
The stratified ten year interval study of National Ski Patrol incident reports

in the USA (47) found skiers had a higher incidence of knee injuries and conversely

snowboarders had a higher incidence of wrist injuries (see Figure 2.8).
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Figure 2.8: Injury prevalence by snow sport (adapted from Shealy et al, 2015).

Ankle injuries in snowboarding declined significantly over two decades.
Despite the increased use of protective helmets (O - 61%), head injury as a
percentage of all injuries in both snow sports was relatively static. These USA injury
trends mirrored injury trends reported in France, Norway and Scotland (9, 50, 58,
59). Of the total downhill skiing injuries 12.5% were knee ACL injuries compared to
0.6% of snowboarding injuries (48, 49). The longitudinal studies undertaken by the
Vermont Safety Research group (8, 60, 61) at Sugarbush ski area provided further

evidence that injury trends did not differ significantly across the world.

In New Zealand, local data on injury trends by body part was limited.
Cardrona Ski Area (South Island) in 1988 reported that knee injuries occurred in
27% of skiers vs. 14% tibia fractures (53). At Whakapapa ski area, knee injuries in
skiing were 14% vs. 3% tibia fractures. Forearm fractures were 3% of all skiing
injuries and only reported at Whakapapa. Southern Lakes Region (New Zealand) ski
area hospital admissions in the period 1991 - 2002 found 26% were spinal injuries
(18 snowboarders and 7 skiers) with one fatality from a burst C5 fracture (62). The
small sample size limited any conclusion on risk factors. Ski-lift injuries and hospital
discharge data for the same catchment (Otago) found that lift-related injuries were
rare (54, 55). From a retrospective case series of 171 wrist injured snowboarders
aged 14 - 17 years snowboarding at Turoa (North Island ski area) it was found that
70% had wrist fractures, most were male, beginners, and only 30 wore wrist
protectors. The researchers could not determine whether wrist guards were part of

the injury problem or were protective and recommended more research.
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The Knee
Knee injuries that occurred skiing were the most common injury. The increased
prevalence of knee injuries (194%) was attributed to changes in ski design (56, 63-
69). With the advent of the carving skKi, injury trends shifted significantly from minor
knee sprains that predominantly involved the medial collateral ligament (MCL) to
serious Grade Il Anterior Cruciate Ligament (ACL) injuries. Grade | (no laxity) and
grade |l (laxity) knee injuries remained constant (11, 70). The increased incidence
of Grade lll injuries that created an unstable knee was of major concern. Most grade
Il tears involved the ACL not the posterior cruciate ligament (71). Many ACL injuries

included rupture of the medial collateral ligament.

Female skiers injured the knee more often than their male counterparts
did. Anatomical differences were often cited as reasons for the increased ACL injury
in females in skiing and other sports such as netball and handball (72, 73). Gender
differences included alignment of the lower limb; quadriceps-angle and dimensions
of the femoral intercondylar notch; laxity of the knee joint; and, reduced endurance
levels (72, 74, 75). Female skiers were 2 to 3 times more likely to injure the knee
than male skiers (75-77). Leg muscles appeared to fatigue more easily in females
during anaerobic exercise due to poor elimination of lactic acid. For females in the
pre-ovulatory phase, the odds ratio (OR 2.38) of being injured was significantly
higher than in other stages of the menstrual cycle (78). Oestrogen levels appeared
to change the collagen remodelling process leading to reduction of ligament

strength in women.

Researchers using computerised laboratory experiments identified 17
critical loads that could lead to knee ligament injuries (see Table 2.2). These
laboratory studies offered a controlled environment to examine causation. Video
footage of skiing accidents and 3D modelling provided further evidence of critical
loads (79). Case control studies were reliant on the injured skier’s recall of the
mechanism. Given that recall in an accident could be clouded by pain, fear, other
distracting injuries or disorientation, retrospective data on injury mechanisms may
not necessarily be accurate. Frequency data on the various ACL mechanisms in case
control studies were limited. In valgus rotation (load 2c¢) when falling forward, 20%

of falls resulted in medial collateral ligament (MCL) tears and anterior cruciate
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ligament (ACL) rupture (80). Some researchers postulated that the phantom foot

mechanism (load 3e) was the most common cause of ACL injuries (81).

