
fcvm-09-990382 October 6, 2022 Time: 10:29 # 1

TYPE Case Report
PUBLISHED 11 October 2022
DOI 10.3389/fcvm.2022.990382

OPEN ACCESS

EDITED BY

Alessandro Pingitore,
Clinical Physiology Institute, Italy

REVIEWED BY

Pedro L. Valenzuela,
Research Institute Hospital 12
de Octubre, Spain
Robert Gajda,
Grupa Gajda-Med. Medical Center,
Poland

*CORRESPONDENCE

Beat Knechtle
beat.knechtle@hispeed.ch

SPECIALTY SECTION

This article was submitted to
General Cardiovascular Medicine,
a section of the journal
Frontiers in Cardiovascular Medicine

RECEIVED 09 July 2022
ACCEPTED 09 August 2022
PUBLISHED 11 October 2022

CITATION

Knechtle B, Forte P, Weiss K, Cuk I,
Nikolaidis PT, Sousa CV, Andrade MS
and Thuany M (2022) Biophysical
characterization of the first
ultra-cyclist in the world to break
the 1,000 km barrier in 24-h non-stop
road cycling: A case report.
Front. Cardiovasc. Med. 9:990382.
doi: 10.3389/fcvm.2022.990382

COPYRIGHT

© 2022 Knechtle, Forte, Weiss, Cuk,
Nikolaidis, Sousa, Andrade and Thuany.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Biophysical characterization of
the first ultra-cyclist in the
world to break the 1,000 km
barrier in 24-h non-stop road
cycling: A case report
Beat Knechtle1,2*, Pedro Forte3,4,5, Katja Weiss2, Ivan Cuk6,
Pantelis T. Nikolaidis7, Caio Victor Sousa8,
Marilia Santos Andrade9 and Mabliny Thuany10

1Medbase St. Gallen Am Vadianplatz, St. Gallen, Switzerland, 2Institute of Primary Care, University
of Zurich, Zurich, Switzerland, 3Higher Institute of Educational Sciences of the Douro, Penafiel,
Portugal, 4Instituto Politécnico de Bragança, Bragança, Portugal, 5Research Center in Sports, Health
and Human Development, Covilhã, Portugal, 6Faculty of Sport and Physical Education, University
of Belgrade, Belgrade, Serbia, 7School of Health and Caring Sciences, University of West Attica,
Athens, Greece, 8Health and Human Sciences, Loyola Marymount University, Los Angeles, CA,
United States, 9Departamento de Fisiologia, Disciplina de Neurofisiologia e Fisiologia do Exercício,
Universidade Federal de São Paulo, São Paulo, Brazil, 10Centre of Research, Education, Innovation
and Intervention in Sport (CIFI2D), Faculty of Sport, University of Porto, Porto, Portugal

A plethora of factors determine elite cycling performance. Those include

training characteristics, pacing strategy, aerodynamics, nutritional habits,

psychological traits, physical fitness level, body mass composition, and

contextual features; even the slightest changes in any of these factors can be

associated with performance improvement or deterioration. The aim of the

present case report is to compare the performances of the same ultra-cyclist

in achieving two world records (WR) in 24 h cycling. We have analyzed and

compared the distance covered and speed for each WR. The 24 h period was

split into four-time intervals (0–6 h; > 6–12 h; > 12–18 h; > 18–24 h), and

we compared the differences in the distance covered and speed between the

two WRs. For both WRs, a strong negative correlation between distance and

speed was confirmed (r = –0.85; r = –0.89, for old and new WR, respectively).

