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One of the primary aims of a sport science support 
programme is to provide high performance athletes with 
information about their training status as well as to make 

recommendations for interventions that may enhance their 
performance.

Sport Science Support/ Applied Research

Dovetail the needs of the coach and support staff with their use of ‘Science’ and 
this should be seen as a partnership!
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• 10 eligible impairment types
e.g., Visual Impairment, 
Cerebral Palsy, Amputees,
Spinal Cord Injuries

Credit RGK

UK: Sports scientists and medics work across 
both Olympic and Paralympic environments
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Image courtesy of R. Vegter (2018)

My Approach – Questions, Answers = 
Solutions?

KnowledgeInnovationOperationsResearch

One of the primary aims of a sport science support programme is to 
provide high performance athletes with information about their training 
status as well as to make recommendations for interventions that may 

enhance their performance.

The Partnership: Sport Science Support/ Applied 
Research

Dovetail the needs of the coach and support staff with their use of ‘Science’ and 
this should be seen as a partnership!

Good relationships with National Sporting 
Governing Bodies

Embedded Scientist Approach
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Multi-disciplinary approach to wheelchair sports 
performance

Vehicle mechanics
Rolling resistance, air 
resistance, internal 
friction etc. 

Configuration
Seat position, camber, 
wheel size etc.

Design
Materials etc.

Anthropometry
Height, body mass, limb 
length etc.

Physical
Aerobic fitness, strength, 

power etc.

Impairment
Level of SCI etc.

Skill

Athlete

Wheelchair

Wheelchair Athlete 
Combination

Power Output

Muscular Activity

Propulsion Technique

Force Application

Physiological Demand

User Perceptions
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Overview

Part 1

• Testing wheelchair athletes ‐What kind of 
physiological differences there are?

Part 2: Research to practice 

• Smart training – monitoring training

• Optimise the wheelchair configurations for wheelchair 
games play

• Identify cooling strategies to prevent over‐heating of 
wheelchair athletes competing in hot and humid 
climates

General ‐What should a performance testing professional 
know when testing athletes with different kind of 
disability?

‘Do the physiological testing methods of wheelchair sportspersons 
differ to those used to test an Olympic athlete?’

Karen Darke (Facebook)
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Understanding the Physical Impairment

Incomplete SCI (6 weeks post injury)

Able-bodied
▼ in muscle volume
▼ in femural artery diameter
Blood volume redistribution
Change in muscle fibre type (to fast twitch type II)
▲ % body fat
▲ fracture risk (osteoporosis)
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Olympic Paralympic
Performance capacity and 
propulsion technique.

Mechanics of the 
wheelchair.

Interfacing of the wheelchair-
user combination.
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Laboratory testing

• Exercise Modalities
– Arm crank ergometer vs. Wheelchair 

ergometer/Treadmill

Photo credit: Andy Weekes Photo credit: Andy Weekes
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Exercise Testing

13

JAP (1980), 48(6):1060-4

Peak oxygen uptake (𝐕O2) and blood lactate (LA)

14

ACE: arm crank ergometer: WERG: wheelchair ergometer

Glaser et al. (1980). JAP. 48(6):1060-4

Exercise Testing: Power output (physical 
work capacity, PWC) and heart rate (HR)

15

ACE: arm crank ergometer: WERG: wheelchair ergometer

Glaser et al. (1980). JAP. 48(6):1060-4
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Arm cranking

16

Arm crank ergometer: 
Asynchronous (wheelchair 
propulsion is synchronous)

Chair stable?

Level of injury ↑ → trunk stability ↓

Wheelchair Propulsion

Wheelchair sports involves a 
repetitive cyclic motion

Wheelchair sportsmen/women 
are ‘free in their technique’ 
• choice of push angle

• sub-division of propulsion & 
recovery

• force application

• choice of strategy (ASY vs. SYN)

Standard Wheelchair    Racing Chair

Propulsion
Recovery

Pull
Push

Push

Manual hand-rim 
propulsion

Arm-crank 
ergometry

Rec.  hand
cycling

Max GE (%) ~8 12-15 ~15

Risk of upper-limb strain High Low Low

Form of outdoor mobility Yes No Yes

Characteristics of upper-limb exercise modalities

Note. GE = gross mechanical efficiency; Rec = recreational.  
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Treadmill testing

• Continuous, straight, “restricted”  pushing

• “Aerobic measures”
– Blood lactate analysis: thresholds

– VO2peak

– Peak speed

Calculations of power output on the treadmill

20

Gross efficiency (GE) = (W/E) ∙ 100(%)
Net efficiency (NE) = (W/E – ER) ∙ 100(%) 

where W is the external work accomplished; 
E is the total energy expended; 

ER is the energy expended at rest.