Table 2.2: Critical loads during skiing that lead to knee ligament injury (adapted from Freudiger
& Frederich, 2000).

CRITICAL LOADS
FLEXION
1a Flexion with anterior-tibial load

Landing on the skKi tail
Backward fall
Raising from or avoiding backward lean by quadriceps-pull

1b Flexion with enforced anterior-tibial translation
Transition of sliding upper body from uphill to downhill side
1c Hyperflexion
2a External rotation in hyperextension or extension
Upper body rotates instead of skis
2b External rotation + anterior-directed translation
2c External rotation + valgus

Ski tip turns outwards
Body centre of gravity clearly in front of the binding

2d External rotation + valgus in flexion
Body centre of gravity clearly in front of the binding

2e External rotation + valgus + anterior-directed translation
Body centre of gravity clearly in front of the binding

2d External rotation + varus + anterior-directed translation
Body centre of gravity clearly behind the binding

2e Internal rotation in hyperextension or extension
Upper body rotates in flexion

3b Internal rotation in flexion

3c Internal rotation + varus

Ski tip turns inwards

Body centre of gravity clearly in front of the binding
3d Internal rotation + varus in flexion

Body centre of gravity clearly in front of the binding
MOVING DIRECTION BACKWARD

3e Internal rotation + valgus in flexion (hip-below-knee)

“Phantom Feet”
Body centre of gravity clearly behind the binding

3f Internal rotation + valgus + anterior-directed translation
Body centre of gravity clearly behind the binding

4a Hyperextension or extension

4b Hyperextension + internal rotation + varus
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To be exposed to the phantom foot mechanism the skier was facing down
the slope, became unbalanced then produced deep flexion or/and an anterior
drawer effect (lower leg pulled forward). The skier’'s weight was then placed on the
internal edge of the downhill ski and the unweighted uphill ski produced a sudden
internally rotated lever effect (phantom foot) when the skier was off balance to the
rear. The levering effect resulted in knee injury. Laporte et al presented a counter
argument to the phantom foot load being the primary ACL injury mechanism as 60%
of knee injuries were found to have occurred in forward falls (48, 82, 83). Forward
falls generated forces that could lead to release from the ski binding. Standard dual-
directional ski-bindings cannot provide protection and release in unweighted
backward positions; however, in forward falls a ski-binding that is correctly set-up
may offer protection to the knee (84). A decrease of grade | and grade Il medial

sprains was found with improved ski-binding function (82).

Correct binding set-up and skier education were the primary prevention
solutions that were promoted by the Vermont group that discovered the phantom
foot mechanism (70, 85). An education program that taught skiers to go with the
fall, stay down, and not try to recover was successful in reducing knee injuries in
USA ski instructors. The attempt to recover was purported to increase the lever
effect of the phantom foot. Norwegian and Vermont Orthopaedic surgeons
supported undertaking daily self-release manoeuvres before skiing. This manoeuvre
supposedly established that the ski binding was functional and set-up appropriately
(86-88). Torque testing to ensure safe set-up of rental ski-binding-boot systems
calibrated to ISO-11088 standard was also promoted as a prevention solution for
knee and lower leg injuries (89-92). The Vermont group alongside the education

intervention designed a torque wrench for equipment testing.

Based on case control data, Medicine de Montagne Safety Network
advocated for lowering of the international ski-binding release settings (92, 93). To
make changes to the International Standards Organisation (ISO) adjustment release
table consensus was needed; however, gaining agreement between other
researchers, medical insurers and manufacturers was not successful (94). To
circumvent the lengthy timeframe required for consensus decision-making Laporte
et al developed the AFNOR, Alpine ski bindings Setup fixations - Recommendations
on adjustment release levels (83, 94). This standard recommends reduced skKi
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binding adjustment values for at risk groups: women by 15%; men below 49 kg a
reduction of 15%; men 49 - 57 kg a reduction of 5%; and men over 57 kg no change
from the standard ISO tables (92). Scotland and Andorra have adopted the AFNOR
FD S 52-748 standard. No detail has been published on the set-up standards being

used by New Zealand ski rental and retail shops.