Differences in speed (km/h) were shown between the two WRs, with the most

significant differences in 12–18 h (1 = 6.50 km/h). For the covered distance

in each block, the most significant differences were observed in the last part

of the cycling (1 = 38.54 km). The cyclist effective surface area (ACd) was

0.25 m2 less and 20% more drag in the new WR. Additionally, the mechanical

power was 8%, the power to overcome drag was 31%, and the power-

weight ratio was 8% higher in the new WR. The mechanical efficiency of the

cyclist was 1% higher in the new WR. Finally, the heart rate (HR) presented

significant differences for the first 6 h (Old WR: 145.80 ± 5.88 bpm; New

WR: 139.45 ± 5.82 bpm) and between the 12 and 18 h time interval (Old
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WR: 133.19 ± 3.53 bpm; New WR: 137.63 ± 2.80 bpm). The marginal gains

concept can explain the performance improvement in the new WR, given that

the athlete made some improvements in technical specifications after the old

WR.
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case report, ultra-cycling, performance, aerodynamics, mechanical power

Introduction

Ultra-endurance events are of increasing popularity (1),
with ultra-cycling attracting more and more participants in
time-limited (2) and distance-limited (3, 4) events. In ultra-
cycling, finishing the longest non-stop race, the “Race Across
America” (RAAM), is one of the ultimate goals (5). The
cyclists, coaches and analysts try to explain and control
as much as possible the different variables that may affect
performance (i.e., arrival time). The environmental conditions
(such as temperature and humidity) (6), place of events and
altitude (7), individual characteristics (i.e., anthropometrics)
(8), biomechanical issues (i.e., interaction between cyclist and
bicycle) (9), physical and physiological demands, altogether may
explain the cyclist winning time (10).

However, another important achievement in ultra-cycling
is breaking the barrier of 1,000 km in a 24-h self-paced time
trial. Christoph Strasser, one of the best ultra-cyclists in history
and six times winner of the RAAM, set in 2015 a new world
record (WR) in 24-h non-drafting road cycling with 896.173 km
(11). In October 2020, Stanislav Verstovšek broke that record
by achieving 914.020 km.1 In July 2021, Christoph Strasser
broke the 24-h self-paced time trial WR again and was the first
ultra-cyclist ever to break the 1,000 km barrier in 24 h.2

The cyclist’s performance depends on the capacity to
generate sufficient propulsion to overcome the resistance acting
on a cyclist (external forces) (12). Those external forces mainly
consist of the drag and rolling resistance, where the drag
represents about 90% of the total resistance to overcome
(13–15). That highlights the importance of aerodynamics in
cycling regarding performance. The cyclist has to deliver
sufficient mechanical power to overcome the resistance and
increase the velocity (16). Additionally, the velocity results
from the quadratic ratio between the kinetic energy and the
mass (Equation 1).

v=
√

2.εkin
m

(1)

1 https://ultracycling.com/archive/stanislav-verstovsek-24-hour-
road-record-attempt-oct-2-3-2020

2 https://ultracycling.com/archive/christoph-strasser-24-hour-road-
attempt-july-16-17-2021

Based on Equation 1, Equation 2 is possible to obtain:

v=

√
2(εin−εloss)

m
(2)

Where εkin is the energy lost (εloss) subtracted from the
energy delivered by the cyclist (εin). Assessing the energy cost
will allow us to evaluate the cyclist’s effort and reach efficiency
for a selected velocity or pace (17, 18).

The physiological demands of cycling depend on various
factors. The heart rate (HR) is a valid and accurate variable
to quantify exercise load and intensity, especially in different
competition settings in the professional cycling (19, 20). The
HR analysis also monitors the session load and quantifies the
physiological demands (19, 21, 22). Therefore, the HR analysis
between competitions provides a better understanding of the
load and intensity of the exercise and racing strategies (19,
20, 23).

In this way, we believe that information provided in the
present study can be used to offer insights for athletes and
coaches who focus on improving performance. In the present
case study, we compare the pacing, aerodynamics, mechanical
power, efficiency and physiological demands (i.e., HR) in the two
WR (2015 and 2021) achieved by the same ultra-cyclist.

Case description

The athlete

Our subject is a professional ultra-cyclist who won the
RAAM six times.3 Among road-based races, he also set the WR
in time-limited self-paced events. In 2015, he set a new WR in
the 24-h road cycling (11), and in 2017 he set another one in the
24-h track cycling (24).

