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Abstract

Cycling time trials are characterised by riders adopting positions to lessen the impact of
aerodynamic drag. Aerodynamic positions likely impact the power a rider is able to produce
due to changes in oxygen consumption, blood flow, muscle activation and economy.
Therefore, the gain from optimising aerodynamics must outweigh the potential physiological
cost. The aim was to establish the relationship between energy expenditure and aerodynamic
drag, with a secondary aim to determine the reliability of a commercialy avalible handlebar
mounted aero device for measuring aerodynamic drag. Nine trained male cyclists volunteered
for the study. They completed 4 x 3,200 m on an outdoor velodrome where stack height was
adjusted in 1cm integers. The drag coefficient (C4A), oxygen consumption and aerodynamic-
physiological economy (APE) was determined at each stack height, with data used to model
40 km TT performance. Small to moderate effect sizes (ES) in response to stack height change
were found for: C4A, APE and energy cost. Change in TT time was correlated to
Aaerodynamic drag and AAPE. Meaningful impacts of change in stack height on C4A, APE,
energy cost and predicted TT performance, are apparentwith highly individualised responses
to positional changes.

Keywords: Modelling; performance; endurance; metabolism
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Introduction

Cycling time trials (TT) are characterised by riders adopting aerodynamic positions in
order to reduce aerodynamic drag. TTs vary in duration, ranging from approximately 25
seconds for a 500 m TT in a velodrome to 4-5 hours on the road. It is likely that the optimal
performance requirements for events of such divergent distances and durations exist on a
continuum of rider aerodynamics versus physiological optimisation.

Cycling speed can be determined by several factors including a rider’s power output,
aerodynamic drag coefficient, frontal area, road surface and gradient, and environmental
conditions [1]. The road surface and gradient will impact both rolling and gravitational
resistance respectively, which can be negated via testing on a smooth surface with no change

in altitude. Aerodynamic drag is calculated using formula [2]:

F=-pV2CsA {1}

Where F is the total drag force (N), r is the density of air (~1.2 Kgm™ at sea level), V is the
speed of the air relative to the rider and bike (m's™), Cq is the drag coefficient (dimensionless)
and A frontal area (m?).

Approximately 80-95% of the resistive forces experienced during cycling occur as a
consequence of the rider and their equipment [3]. Given the cubic relationship between speed
and the power required to overcome aerodynamic drag, shorter faster events likely have a
greater reliance on aerodynamic optimisation. Whereas longer duration TTs are more limited
by rider physiology and environmental conditions [4].

Altering rider position to favour aerodynamics often results in cyclists adopting a
position whereby their upper body is close to parallel to the ground which can hinder the rider’s
critical power (CP) [5]. This effect is likely multifactorial and related to changes in oxygen
consumption, muscle blood flow, muscle activation and economy [6-9]. Therefore, if the gain
from optimising aerodynamics does not outweigh the potential physiological cost, TT
performance will not improve.

Previously we have demonstrated that a reduction in hip angle reduces aero-
physiological economy (APE). We have previously suggested APE to be a way of
encompassing both physiological and aerodynamic aspects of cycling economy and their

interaction with performance [10]. However, our calculation of drag-area i.e. the product of
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drag coefficient and frontal area (C¢A), was based on anthropometric measurements and frontal
area [11] and not a direct measurement of C4A. Recently, several bicycle mounted pitot tubes
(for example the Notio Konect) have been developed allowing riders and coaches to measure
CdA. The Notio Konect (NK) has been reported to be both highly reliable and sensitive to
change for indoor velodrome use [12], and may offer a feasible and reliable way of measuring
C¢A during outdoor cycling, however this is yet to be corroborated.

The aims of the present study were to A) establish the relationship between energy
expenditure, APE and aerodynamic drag and apply these data to a TT model and B) to
determine the reliability of the NK during outdoor use. It was hypothesised that increasing Cq4A
would result in measurable physiological changes and predicted TT performance. A secondary
hypothesis was that responses to positional changes would be highly individualised, owing to
differing anthropometric and physiological factors impacting on form drag and oxygen

consumption.