The Head
Head injury was a broad term used to describe soft tissue injuries of the head
(grazes, lacerations and bruises), concussion, skull fracture, traumatic brain injury
(TBI) and different cerebral bleeds (47). Head injuries in Switzerland were 11 to
12.5% of all snow sports injuries (95, 96). Children were twice as likely to sustain a
head injury as any other age group (95-98). Concussion rates were estimated to be
2.5% for skiing and 4.5% for snowboarding (99). Head injury was more likely to
occur in males than females (OR 1.43), and happen in a collision rather than a fall
(OR4.15) (100, 101). Importantly, head injuries were not equal in terms of morbidity
(102-106). In a technical report on snow sports head injuries written for the Coronial
Services of New Zealand in 2011 (103) preliminary analysis of New Zealand skKi
patrol data (2005-2008) indicated that head injuries were 11.7% of all injuries and
4.9% of those injured had concussion. To determine the protective value of the
helmet it was necessary to know the percentage of the population protected by the
helmet. The number of New Zealand skiers and snowboarders with bare-heads vs.
protective helmet wear for the period 2005 to 2008 was unknown. In France in
2008, 90% of children 11 years and under wore helmets (95). For 2009,
Switzerland reported 65% of skiers and snowboarders wore helmets with a 90%
reach for children under 17 years of age. Regardless of helmets, snowboarders
using terrain parks were more likely to suffer a head injury with loss of

consciousness than skiers were.

Snow sport helmet standards were determined from a battery of impact
testing (42, 107, 108). The protection value of helmets designed specifically for use
when skiing or snowboarding was first determined in laboratory simulations (TRIPP
stage 4). These simulations measured linear acceleration in a 2.0 m helmet drop
onto a steel surface to not more than 300 g with a speed to impact of 27.7 km/h
(109). Further impact tests were undertaken on snow on an intermediate trail with
an anthropomorphic snowboarder testing device in a manner replicating an average
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speed of 43.5 km/h. Falls in soft snow with or without a helmet did not produce the
g-loads likely to cause head injury as the energy was dissipated in the snow. In
contrast, when the snow surface was icy significant transfer of energy occurred
through deformation of the helmet. Helmet use in these hard snow surface
conditions was estimated to reduce the probability of a skull fracture and severe
brain injury from approximately 80% to 20% respectively. In simulations of a
snowboarder, colliding with a fixed object at 30 km/h the helmet reduced the head
accelerations by more than a factor of two. Over 300 g the probability of a skull
fracture and severe brain injury when wearing a helmet remained at 99.9%.
Proportionally heads are larger and heavier in children. Paediatric simulation impact
testing were based on an average child skier’'s speed on an intermediate slope of
18.7 km/h (110-112); wearing a helmet reduced the probability of a traumatic brain
injury in the paediatric population by 0.2% or less. Results from laboratory and field
tests indicated that helmets were not a complete panacea for head injury. Helmets
reduced abrasions, lacerations, and mild concussion but there was no evidence that
the helmets reduced traumatic brain injury-related deaths (99, 113, 114). The
effect of a mild concussion cannot be dismissed as “nothing to worry about” as an
individual’s ability to concentrate and perform daily tasks maybe limited for months

or years following this type of trauma (18, 115, 116).

Most countries bolstered voluntary use of protective helmets by providing
education. In jurisdictions with the mandatory use of a helmet the catalyst for these
rule changes were high profile deaths rather than research findings (103, 117). The
actor, Natasha Richardson died of an extradural haematoma after skiing at an
Intrawest ski area in Quebec; she was not wearing a helmet. The high profile
manslaughter verdict of a German politician led to the creation of the Austrian
mandatory helmet rule. Dieter Althaus was wearing a helmet skiing but he did not
comply with the slope give way rules and was involved in a fatal collision with a
female adult skier who was not wearing a helmet. Mandatory helmet wear for
teenagers and children was established in Italy and Croatia in 2005 (14 years and
under); at all nine North American Intrawest ski resorts for children and teenagers
in 2009 (age not specified); and in Austria, helmet use became compulsory in 2010

for children aged less than 16 years.
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The limitations of the head injury studies were that snow surface conditions
and risk-taking behaviour generally were not explored. Understanding risk factors
may provide an explanation for the higher odds ratios of head injury for males. As
indicated in the “Comprehensive Model for Injury Causation”(22) analysis of the
environmental factors associated with collision would inform interventions. This
section has identified that there are significant gaps in the literature; namely no
current New Zealand injury trend data and no data on the numbers of New Zealand

skiers and snowboarders wearing helmets.