In the 365 days before the first WR, he invested 1,093 h of
training at a TSS (Training Stress Score) of 44,300. Before the
event, he had a 78 kg body mass and 1.86 m body height. In the
365 days before the second WR, he increased training to 1,101 h
at a TSS of 44,345. In contrast to the first WR, the preparation

3 www.christophstrasser.at/
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for the second WR included more polarized training, intervals
of higher intensity, and basic training at lower intensities.

The event

In 2021, he tried to break the WR in 24-h road cycling
again. From July 16, 05:00 p.m. to July 17, 2021, 05:00 p.m., he
finished 136 laps on a 7.58 km course at “Fliegerhorst Zeltweg”4

to achieve a total distance of 1026.215 km at an average cycling
speed of 42.75 km/h.5 The course lies at 670 m above sea level,
the average temperature was constant at 15◦C, the sky was
covered, and rain was falling sporadically with 9 h of rainfall
during his attempt. One break of 2 min had to be made to
change the bike and clothes. He had two flat tires, the first
shortly after midnight and the second just before finishing.
The same equipment as in the previous attempt was used with
some changes and improvements such as eliminating the bottle
holder, improving the aerodynamic position by elevating the
handlebar and optimizing the stream-lined position of the upper
body, and wearing a special time-trial dress and helmet for time-
trial cycling, using a larger front chain wheel (from 50 to 58) with
another bottom bracket, ceramic wheel bearings, and tires of 26
(see text footnote 5).6, 7

During the record attempt, he consumed a total of 13,452
kcal in the form of Peeroton Hi-End Endurance (17,5 bottles
of 750 ml),8 Ensure Plus (one bottle of 200 ml before the
start, then one bottle hourly during the event)9 and hydrogels
toward the end (three gels of 60 ml). Overall, he consumed
775 ml of fluids and 100 g of carbohydrates hourly. In
addition, he consumed Panaceo Energy Boost.10 Power in W was
continuously measured using a power meter.11

Table 1 summarizes specific details of the two WRs, such
as environmental conditions, energy expenditure, altitude,
temperature, performance, etc. All details were provided
by the athlete. Figure 1 presents the hourly weather data
for barometric pressure, humidity, temperature, dew point,
wind speed, sunshine, cloud cover and rain for both WR.
Hourly weather data were obtained from a weather archive:
https://kachelmannwetter.com/ch/messwerte/murtal for
the WR in 2021 in Zeltweg, Austria (new WR) and from

4 https://austria-forum.org/af/AustriaWiki/Fliegerhorst_Hinterstoisser

5 www.christophstrasser.at/24h_road_rekord_2021/

6 https://bikeboard.at/Board/Interview-Christoph-Strasser-
1day1000k/-th264021

7 http://www.christophstrasser.at/24h_road_rekord_2021/
detailansicht/aktuelles/mein-erstes-fazit-1day1000k

8 https://peeroton.com/dein-ziel/leistungssteigerung-erhalt/213/hi-
end-endurance-energy-drink-professional-600g-pfirsich-christoph-
strasser

9 https://nutrition.abbott/ch/de/product/ensure-plus#

10 www.panaceo.com/panaceo-energy-boost3-pulver-250-g

11 www.power2max.com

https://kachelmannwetter.com/ch/messwerte/stadt-berlin for
the WR in 2015 in Berlin (old WR), Germany.

Aerodynamics

Considering the weather conditions and the participant
anthropometrics, it is possible to estimate the drag for the cyclist
mean velocity. The drag is given by Equation 1.

Fd=0.5pACdv
2 (3)

TABLE 1 Details (performance characteristics, energy expenditure,
environmental conditions, altitude, temperature) of the
three world records.

1 day 1,000 k,
Zeltweg

24 h road,
Berlin

Category 24 h road 24 h road

Location Fliegerhorst
Hinterstoisser,
Zeltweg, AUT

Tempelhofer Park,
Berlin, GER

Starting date July 16, 2021, 05:00
p.m.