Attach weights
to control PO

BASES Expert Statement

21
Goosey-Tolfrey et al. (2013). The Sport and Exercise Scientist, Issue 37. pp 8-9.
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C1

C2

C3

C4

C5

C6

C7

C8

T1

T2

T3

T4

T5

T6

L1 – L5

T7

T8

T9

T10

T11

T12

Considerations Recommendations Training 
adaptations

Norms

↑ High Paraplegia ↑

↑ Tetraplegia ↑

• Limited hand function.
• Lowest aerobic & anaerobic 

capacity.
• Reduced peak HR.
• Reduced  leg muscle pump.
• Poor abdominal muscle 

function.
• Reduced ventilatory function.
• Hypotension.
• Venous blood pooling (legs).

• Assistive devices may be 
required (i.e. extra 
strapping).

• Low starting PO/speed 
(10-40W).

• Small stage increments 
(5-10W/min).

• Peak HR: 110-150 beats/min.

• VO2peak: 0.7-2.2 L/min.

• Peak BLa- : 4-8 mmol/L.

• Intact sympathetic innervation 
& active muscle mass are 
proportional to lesion 
level/completeness.

• Variable abdominal muscle 
function (range: poor to full 
function).

• Normal HR response.

• Venous blood pooling (legs).

• Greatest functional capacity.

• Highest starting PO/speed 
(30-70W).

• Largest stage increments 
(10-20W/min).

• Normal peak HR response.

• VO2peak: 2.2-4.0 L/min.

• Peak BLa- : 6-12 mmol/L.

• Intact sympathetic innervation 
& active muscle mass are 
proportional to lesion 
level/completeness.

• Poor abdominal muscle 
function.

• Possibly reduced peak HR.

• Venous blood pooling (legs).

• Greater starting PO/speed 
(20-60W).

• Larger stage increments 
(10-20W/min).

• Peak HR: 130-200 beats/min.

• VO2peak: 1.6-2.5 L/min.

• Peak BLa- : 6-10 mmol/L.

SCI

ACE = arm crank exercise; BLa- = blood lactate concentration; C = cervical; FEV1 = forced expiratory volume in 1 second; FVC = forced vital capacity; HR = heart rate;  L = lumbar; RPE = rating of 
perceived exertion; PO = power output; SCI = spinal cord injury; T = thoracic; VO2peak = peak oxygen uptake; WP = wheelchair propulsion. = electric wheelchair users 

↑ Low Paraplegia ↑

Additional considerations
• Note medications when interpreting test data.
• Record resting blood pressure  and  void bladder before exercise.
• Record history and monitor signs indicative of autonomic dysreflexia (e.g. goose bumps, headache, red skin). For further details refer to Krassioukov et al., (2009).
• Sweat response proportional to lesion level and completeness.
• Due to the body weight being supported by the wheelchair, peak oxygen uptake is normally reported as absolute values (i.e., L/min)

• All groups benefit from 
exercise training and are 
able to improve their 
exercise performance.

• The magnitude of training-
related changes in 
cardiorespiratory variables 
is proportional to lesion 
level  and completeness 
(smallest absolute 
changes at high lesion 
levels).

• PO & BLa- thresholds are 
more sensitive to training 
progress than VO2peak.

• Mechanical efficiency 
improves following training 
and with experience

• Respiratory muscle 
training improves lung 
function and exercise 
performance in all groups.

.

.

.

.

.

Treadmill Testing: Speed vs. Gradient

Hartung et al. (1993)
3 wheelchair treadmill protocols

7 Paraplegics (male)

Increasing grade

Increasing speed

Speed and grade increase

No differences in peak oxygen uptake, HR, RER

Reliability better in the combined protocol

Note 4.8 km/h = 1.33 m/s

Limiting factor – arm speed
(↑ blood lactate concentration)

Limiting factor – trunk function
(athlete capabilities)

Speed vs. Gradient Functional Capacity: Peak oxygen uptake

Take Home Message: 

To compare body size-independent VO2 pk. 
values between groups the mass exponent of 
0.82 is recommended.

Goosey-Tolfrey et al. (2003) MSSE. 35:2106-2111

Athletes 55 – 120 kg

.
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Age (yr) 29.2 ± 3.8 30.6 ± 9.0 24.0 ± 6.2

Body Mass (kg) 67.9 ± 6.7 71.9 ± 12.6 79.6 ± 11.4 

Disability SCI C6-C7 SCI T5 – T12/ SB Amputee/club-foot

WC sport Rugby Basketball Basketball/ tennis

V ̇O2peak (L·minˉ¹) 1.67 ± 0.38*† 2.47 ± 0.33† 3.35 ± 0.57

HRpeak (b·minˉ¹) 129 ± 12*† 184 ± 10 186 ± 11

BLaˉpeak (mmol·Lˉ¹) 4.95 ± 1.28* 8.47 ± 2.75 6.56 ± 1.36

Leicht, C., Bishop, N.C and Goosey-Tolfrey, V.L. (2012). Submaximal exercise responses in tetraplegic, 
paraplegic and non spinal cord injured elite wheelchair athletes. Scandinavian Journal of Medicine 
and Science in Sports. 22(6), 729-736.

* Significantly different from PARA; † significantly different from NON-SCI; at P < 0.05 
level

Same Trained 
Status BUT

Classification 

Wheelchair ergometer testing

• Straight, “restricted” pushing

• Discontinuous, interval protocols possible

• Maximum sprints

• Coast down trial – calculations of power output
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Stroke patterns (semi circular SC), single looping over propulsion (SLOP),
double looping over propulsion (DLOP), and arcing (ARC).