Snow as a playing surface

The previous section focused on the magnitude of the injury problem, introduced
the issue of equipment-related risk in incorrect ski-binding set up and discussed
protective value of snow sport helmets. This section seeks to increase
understanding of the interplay between equipment and the snow to inform analysis
of the external factors involved in injury (22). Mountains are a recreational
environment with a playing surface largely crafted by the natural elements. Injuries
in epidemiological studies were predominantly attributed to falls on the snow,
colliding with another skier, snowboarder, chairlift tower or a tree. With no trees

above the New Zealand snow line, this environmental risk factor could be excluded.

Increasing understanding of what was happening at a microscopic level in
the snow-pack illuminated the risks associated with this particular playing surface
(118, 119). The snow-pack is dynamic; “snow is not just an amorphous mass. Soft
loose layers and icy crusts often exist below the surface” (p 37) (120). Bonding of
snow crystals below the surface determines the stability of the snow-pack and the
risk of avalanche (119-121). Snow is created when moist air cools, mostly in
temperatures from zero to minus 20 degrees Celsius. Lower temperatures of below
minus 20 degrees generally see the air dry out. Snow is formed when hexagonal
prisms nucleate around a dust particle, dendrites that look like microscopic arms
grow from the corners of the hexagon to form complex crystals. The symmetry of
each snow crystal is unique and the growth of the dendrites of snowflakes differs
with changes in temperature. Temperature and melt cycles change the morphology
of snow, which in turn affects crystal bonding. When new snow loads on the slopes

and a skier or snowboarder makes turns on snow that has weakly bonded ice layers,
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being caught in an avalanche is added to the injury risk. Snow-pack data can inform

playing surface and surface stability injury prevention messages.

The surface landed on may range from a soft forgiving powder to hard icy
concrete-like surface where the force is taken by the body rather than dissipated in
the snow-pack. In video analysis of world cup skiers, aggressive machine made
water prepared or injected snow conditions generated larger forces than natural
snow when carving at speed (79). Machine made snow was dry, hard and increased
the risk of catching an edge and falling. Machine made snow has different
morphology to natural snow as water droplets freeze on the outside before freezing
on the inside (122). The spherical grain shaped snow is sometimes hollow, and the
NZ maritime climate may increase the water content, adding to bonding issues. Any
inconsistencies in the machine-made snow playing surface, could affect glide and
increase the risk of falls. Of concern is that machine made snow is often used on
lower mountain easy terrain slopes frequented by learner skiers and snowboarders
that are less able to adapt to changes in the playing surface. There were no studies

on machine made snow in the New Zealand mountain environment.

Sliding over snow maybe more complicated than ice as snow has a variety
of conditions. Snow may consist of angular dendrites that increase the solid-to-solid
component of friction. The two types of friction described between skis or a
snowboard and the snow are dry friction and wet friction (118, 119). Pre-melt layer
formation in wet friction potentially is accelerated by humidity, rising air
temperature, changes in snow temperature, and solar radiation. Dry friction occurs
when the base of the ski or snowboard generates heat and a melt cycle. A lubricating
water layer created between the equipment base and the snow reduces friction
between the surface of the ski or snowboard and the snow. Determining the
thickness of the lubricating water formed in dry friction is problematic, as pressure
distribution from the athlete on the equipment base will vary. Federolf et al cited
(118) the broad range of scientific studies published between 1939 - 2007 that
support the hypothesis of a water film that acts as a lubricating layer reducing
friction. As more water is produced shearing of snow surface layers and capillary
infiltration of water in the snow pack occurs. Kinetic friction equals dry friction
and/or wet friction + capillary drag + displaced snow resistance + compression of
snow (119). Capillary drag occurs when the ski adheres to the snow in a suction-
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like effect between the surface of the equipment and the snow. In some conditions,
the snow surface will grip the base of the ski or snowboard and compromise
balance. Bases of alpine skis and snowboards are made of polyethylene. Extruded,
sintered or infused graphite are added to the polyethylene to create a porous
surface that absorbs wax and provides a low friction surface. Turning precision and
edge protection is provided by steel alloy. The properties of the alpine ski or
snowboard base and edges work with, or at odds with the kinetic friction of snow
(118). Giant slalom skis with an increased side-cut radius were found to decrease
Kinetic energy by 5.6% and reduce the risk of knee injury (123). Analysis of the
benefits of changing the ski edge to-date has only been assessed in ski racing.
Gaining further understanding of ski base and edge kinetics in the recreational

skiing population is needed (124).