Methods

Participants

Nine male cyclists and triathletes who frequently raced in triathlons and/or time trial races
volunteered to take part in this study (age 34 + 13 years, performance level 4 [13]). Mean
personal best time for 10 mile (16.1 Km) TT was 20:48 mm:ss with a range of 19:16 to 22:24
mm:ss. Participants provided full written informed consent before undertaking the study. All
procedures used in this investigation were given ethical approval from the University’s Ethical

Review Board.

Experimental protocol

All testing took place on a 400m outdoor velodrome between August 2020 and September 2021
on dry days where wind speed was below 5msec™®. Participants arrived at the velodrome having
been instructed to wear their standard race skin suit, socks and cycling shoes. Participants were
first given time to familiarise themselves with the riding track. Subsequently, riders completed
two efforts of 4 laps (Aero run; total distance of 4 laps ~1.6 Km) at a target speed of ~40 Km'h
1 at one of four different stack heights. Stack height was defined as the height of the TT bike
arm rests above the upper most portion of the headtube. 0 cm represents the lowest possible
stack height on a given bike. The first run comprised the control condition for each participant

and was completed in their own self-selected position (0 cm n=4; 1 cm n=3, 2 cm n=1, 3 cm
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n=0). Stack height was then adjusted to one of the four remaining stack heights (0-3 cm) and

conditions were completed in a randomised order.

Participants were provided with lap splits to the nearest 0.1 s to ensure as little deviation in
speed as possible between conditions. Following the Aero Run, participants had a ~10-minute
recovery before completing a 6-minute steady state ride (VO2 run) at the same stack height and
power achieved in the corresponding Aero Run to measure oxygen consumption (VO2).
Participants had 20-30 minutes of recovery between conditions, during which time they were
encouraged to eat and hydrate as necessary to minimise the impact of glycogen depletion on
performance and metabolic measurements. During this time, the bike was kept out of any direct
sunlight to minimise a change in tyre pressure which would impact rolling resistance, and
measurements by the NK for temperature, humidity and air density which would influence
CdA.

Figure 1 shows a schematic overview of the protocol. All runs were completed on the

participants’ time trial bike.

***figure 1 near here***

Aerodynamic measurement and analysis

Each participant used their own statically calibrated power meter and were provided with
magnet-based speed and cadence sensors (Garmin, Kansas, USA) which were wirelessly
connected to a Notio Konect device (Notio Technologies, Montreal, Canada). The NK was
mounted on the base bar and calibrated according to the manufacturer’s instructions. Total
system mass (rider, bike and clothing) was measured and recorded. All aerodynamic
measurements were taken from the Aero Runs at each stack height as described above. These
repeat efforts also served to allow the calculation of reliability of the NK in determining riders’
CdA. Riders were instructed to maintain a consistent position throughout the run and to
maintain a constant gear. Where possible gear changes were rendered impossible via
disconnection of electronic shifting motors. The NK recorded all power, speed and atmospheric
data at a frequency of 4 Hz. NK data were analysed using the NK edition of Golden Cheetah
(https://goldencheetah.org/) to derive Cg4A using the velodrome function. This function uses the
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inbuilt gyroscope to identify individual laps, with all altitude measurements, which provide the

biggest source of variation within the measurement, set to zero.

Oxygen Consumption

Oxygen consumption during the VO run was recorded using a portable oxygen analyser
(MetaMax 3b, Cortex, Leipzig, Germany) calibrated according to the manufacturer’s
instructions. To minimise the impact of high relative wind speeds on ventilatory measures, a
custom made 3-D printed baffle was mounted to the front of the turbine. The baffle did not
impair the flow of inhaled or exhaled air, but minimised the direct flow of high velocity air
over the turbine. VCO2 and RER were recorded continually throughout, with data averaged
over the final 60 seconds. The reliability of the MetaMax 3B has been reported to be less than
2.0%.[14]

Energy Expenditure

Energy expenditure (kcal'min™) was calculated using the relationship between mean VO
(L'min’) from the final minute of the 6 minute VO, run and the RER. Energy cost (Ec; kcal'km™
1y was calculated as the sum of carbohydrate and fat oxidation derived from energy expenditure

and expressed as kilocalories per kilometre [15]. Oxygen consumption (O¢; L'km™?) was

calculated using VOZ data from the final minute of the 1"'02 run.