March 20, 2015,
03:00 p.m.

Time 24:00:00 h 24:00:00 h

Distance 1,026.2 km 896.17 km

Elevation gain 2,601 m 1,650 m

Average speed 42,75 km/h 37,34 km/h

Normalized power 275 W 254 W

TSS training stress score 1,220 1,050

Average heart rate 136 bpm 137 bpm

Fluid intake 18,5 L 15,2 L

Energy intake 13,452 kcal 12,740 kcal

Energy consumption 23,500 kcal + ca.
4,000 kcal basal
metabolic rate

21,900 kcal + ca.
4,000 kcal basal
metabolic rate

Average pedaling frequency 78 U/min. 80 U/min

Lap length 7,58 km 11,73 km

Number of laps 136 77

Meters above mean sea level 670 m MSL 50 m MSL

Temperature 15◦C 3◦C

Humidity 84.76% (± 11.90) 64.20% (± 22.87)

Density of air (Kg/m3) 1.22 1.27

Top speed 61,6 km/h 49,2 km/h

Bodyweight 80 kg 78 kg

Total mechanical power 275 W 254 W

Power per weight ratio 3,44 W/kg 3,25 W/kg

Power to overcome the drag 225.68 W 156.64 W

Gross mechanical efficiency 21% 20%

Cyclist effective surface area 0.221 m2 0.220 m2

Total drag at the mean speed 15.10 N 18.99 N

Standing time 2 min 7 min

Breakdown 2 patching 1 patching
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FIGURE 1

Hourly weather data for barometric pressure (A), humidity (B), temperature (C), dew point (D), wind speed (E), sunshine (F), cloud cover (G), and
rain (H) for both records.
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Where, p is the air density, A is the surface area, and Cd is
the drag coefficient. The online calculator proposed by Czernia
and Szyk (25) was used to assess the air density.

The A and Cd are possible to obtain based on the cyclist’s
anthropometrics (Equations 2 and 3, respectively).

A = 0.0293h0.725m0.425
+0.0604 (4)

Cd=4.45m−0.45 (5)

Where h is the subject height and m is the body mass.
The effective surface area (ACd) was computed as the

multiplication between A and Cd. ACd has been appointed as
one of the most accurate variables to characterize the cyclist
aerodynamics (26).

Mechanical power

The total mechanical power was assessed by a Garmin Edge
510 (2 pieces because of battery capacity) for the old WR;
whereas, for the new WR, a Garmin Edge 530 (permanent
charging provided by a power bank) and the Kurbel power2max
were used as a power meter in both attempts. These devices
are validated and reliable (27, 28). Normalized power per
kilogram was used to present the estimated cyclist mean total
power. However, it is important to note that the cyclist’s
total mechanical power (PTOT : Equation 4) is dependent on
the sum of power to overcome drag (Pd), power of bearing
friction (PWB), power of the rolling resistance (PRR), Changes
in Potential Energy (PPE), changes in kinetic energy (PKE) and
the chain efficiency factor (EC), typically assumed as 0.976 (16):

PTOT=Pd+PWB+PRR+PPE+PKE/EC (6)

Mechanical efficiency

The gross mechanical efficiency (GE) for both WRs was
estimated based on the ratio between the total work (Wext) and
the total energy expenditure (Etot) (18).

GE=
Wext

Etot
(7)

The Wext was obtained by converting of W to Kcal/h (1
W = 0.86 Kcal/h) and then calculating it for 24 h. The Etot were
27,500 Kcal (23,500 kcal + ca. 4,000 kcal basal metabolic rate)
for the new WR and 25,900 (21,900 kcal + ca. 4,000 kcal basal
metabolic rate) for the old WR.

Physiological demands

The result of the HR monitoring in the two WRs was used
to assess the physiological demands. The Garmin Edge 510 (2

pieces because of battery capacity) was used in the old WR and
the Garmin Edge 530 (permanent charging provided by a power
bank) in the new one to monitor the HR and to quantify the
physiological demands (cardiovascular intensity).