From Souza et al 2000.

Technical Features

What is functional capacity?

29

Mason, B., Woude, van der L.H. and Goosey-Tolfrey, V.L. (2013). The 
ergonomics of wheelchair configuration for optimal performance in the 
wheelchair court sports. Sports Medicine. 43(1):23-38

Vs.

Performance -
Ecologically valid!
Not only dependent on 
the physical capacity 
of the athlete but also 
the interface with the 
equipment.

Talent

Take Home Message: 

Where ecological validity is less 
important - ACE allows for the 
assessment of physical 
capacity, independent of 
specialised/ customised 
equipment and could be useful 
when assessing physiological 
potential.

• Testing wheelchair athletes employs the same underpinning exercise 
testing protocols as for AB athletes with subtle but significant alterations.

• A thorough needs analysis of the physical impairment is essential and 
knowledge about the exercise implications.

Take Home Messages
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Smart Training

The Research Strategy: 
(1) Smart Training (Physiology) 
(2) The Wheelchair (Biomechanics)
(3) The Sport & Challenges of the Environment

A schematic representation of the somatic and autonomic 
nervous systems

32Paulson et al. (2013) PhD thesis

Physiological Consequences and Exercise Implications of the 
Physical Impairment

The effects of spinal cord injury

The two factors that determine exactly which 
functions are affected and how much they are 
affected are:

the level of the injury; and 

the completeness of the injury. 

www.apparelyzed.com
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Differences due to impairment

Differences due to completeness of injury

Doing the Simple Things Well

BORG SCALE
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Training Load

Trial 1: Sub-maximal incremental test and graded test to exhaustion

RPE-regulated propulsionTrial 3:

Imposed intensity propulsion at 70% VO2 peakTrial 2:

Time
(mins)

BLaˉ 

RPE

HR; VO2; PO 

Findings: Sports Application
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Paulson, T., Leicht, C., Bishop, N. and Goosey-Tolfrey, V.L. (2013). Perceived exertion as a tool to self-regulate 
exercise in individuals with tetraplegia. European Journal of Applied Physiology. 113 (1): 201-209.

The Wheelchair

The Research Strategy: 
(1) Smart Training (Physiology) 
(2) The Wheelchair (Biomechanics)

(3) The Sport & Challenges of the Environment 
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The Role of Rear-Wheel Camber/ Wheel 
Size on Optimal Mobility Performance in 
Wheelchair Athletes

PhD work of Barry Mason

Mason, B., Woude, van der L.H. and Goosey-Tolfrey, V.L. (2013). The 
ergonomics of wheelchair configuration for optimal performance in the 
wheelchair court sports. Sports Medicine. 43(1):23-38

Field Based Measures

• Decelerations in between pushes - resistance

• Negative dip in velocity at hand contact - coupling
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The Environment

The Research Strategy: 
(1) Smart Training (Physiology) 
(2) The Wheelchair (Biomechanics)
(3) The Sport & Challenges of the Environment

Demands of the Sport - Future Technologies

Indoor Tracking System (ITS)

Radio-frequency based system that operates much like GPS in 
an indoor environment

6 sensors (satellites)

45
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Indoor Tracking System (ITS)

Sensors communicate with 
small, lightweight tags worn 
by athletes

Rhodes, J., Mason, B., Perrat, B., Smith, M., Goosey-Tolfrey, V. (2014). The validity and reliability of a novel 
indoor player tracking system for use within wheelchair court sports. Journal of Sports Science. 32(17) 1635-43.

Wheelchair Rugby

47

Speed
zones

Rhodes et al., (2015).
Activity profiles of elite 
wheelchair rugby players 
during competition. IJSPP. 
10, 318-324.

Rhodes et al., (2015). Effect 
of team rank and player 
classification on activity 
profiles of elite wheelchair 
rugby players. JSS. 33:19, 
2070-2078.
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Figure: Preliminary core temperature data taken during a 90-min on-court 
wheelchair rugby physical conditioning session (n=5).Can we offset the rise in core temperature?

Identify a strategy for recovery?

Change in core temperature during intermittent 
exercise with recovery bouts in thermo-neutral 
environment (Griggs et al. 2015; 2017).

Further increases in thermal strain in athletes with tetraplegia were not prevented by the active 
and passive recovery between maximal effort bouts.

Interventions: Suitability

Practical?

Cooling Power?

Governed by the rules of the event/sport.
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Individualised Approach

3

Summary

 An understanding of the physical impairment is vital
 A full medical diagnosis, screening of current functional movement 

pattern and previous illness/injury history.

 Evidence-based applied research is essential, but we must not 
neglect anecdotal evidence and practitioner experience
 To date, much of this has come from rehabilitation scientists. 

 The knowledge and its application to sports science and 
medical provision within wheelchair sport has improved
 Through working in a multidisciplinary fashion and sharing between 

rehabilitation specialists and sport scientists.

@PHC_Lboro
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