Reynold’s number

The Reynold’s number (Re) is the ratio of inertial forces to viscous forces which a body is
subjected to during movement in different fluid (or air velocities) and gives an indication of
whether the air flow over and around a body is either laminar or turbulent. It is a non-
dimensional number and relates to the type of flow and resistance that a body experiences
during its movement through a fluid. Briefly, a boundary layer is a relatively thin layer of fluid
around a body in which particle velocity is taken as near zero on the surface of the body and
gradually matches the velocity of the free flow. A boundary layer can be of laminar or turbulent
flow. The flow momentum content i.e. the product of mass and velocity, is directly related to
the ability of the flow to resist adverse pressures and sustain attachment to the body’s surface.
Detachment of the boundary layer creates a wake region of relatively lower pressure behind
the body. The pressure difference opposes the movement of the body through the fluid. The
flow momentum within the boundary layer is related to its separation from the body and
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therefore the size and intensity of the wake region. Generally, a higher Reynolds number would
be associated with a turbulent flow and higher flow momentum, however the benefits in terms
of flow boundary layer attachment/separation are often limited to a range of Reynolds numbers

Very high velocities may cause additional effects defeating the benefits. The Reynold’s

number can be defined as:

_plv

Re - T {2}

Where p is the fluid density (kg/m®), u is the dynamic viscosity of the fluid (kg/m.s), lisa
reference length (m) and V is a reference velocity (m's™) with the reference length calculated
as the square root of the cyclist’s frontal area [16, 17] . Re was calculated for each stack height

to assess airflow changes.

Aerodynamic physiological economy (APE)
Aerodynamic physiological economy (APE; W-C¢A'L'min) was calculated to gain
insight into the combination of aerodynamic optimisation and the potential physiological

implications. The W-CyqA™ derived from each of the aerodynamic tests (2 x 1.6 Km) was then

normalised to the corresponding oxygen uptake as measured during the VO run.

Prediction models

The bicycle-rider system was assumed to be on flat ground at a steady state with no changes in
kinetic or potential energy or wind. The required power equation was adjusted from the
literature [16, 18]. The rolling resistance coefficient, bearing and wheel related losses, were

taken as constant with relation to velocity:
B. = Py + By + Py {3}

Where PP is the required power (W) for maintaining the desired velocity, Par Far power
corresponding to aerodynamic resistance, PrF>r power corresponding to rolling resistance, Puwb

Prwb power corresponding to bearing and wheel losses.

The required power difference due to the stack reconfiguration was assumed to be translatable

into a corresponding achievable velocity. Wheel and bearing resistance related losses were
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calculated from the experimental data and were assumed to be constant. The predicted

achievable velocity was calculated using the following relations:

Py = Py
(FZar + Forr + FZWb)VZ = (Figr + Firr + Frup)Vs
(Flar + Fppr + Flwb)Vl - (FZar + Foprpr + F2wb)V1 = AP {4}

(FZar + Forr + FZwb)VZ - (FZar + Forr + FZwb)Vl = AP
(Faar (Vo) + Fapp + Foup)Vo = AP + (Fo0r (V1) + Forr + Foyp)Vy = Py (V1)

P1r is the total required power for the control stack height at velocity V1, P2 is the total required
power for manipulated stack height and for corresponding velocity V.. Correspondingly the
forces (N) are Fiar is aerodynamic drag force for the control stack height, Fzar is aerodynamic
drag force for the manipulated stack height, Firr the force due to rolling resistance for the
control stack height, F2rr the force due to rolling resistance for the manipulated stack height,
Fuw the force resistance due to bearing and wheel losses for the control stack height, Fauws the
force resistance due to bearing and wheel losses for the manipulated stack height, AP is the
change in required power between control and manipulated stack heights for velocity V1. The

above equations [4] can also be written as:
1 1
EpCdA2V23 + Vo (Crrmg + Foyp) — AP — (EPCdA2V13 + Vi(Crrmg + Foyp)) = 0 {5}

CuA: is the product of the coefficient of drag and frontal area for the manipulated stack height,

Cir is the coefficient for rolling resistance. The equation was solved for V.