Statistical analysis

Descriptive information was presented in mean ± standard
deviation (SD). The normality of the distribution was tested.
Considering the approach of the present study, we conducted a
Spearman correlation to verify the relationship between speed
and distance during the event for each WR. Race time was
divided into time intervals (0–6 h; > 6–12 h; > 12–18 h; > 18–
24 h) to compare the performance between old and new WR.
However, the time intervals were only approximately the same
in the two records. An independent sample Man-Whitney test
was used to compare covered distance and speed differences
between the two WRs. The effect size was presented in crude
values differences (1). The t-test comparisons between the HR
variations by the time intervals between the two world records
were made, and Cohen d effect sizes were assessed (without
effect if d < 0.2, moderate effect if 0.2 ≤ d ≤ 0.8 and large
effect if d > 0.8). The relationship between power and laps
was tested through the Spearman correlation (rho) for both
WRs. GraphPad Prism (version 5.0), SPSS 26 and JASP (version
0.14.1.0) were used for all statistical and graphical analyses,
adopting a significance level of p < 0.05.

Outcomes

Pacing

Descriptive analysis and speed differences are presented in
Figure 2. In the mean, the highest speed was shown in the new
WR (42.97± 2.46 km/h). During the entire race, the speed of the
new WR was higher compared to the old WR, but the highest
speed difference was observed in the time block “ > 12–18 h,”
where the athlete presented a mean speed of 43.09 km/h in new
WR, against 36.59 km/h in the old WR (1 = 6.50).

Differences in the covered distance (by each block) between
the new and old WR are presented in Figure 2B. The highest
difference in the covered distance was shown in the last part
of cycling (1 = 38.54). The relationship between speed and
distance is presented in Figure 2C. For both WRs, a strong
negative relationship was confirmed (ρ = –0.85; ρ = –0.89, in
the old and new WR, respectively); that is, an increment in
the distance is linked with a decrease in mean speed. A visual
comparison between the two WRs shows a reduction in speed at
approximately km 270.

Furthermore, we observed a higher variability in speed in
the old WR, while in the new WR the speed mainly was stable.
Speed explained approximately 72, and 79% of the performance
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FIGURE 2

Performance differences between the two records, by time intervals. (A) Speed (km/h) comparisons for both records in each time interval; (B)
covered distance (km) comparison for both records in each time interval; (C) relationship between speed (km/h) and distance covered (km) in
old word record; (D) relationship between speed (km/h) and distance covered (km) in new word record.

variance in the two WRs, respectively. Figure 2D presents the
Spearman correlation results for power (watts) across races. For
both WR, a significant decrease in power is shown. For the new
WR (B), the athlete started with a higher power and maintained
it most of the time. A similar pattern was shown for HR in both
WRs, except for the increment in HR in the final of the race in
the old WR (A). Average HR for the first record was the same for
both WRs (old WR, 136.36± 8.36 bpm; new WR, 136.57± 9.69
bpm), but the lowest and highest values were different (old WR,
119–150 bpm; new WR, 119–154 bpm) (Figure 3).

Aerodynamics

The ACd was lower in the new WR (0.22066 m2) than in the
old one (0.22121 m2). The drag difference between the new and
old WR was 20% for drag and 0.25% for ACd. The measured
mean total mechanical power was 275 W for the new and 254
W for the old WR, which is a difference of about 8%. These
values suggest a higher capacity to produce power. The Power
to overcome drag (Pd) was 31% higher for the new WR than
for the old WR. The Pd was estimated at 225.69 W for the new
and 156.64 W for the old WR, respectively. The estimated Pd
represented 82% of the total power in the new WR, whereas, in
the old WR, it represented about 62%. These values suggest an
improvement in the cyclist’ aerodynamic profile in the new WR.

The cyclist’s total mechanical power per body weight (W/Kg)
was higher in the new WR (3.44 W/Kg) in comparison to the old
WR (3.26 W/Kg). The differences showed an almost 5% higher
capacity to produce muscle power.