Friction changes with: the roughness of the snow, grain size and crystal
shape, bonded strength of the snow, water content in the snow, heat generation by
shearing water as the ski moves across the snow, water removal by shearing, and
changing temperatures of the surface of the snow. Conditions that impede glide and
possibly make turning difficult will influence equipment performance. When the ski
or snowboard does not move as predicted on the snow the position the person on
the equipment may assume may increase the risk of an injurious event. The
flexibility, size and weight of the ski or the snowboard (and the athlete) are important
factors in determining the proportion of the equipment that is in contact with the
snow and the co-efficient of friction (COF). It stands to reason, the larger surface
area of the snowboard kinetic friction values would be higher when snowboarding;

however, no studies could quantify this assumption.

Speed and load on the snow contribute to COF. Waxes were developed to
improve glide by making the ski or snowboard base hydrophobic (125). Alpine waxes
are composed of alkaline paraffin with additives such as graphite, polyfluoroethylen,
silicone, fluorocarbons, or molybdenum disulphide (125). The combination of
additives ensures that the wax is either hard for use in colder conditions, or soft and
suited to warm wet conditions. The correct choice of wax is important in providing
the winning edge for the ski racer and the safer more enjoyable glide for all who
recreate on alpine skis, Nordic cross country skis or snowboards. Alpine wax needs
to be fit for purpose and create a water repellent surface that lowers the coefficient
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of kinetic friction (COF) (126). Beginners and intermediate skiers and boarders
identified as groups that could benefit from wax information. Routines around
reapplication of wax on rental equipment were unknown. There also was no current

wax data that could be used in injury prevention messages.

An understanding of the construction of the snowboard or the ski and the
capacity of equipment to respond to both the snow surface and the athlete informs
understanding of the injurious moments that may occur more often with particular
types of equipment. Snowboards are constructed mostly of wood cores that limit
the equipment weight and provide flexibility (127). Honeycomb cores used in the
expensive end of the snowboard market, and foam cores at the cheaper end. The
core wrap thickness dictates the strength of the snowboard. The construction of the
core also dictates the energy storage properties of the snowboard. The snowboarder
adjusts position to negotiate the slope. With a twin-tip board, the snowboarder can
place pressure at either end of the snowboard on the fall line of the slope. The
snowboard non-release boot binding system keeps the boarder with the board

resulting in less knee injuries than skiers (7% versus 32.5%) (47).

The challenge for ski designers wanting to improve performance and
reduce injury risk has been to construct structures that are highly deformable and
easy to guide on the slope in straight manoeuvres and turns. Traditionally alpine
skis were wooden, straight and heavy, with the length of the ski divided into three
functional parts: the tip, waist, and tail. Artisan craftsmen improved the camber of
the wooden ski in the 20th century and from the 1950’s alternative materials came
to market (128). Materials such as laminated wood, laminated metal, rolled
stainless steel, kevlar, carbon-fibre, plastic foam, fiberglass, and glue between
layers enhanced strength. The various combinations of these new materials made
skis viscoelastic and ensured dynamic movement across the slope. The torsion box
and cap construction created additional strength by wrapping either metal or
fiberglass around a wooden core. Camber, ski-edge height, width, length and the
geometric characteristics of the side-cut determined the kinematic behaviours of
the ski on the snow (129). The wider the ski the better ability to travel through
powder snow. However, the wider ski may have more drag forces when compared
to the narrow ski. High torsional rigidity dampened vibrations and improved grip on
the snow surface at high speed. In the soft ski the opposite effect was seen where
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the skier could easily initiate short skidded turns (128).The carving ski was a
revolutionary enhancement that has increased the appeal of the sport from 1993
to present day. Old ski designs did not have all of the ski edge on the snow surface
at any given time requiring additional length to ensure speed (129). The side-cut
construction of the carver allowed for increased edge contact with the snow, less
vibration, and fast snappy turns in a reduced radius. The self-steering behaviour of
the carving ski was observed to place skiers in a different trajectory than planned
and increase the risk of knee injuries (64, 65). The changes to ski construction
increased the lever arm effect and the surface friction. Skiers on carving skis
needed a different skiing technigue that centred balance. When the skier was in the
correct position on the ski, the edging behaviour was improved. Despite advances
in equipment design and construction, carving skis continue to be associated with

the increased incidence of knee injury, specifically rupture of the ACL (48, 124).