Predicted 40 km TT time saving

Time savings for each stack height were compared to the predicted time to complete a flat 40
km TT based on their velocity and C4A during the control condition. Time savings were
calculated based on the relationship between Cg4A, APy and speed using the following equation:

1 1

At (s) =d*(———) {6}

V2

Where d is distance, V1 is the velocity in the control stack height and V2 is the corresponding

velocity for the manipulated stack height.
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Statistics

All analysis was completed using GraphPad Prism 9. Data were tested to ensure normal
distribution via the Shapiro-Wilk test. Where these criteria were not met, appropriate non-
parametric tests were conducted. All data are presented as mean + standard deviation unless
otherwise stated.

Absolute reliability was measured using standard error and the coefficient of variation
(CV), standardised typical error and interclass correlation coefficient (ICC). For typical error,
results were doubled prior to interpretation [19] using the thresholds: trivial £ 0.2, small > 0.2-
0.6, moderate >0.6-1.2 and large >1.2. Raw and typical error and ICC was determined and are
presented with 95% Confidence Intervals (CI). The correlation between efforts was analysed
using Spearman’s r statistic.

All performance related variables were analysed using a repeated measures one-way
analysis of variance (ANOVA). The change in each variable was analysed with a mixed-
method repeated measures ANOVA normalised to each rider’s control stack height. Riders
were removed from the grouped analysis which represented their control stack height to avoid
double counting of data. The correlation between predicted finish time and cycling economy
was conducted using Pearson’s r statistic. For all other correlations, Spearman’s rho was used.
The accepted level of significance was P<0.05. Effect sizes (ES) of each stack height were
calculated using Hedge’s g. Effect sizes are presented with 95% CI.

Given the expected high variability in the individual responses to alterations in stack
height on aerodynamic drag and associated variables the Smallest Meaningful Change (SMC)
[20] was used to determine individual responses. SMC was calculated using the relationship
between the CV and an ES of 0.2 [21]. The resulting percentage was then used to calculate an
absolute threshold, above which an individual was deemed to have a positive, or negative

response to the intervention.

Results
NK reliability

All rides were completed at a mean power of 278 £ 3 W, wind speed of 0.31 + 0.04 m's”
2 ground speed of 42.2 + 0.2 kmh™ and air speed of 42. 9 + 0.3 km'h™. The inter effort CV for
CdA was 1.54% (~4W) and ranged from 0.02 to 6.57% (~OW — 19W). Typical error for C4A
was 0.0066 (0.0054 — 0.0085) m? and represents a trivial effect size. Standardised typical error
was 0.2305 (0.1893 — 0.2950) m?, reflecting a small effect size. ICC was 0.95 (0.91 to 0.97)
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and represents high reliability and repeatability. Accordingly, effort 1 was highly correlated to
effort 2 (r=0.9328, P<0.0001).

Aerodynamic, physiological and performance responses — Group data

The modal stack height was 0 cm in the self-selected control condition (0.6 cm) with a
CuA of 0.2467 + 0.0338 m?. Aerodynamic drag was equivalent to 269 + 24 W and APE 295 +
69 W-CsA'L'mint, There was no effect for a change in stack height on the change in
aerodynamic drag (figure 2A) or APE (figure 2B) when considering group mean data.
However, there was an effect of stack height on Reynold’s number (P<0.05, figure 2C),
indicating an altered airflow around the body. The predicted time to complete a 40 km TT was
3408 £ 174 s in the riders’ control stack height. There were no differences in predicted 40 km
TT time at 0 cm (3430 £ 134s; P =0.621), 1cm (3307 + 156s; P=0.0808), 2 cm (3414 * 158s;
P=0.5776) or 3 cm (3390 + 159; P = 0.4871). However, taking the SMC of 34 s, meaningful
differences in predicted performance are evident at 2 cm (84s slower vs control) and 3 cm (60s

slower vs control).

***figure 2 near here***

Effect sizes for each stack height ranged from trivial to large, with individual effect sizes for
each condition shown in table 1.

***table 1 near here***

Several physiological and aerodynamic related variables were correlated to an improvement in
predicted 40 km TT time (figure 3). ATT time was correlated to AAPE (r=-0.493, P<0.005),
AWI/CdA (r=-0.490; P<0.005) and Aaerodynamic drag (r=0.707; P<0.005). AE. was correlated
with AAPE (r=0.757, P<0.005; figure 4A) and AW-C4A™? (r=0.374, P<0.05, figure 4B). The
change in oxygen consumption was negatively correlated with AW-Cy4A™ (r=-0.4178, P<0.05,
figue 4C).