Mechanical efficiency

The cyclist presented higher gross mechanical efficiency for
the new WR compared to the old WR. A difference of 1% was
noted between the races (Table 1).

Physiological demands

The comparison between the two WRs presented no
statistically significant differences with small effect (t = 0.0672;
p = 0.504; d = 0.078) (Figure 4). However, for the first 6 h
(0–6 h) between the old (145.80 ± 5.88 bpm) and new WR
(139.45 ± 5.82 bpm), significant differences were noted with a
large effect (t = 6.312; p < 0.001; d = 1.411). Between > 6 and 12
h, no significant differences with a small effect were observed
between the two WRs’ heart rate (Old HR = 142.40 ± 5.06
bpm; New HR = 142.20 ± 2.46 bpm) variability (t = 0.228;
p = 0.822; d = 0.051). Regarding the time between > 12 and 18 h,
statistically significant differences with a large effect (t = 4.767;
p < 0.001; d = 1.192) were noted between the old (133.19± 3.53
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FIGURE 3

Relationship between power, heart rate and ratio between power and heart rate, for laps over time. (A) Relationship between power (watts),
heart rate (bpm) and laps in old world record; (B) relationship between power (watts), heart rate (bpm) and laps in new world record; (C) heart
rate (bpm) and ratio between power and heart rate (W/bmp) in old world record; (D) heart rate (bpm) and ratio between power and heart rate
(W/bmp) in new world record.

bpm) and the new record (137.63 ± 2.80 bpm). For the last 6
h (> 18–24 h) of the race no statistically significant differences
were observed with a moderate effect (T = 1.134; p = 0.272;
d = 0.260). In the last phase, the old record HR mean was 124.47
(± 4.13) and 125.84 (± 2.34) bpm.

Discussion

The study’s most important finding was the difference in
performance between the two WRs. This can be observed
through the longer covered distance and the higher cycling
speed since the beginning (he started the race at a higher cycling
speed and was able to keep it across all the races) compared
to the previous WR. One possible explanation for the change
in performance can be related to the ideas underlying the
“Marginal Gains” concept.

The “Marginal Gains” concept was initially proposed by the
Great Britain Cycling Team, which won eight gold medals in
the London 2012 Olympic Games. The approach states that

athletes’ performance can be at least minimally improved in
several domains, such as leadership, technology, morphological
features, training characteristics, pacing strategy, aerodynamic,
rest, nutritional habits, psychological traits, contextual features
(29). Thus, improving each of these domains by at least one
per cent, could lead to an overall improvement in cycling
performance due to the sum of all of them.

For the new WR, the athlete made some improvements
in technical specifications after the old WR. For example,
eliminating the bottle holder, improving the aerodynamic
position by elevating the handlebar, and optimizing a stream-
lined position of the upper body, wearing a special dress and
helmet for time-trial cycling, using a larger front chain wheel
(from 50 to 58) with another bottom bracket, ceramic wheel
bearings, and tires of 26′′. Considering that aerodynamic drag
is one of the main factors that impair the performance in a
cycling race, the adjustments made aiming to provide better
aerodynamics during the race can be linked to the performance
improvement (26). Regarding the estimations of ACd and drag,
based on cyclist anthropometrics, the cyclist Acd was reduced
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FIGURE 4

Heart rate (bpm) mean (standard deviation) for the two records
by time intervals (6; 12 h; 18 and 24 h).

by about 0.25% between the two races. However, reducing
Acd may allow the cyclist to improve the velocity for the
same amount of drag.