To understand skiing injury mechanisms of the knee and lower leg an
understanding of the ski-binding-boot system is also essential. The conventional
dual-directional ski binding is constructed using levers and springs, has an AFD
plate or rollers (antifriction device) and releases in twist (Mz) and forward lean (My)
directions. The ski binding indicator scale indicates the release torque; colloquially
the release value is referred to as, the DIN (Deutsche Industrial Norm), after the
German standards body that undertook some of the initial ski equipment standards

work.

A DIN of 6.0 equals 65 Newton metres (Nm) of torque in Mz and 261 Nm
in My with a boot sole length of 327 mm. The skier will release from the ski binding
when a load is created above these torques. In the last decade integrated ski-
binding-boot systems have come to market with railroad tracking between the toe-
piece and heel. Integrated systems work well in rental shops, as it is easy for ski
technicians to fit the binding to different boot sole lengths. Ski racers used lifters
when mounting bindings to increase the distance between the foot and snow;
however, the increased distance from the playing surface was found to increase the
risk of injury (130). The affect of tracks between the toe and heelpiece could be

similar to lifters, make the ski stiffer through the waist, and affect performance.
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This section has highlighted the complexity of snow, the friction that the
equipment has to overcome to move, and the snow sports equipment design
features that enhance movement on the playing surface. The published research
does not necessarily keep pace with equipment released to the market. Teams on
the World-cup circuit with the winning wax formula are not likely to be benevolent
with information. Manufacturers that invest in research appear to keep commercial
advantages by not sharing data (131). There were no studies on the effect of the

recreational integrated toe and heelpiece system or wax.

2.4 Summary

The tripartite division of topics: 1) sports injury prevention, and risk reduction
models; 2) injurious events (focused on the knee and the head); and, 3) snow as a
playing surface have identified knowledge gaps that inform the chapters that follow.
No single approach to an injury prevention PhD was found in the injury prevention
and risk reduction models that were described. Practical reasoning assisted
decisions on which models to apply. The TRIPP framework (15) addressed the
implementation short falls found in the van Mechelen model (17). No data found on
current injury trends in alpine skiing and snowboarding in NZ created the starting
point. The injury surveillance required in stage one of TRIPP would determine the
size and nature of the injury problem. Importantly, using all six stages of TRIPP would
ensure that the thesis moved past describing the injury problem to find real-world

solutions.

A biomechanical approach was also needed to understand the risk factors.
Apart from the Coroner’s reports, there was no overall analysis of deaths at New
Zealand ski areas. The proportion of the skiing and snowboarding population
wearing a helmet was not known, limiting determination of the reduction in head
injuries by using helmet protection. In terms of equipment-related risk, New Zealand
ski-binding adjustment practices were not known. The performance and risk factors
of the new rail system in rental bindings also had not been explored. Current wax
information and testing data in different snow conditions was missing. There were
no studies on ACL awareness education in recreational skiers and limited data on
the successful protection of ski area staff from knee injuries using the Vermont

education intervention. There was also limited data on the melt factor and bonding
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of machine made snow in comparison with other snow conditions that could
increase or decrease playing surface risk. Along with further epidemiological and
biomechanical evidence, risk reduction criteria were needed to draw together the
solutions for injuries in alpine skiing and snowboarding. Both Haddon and Reason

add to the schemata of the thesis going forward.

48 | Page



CHAPTER 3 - THE INJURY PROBLEM

Prelude

Population-based injury surveillance promulgates both questions on answers
already concluded and provides volumes of data for resolving unanswered
questions. From review of the literature in Chapter 2, there were clear
epidemiological gaps. New Zealand incident data collected at ski areas were
analysed in 1993 and there we