***figure 3 near here***

***figure 4 near here***

Aerodynamic, physiological and performance responses - Individual responses

10
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Drag Coefficient (C4A)

The SMC for CgA was 0.002 m?. Compared to riders’ control stack height, 0 cm resulted in
two individuals (25%) lowering their C4A, with two experiencing an increase in C4A. At 1 cm
two (25%) experienced lower Cg4A, but no riders experienced an increase in CgA. Two riders
(25%) showed lower CgA at 2 cm with five experiencing an increase in C¢A. At 3 cm, five
participants (56%) exceeded the SMC threshold for a reduction in C4A, with four showing an
increase in CgA.

Aero-Physiological Economy (APE)

APE was sensitive to positional changes across conditions, with the SMC equivalent to 15
W-CdA'L'min. At 0 cm two participants experienced a worsening of APE (-28.1 + 4.3
W-CgA'L'mint) and one a small improvement in APE. At 1 cm, two participants showed a
reduction in APE (-26.1 + 9.0 W-CgA'L'min), with none showing an improvement. At 2 cm,
three individuals showed improved APE (23.7 + 5.2 W-C4A'L'min) and four an overall
reduction (-34.8 = 6.9 W-C¢A-L'mint). At 3 cm only one individual showed improved APE
(24.2 W-CqA'L'mint) and five a reduction (25.9 + 7.4 W-CdA'L'min™).

Predicted 40 km TT

The SMC for defining an improvement in performance was 1.0% or 34 s. At 0 cm only one
rider was predicted to improve TT performance, with none predicted to experience a worsening
in performance (figure 5). Three riders were predicted to improve TT performance time at 1
cm (72 + 18 s) and none a worsening. At 2 cm two riders were predicted to improve
performance time (121 + 15 s) and one a slower time (47 s). At 3 cm, three riders were predicted
to experience a faster time compared to control (81 + 34 s) and three to be slower (51 = 13 s).

Discussion

We show that the NK represents a reliable and repeatable method for detecting
differences in CyA. Although the inter effort CV was greater than previously reported [12], 1.5
% represents small variation in the outdoor environment where atmospheric conditions have
much greater variability. These data indicate that the NK is suitable for detecting relatively
small changes (>0.0066 (0.0054 — 0.0085) m?) in aerodynamic drag using an outdoor
velodrome. This is only sliglty greater than the sensitivity of 0.002 m2 detection threshold
identified by Kordi et al [12]. Therefore, the NK is an appropriate tool to use in related research

and applied investigations into rider position and aerodynamics in an outdoor environent.

11
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Subsequent to our work validating the NK, we investigated the relationship between
physiological parameters, aerodynamic drag and predicted 40 km TT performance. In line with
our hypothesis, our data show small but meaningful impacts of alterations in C¢A on aero-
physiological efficiency, energy cost and TT performance. Importantly, when we normalise for
the differences in the control position by considering the change in physiological and
aerodynamic data, there is an inverse relationship between C4A and physiological cost. These
data show, acutely at least, that there is a physiological cost of manipulating a rider’s position
on a time trial bike which may impact on performance. Importantly, our data reflects previous
work showing a large variation (-5% to -17%) in the change in measured power output during
a 20 km TT is experienced following severe acute positional changes [22]. On an individual
level, these data confirm that there is no ‘one-size fits all’ approach that can be taken for
aerodynamic optimisation and performance. This reflects the multitude of individual factors
that influence C4A.

The present data support our previous work where we developed the concept of
aerodynamic-physiological economy [10]. In this work we demonstrated that alterations to hip
angle during TT cycling had an impact on APE and overall performance. A limitation of our
previous work was that C¢A was based on anthropometric and frontal area calculations and did
not include a direct measurement of aerodynamic drag, which has been rectified in the present
study. Our TT modelling also supports previous data regarding the impact of altering C4A on
TT performance potential [10, 23-25]. However, we are able to take this further by including
a Cg¢A normalised to both individual power output (W-C4A™) and cycling economy, with
reductions in both variables closely associated with impaired predicted TT performance.