As for removing the bottle holder, no study was found
comparing bicycles with and without bottle holders. However,
some studies assessed the bottle holder design in cyclist’s drag
(30, 31); additionally, the tube’s circular shape improves the
aerodynamics (31). By removing the bottle holder, the cyclist
was able to, in theory, reduce the pressure differences between
the front and rear boundaries and so minimize the pressure
drag (15). Minimizing the pressure differences in every part of
the bicycle-cyclist system will reduce the total drag. However,
studies assessing the bicycle-cyclist system aerodynamics with
or without the bottle holder are required to explain this
phenomenon better. Another strategy was improving the
cyclist’s position (adopting a stream-lined position) by elevating
the handlebar. The cyclist’s positions may affect the drag by
about 24% at a 40 km/h (32). The adopted stream-lined
position allowed the cyclist to reduce the drag area and the
coefficient of drag (32–34), thus improving performance. Several
previous studies recommended that the cyclists adopt a time
trial position as much as possible during a race (32, 35) to
improve performance and reduce the energy cost. The cyclist
also adopted a time trial type helmet. A novel road aero type
helmet imposed less than 17% drag at 40 km/h. This difference
allowed the cyclist to save about 13% of the energy cost (35).
Using a time trial type helmet may have a higher impact on
cyclist total drag. At least, for a slower velocity (23 km/h), the
time trial helmet had 30% less drag than a road helmet (36).
A special dress also helped reduce the drag, especially the viscous
drag. The viscous drag results from estimating an elite road
cyclist’s mechanical power and energy cost wearing standard
and aero helmets. The dragged fluid on the body forms the first
layer, and the following layer of fluid is dragged to the previous
layer (37). A special dress may contribute to the reduction of
the cyclist’s friction. The viscous drag will also be reduced by
reducing the surface friction (35, 38). However, viscous drag
has a smaller contribution to cycling. The wheels used could
minimize the bicycle-cyclist total drag, reducing space for air

vents (minimizing pressure drag) (35). The wheels’ size and
design influence the cyclist’s drag (39). Specific wheels might be
chosen based on the bicycle-cyclist characteristics. The cyclists
compete in different conditions, and the weather will affect
their performance. Typically, in rainy conditions, the fluid (air)
has a higher density; however, as we’re more elevated than
the sea level, the air is rarefied, and its density is lower. Also,
higher temperatures seem to reduce drag, affecting the fluid
density. The drag (Fd = 0.5.A.Cd.v2) is dependent on the bicycle-
cyclist system (area and coefficient of drag; A and Cd), air
density (ρ), and velocity (v2). Changing the fluid (ρ: air) density
will affect the drag and performance will vary. In this case,
competing at 650 above sea level might be a positive condition
to reduce drag. However, the rainy periods might negatively
affect (increasing the drag). For that reason, dry clothes were
important to minimize the viscous drag. The weather conditions
and technical strategies seemed to have helped the cyclist reduce
drag, mechanical power, and energy cost during the race (32, 35).
Altogether, the different choices allowed the cyclist to minimize
the speed variations and break the world record. The smaller
speed variations possibly allowed the cyclist to maintain the self-
selected pace, minimizing the effort. The drag is dependent of
the squared velocity (Fd = 0.5.p.A.Cd.v2). For the new WR, the
cyclist was able to increase the mean velocity (42.75 km/h vs.
37.34 km/h) and so the drag will also expressively increase. The
drag is an important variable, especially for training prescription
regarding intensities. However, this is also a reason why ACd is a
more accurate variable to quantify aerodynamics. Moreover, for
the old record, if the cyclist was able to present the ACd of the
new world record, the drag will reduce 0.25%. That may allow
to increase the velocity from 37.34 to 37.38 km/h, improving the
time at 1,000 km in 28.66 s. If the ACd did not improved between
WR, the new WR would have a mean speed of 42.69 km/h (vs.
42.75 km/h); after 24 h, the total distance would be 1024.56
(less 1.64 km/h). Also, for the covered distance in the new WR
(1026.2 km), for the old ACd, the cyclist would require more
32.88 s to reach the 1026.2 km. Finally, the racing day was
self-selected by the cyclist and did not taken into account the
higher, altitudes and temperatures that may positively influence
the aerodynamics (40).