To account for the difference in riders’ baseline position, we have considered the
association between the change in aerodynamic related variables on the change in energy cost
(Ec). The measurement and analysis of Ec over economy may offer a closer reflection of the
true metabolic cost of an activity [15] and has been shown to be sensitive to postural and
associated air resistance changes in cycling [26]. The association between AW-C4A™* and AE.
following acute changes to body position reported in the present study shows that there is an
acute physiological effect of increasing aerodynamic drag. Such changes in Ec are likely as a
consequence of altered muscle recruitment, and therefore metabolic energy expenditure, as a
result of changing position [6, 27].

The relationship between aerodynamic and physiological factors should be considered
when optimising a rider’s time trial position for a specific event. At speeds in excess of

~46kmh™t, aerodynamic drag force dominates [4] and optimisation should have a greater focus

12
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towards reducing C4A and increasing W-CqA™ [4, 8, 10]. Conversely, in events completed at
lower speeds over longer durations, physiological optimisation should have greater emphasis.
Carbohydrate ingestion has been shown to have little to no impact on TTs of less than 16km
[28]. Conversely, in longer TTs (~1 hour or more) performance is more likely to be influenced
by substrate availability [29, 30]. Therefore, the increased E. associated with a change in
position will likely increase the rate of carbohydrate oxidation, the onset of fatigue and altered
pacing strategy. However, what remains to be determined is whether there is a reduction in
muscle recruitment and E. following a prolonged period of training in a ‘optimised’ time trial
position. Such training adaptations have been reported for acute declines in power output
experienced following a reduction in torso angle [31, 32]. Further work should be done to
consider the impact of long-term training and adaptation to an optimised position with respect
to a recovery in overall economy.

The individual responses to acute positional changes on C¢A and economy reflect the
expected inter-individual variability associated with aerodynamics. It is important to consider
that aerodynamic drag is not solely influenced by frontal area (A component). The largest
component comes from form drag and skin friction (C4 component), which represents the air
flow over and around a rider. In this study we assume that by altering stack height we change
A and that this also impacts Cq. However, owing to anthropometric variation it is likely that
the effect on form drag could be different from one individual to the next, despite the change
in A being similar. This is reflected in the present data when we consider changes in C4A at an
individual level where we see occurrences of increasing stack height reducing C¢A. The data
show that a higher Re was linked to faster predicted TT performance and this is likely due to
more turbulent air flow which helps to delay the flow separation compared to laminar flows,
generally decreasing pressure drag [16, 33]. When we consider these data in our TT model,
the largest performance improvements occurred at 1-2cm, suggesting that overall form drag
was reduced enough to compensate for the small increase in frontal area.

The TT model used for this study was taken from literature [16, 18]. For the purposes
of this study, the required power from the rider in the control condition was assumed to be
available in alternative positions. Therefore, the difference in the required power to overcome
aerodynamic drag was assumed to correspond to a change in power that was translatable to a
corresponding change in velocity and projected time. However, it is acknowledged that this
may not be the case for all riders, and factors such as comfort and/or flexibility may impact
power output [22]. The model assumed no kinetic or potential energy changes as all

calculations were based on steady state riding with minimal changes to acceleration. Wind

13
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effect was also excluded, and the rolling coefficient and mechanical forces due to bearings and
transmission were considered constant (3-5% of total power). Consequently our model may
have some inaccuracies owing to the dynamic effects of bike movement on rolling resistance,
mechanical loses at higher velocities and gravitational effects of riding up or down hill. All of
these factors could have a considerable effect on TT performance depending on course profile
[16].
Conclusion

The NK device represents a reliable tool for measuring changes in aerodynamic drag
during outdoor cycling for athletes and coaches and could be widely employed to assist in
positional optimisation of time trial riding. We also demonstrate that there are meaningful
impacts of change in stack height on C4A, APE, energy cost and predicted TT performance,
however these responses are highly individualised with regard to stack height changes.
Positional optimisation for TTs should be completed on an individual basis as there does not

appear to be one approach that works for all riders.
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1  Table 1: Effect sizes and 95% confidence intervals for individual stack heights compared to riders self-selected stack height (control).

2
Reynold’s Aero Cycling Cycling Predicted
StaCk CdA W'CdA-l APE - Energy Cost )
. Number . Drag Efficiency Economy 40km TT time
height (m?) (Wm?) (W-CdA L'min™?) ) (kcalkm™)
(x 105%; nd) (W) (%) (W-L'min) (s)
Ocm 0.4(-0.72to0  0.5(-1.58to 0.2(-1.31 0.1(-0.97 0.8(-191to  0.8(-1.90to 0.8 (-0.35t0 0.2 (-1.03to
0.7 (-1.83 t0 0.42)
1.48) 0.64) to 0.88) to 1.22) 0.35) 0.36) 1.91) 1.33)
lcm 05(-1.63t0 0.5(-1.56t0 0.1(-1.0to 0.9 (-2.05 00(-11to 0.0 (-1.09to 0.1(-11to 0.6 (-1.60to
0.3(-0.85101.34)
0.59) 0.65) 1.19) to 0.23) 1.08) 1.09) 0.97) 0.5)
0.0 (-0.96 to
2cm 0.1(-1.07to 0.6 (-1.58to 0.1(-1.01 0.3 (-1.27 0.1(-1.0to 0.1(-1.03to 0.1(-09to
0.1 (-0.99 to 0.92) 0.95)
0.84) 0.37 to 0.89) to 0.65) 0.9) 0.88) 1.01)
3cm 0.1(-1.04to0  0.0(-0.92to 0.1(-1.01 0.4 (-1.37 0.4(-1.30to 0.4(-1.30to 0.2 (-0.75to0 0.1(-1.0to
0.1 (-1.11to0 0.74)
0.81) 0.92) to 0.84) to 0.5) 0.56) 0.57) 1.10) 0.84)

3 CdA = drag coefficient; APE = aero-physiological economy; lItalicised ES reflect ES of >0.2; Italicised and bold reflect ES of >0.2 and associated with a reduction in predicted 40km time trial time.

4 The modal control stack height was Ocm.
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Figure 1: Protocol schematic. Participants completed experimental trials at four different stack
heights. Riders first completed the Aero Run to determine the aerodynamic drag of that
particular stack height. They rode 4 laps at a target speed of ~40 Km-h%, followed by a 3 lap
active recovery before a final block of four laps at ~40 Km-h™. Riders then had a ~10 minute
recovery period before completing the steady state VO run which was ridden at the power
achieved during the preceding Aero Run. Participants had 20-30 minutes recovery between

completing the same protocol at the remaining three stack heights.

Figure 2: Changes in aerodynamic perameters in response to stack height. There were no
differences in group mean data following a stack height adjustment for A) aerodynamic drag,
or B) aero-physiological economy (APE) compared to riders’ self-selected control position. C)
There were differences in the Reynold’s number compared to control at 0 cm, 1 cm and 2cm.
Individual participant data are reflected in differing symbols for each data point. * = P<0.05,
*** = P<0.001.

Figure 3: Aerodynamic and physiological variables and their relationship to predicted 40km
time trial time. A) aero-physiological economy (APE) ; B) drag coefficient (C4A); C) power
normalised to C4A; D) cycling efficiency; E) cycling economy; F) Reynold’s number. C4A has
the closest relationship to predicted finish time, the inclusion of APE, combining physiological
and aerodynamic variables, strengthens the prediction of finish time over and above

physiological variables in isolation.

Figure 4. Correlational data between aerodynamic variables and absolute energy cost. A) shows
the increase in energy cost (Ec) is associated with a decline in the amount of power produced
per unit of drag coefficient (W-C4Al). B) shows the relationship between aerodynamic-
physiological economy (APE) and energy cost, where greater energy cost is associated with a
reduction in overall efficiency. C) represents the inverse relationship between a change in
oxygen consumption and W-C4A™? in response to altered stack height. Data analysed using

Spearman’s rho.
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Figure 5: Mean and individual predicted 40km time trial finish times. Riders were removed
from the grouped analysis which represented their control stack height to avoid double counting
of data. ¥ = >1% (34s) smallest worthwhile change threshold used to define a meaningful

change in performance.
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