As for the mechanical power, the cyclist produced a total
mechanical power of 275 W for the new WR and 254 W in
the old WR, improving 8%. The mechanical power is mainly
dependent on drag. The drag represented 82% of the total
mechanical power in the new WR and 61.62% of the old WR.
That may suggest that power of bearing friction (PWB), power
of the rolling resistance (PRR), Changes in Potential Energy
(PPE), changes in kinetic energy (PKE) and the chain efficiency
factor (EC) were minimized with the cyclist strategies and
improvements. The mechanical power delivered by the cyclist
was in agreement with some studies that estimated PTOT at
different velocities. In a study comparing helmets at 11.11 m/s
(typically the mean speed in tours), estimations of PTOT were
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between 224.97 and 271.05 W (35). These values are below
the estimated PTOT in the present study. However, that can be
explained by the power dependence on velocity and the velocity
differences (more than 0.77 m/s in the new WR compared to
the referenced study) between the cyclist of the present study
and the literature (35). More studies support the estimated
mechanical power for the cyclist in this case study. Vogt et al.
(41) presented mechanical power values of professional cyclists
between 190 and 392 W at 11.41 m/s (speed below the “new
world record”). Grappe (42) reported values of 250 W at a
mean speed of 11 m/s in the time-trial position and Forte
et al. (32), values between 250 and 300 W between settings.
Regarding the power per kilogram (W/Kg), the cyclist in the
current study was able to increase 5% between the old and
new WR (3.25 W/Kg vs. 3.44 W/Kg, respectively). The cyclist
of the present study increased body mass, allowing him to
improve their performance. It is important to note that despite
the cyclist having an increased body mass, the increase in power
was proportionally greater, ensuring greater W/kg. Typically,
the cyclists try to reduce the body mass and maintain the mean
maximal PTOT intending to increase the power to weight ratio
(43, 44). At least one study presented the power to weight
ratio in the Tour the France for 4 h of race (45) and the
values were between 3.7 and 4.9 W/Kg for the years 2008–
2013. Additionally, a recent study reported power per weight
ratio in male professional cyclists based on different categories
and typologies. For training sessions of 240 min, the values
varied from 3.83 and 4.63 W/Kg (46). Again, these values are
slightly above the cyclist of this study. However, it is important
to note that the cyclist in study race for 24 h. The ability to
maintain such high values was diminished by fatigue. Other
studies presented higher values, but the competition times were
lower in comparison with the current study (44, 47).

The cyclist’s mechanical efficiency was computed as the ratio
between Wext and Etot. The present study estimated the GE for
the old WR as 20 and 21% for the new WR. The results allow us
to speculate that the cyclist improved his efficiency by about 1%.
The values agree with the literature, where the cyclist’s efficiency
is near 20%, and the values vary between 18 and 25% (18, 48).
Again, the adopted strategies for race, training experience and
individual characteristics (i.e., anthropometrics) may justify the
improvement in GE.

The physiological demands were similar between the two
WR. However, the time interval analysis revealed a statistically
significant difference for the first 6 h (0–6 h). This shows
that the cyclist started the race at lower intensity in the new
WR. However, between the interval > 12 and 18 h, significant
differences were noted, where the cyclist increased the intensity
and physiological demand. In the last 6 h (>18–24 h) the race
intensity between the two WRs remains similar with a moderate
effect and higher HR mean values for the new WR. This may be
the result of the cyclist’s strategy to attain the new WR, where
the cyclist monitors HR variations to regulate the physical and

physiological demands (19, 20, 23). However, the literature lacks
individual racing strategies based on HR variations. We also
need to consider that the athlete gained experience and benefited
from physiological adaptations as a result of permanent exercise
focused on performance. An improvement in experience might
have helped to improve athletic performance. Recent studies
showed that training intensity and competition was important
(18, 49, 50). For ultra-marathoners, it has been shown that ultra-
endurance mountain athletes competing in longer races have
more experience and train harder than athletes competing in
shorter distances (50). Successful finishers in the “TransEurope
FootRace” 2009 showed that the extent of pre-race training
in the last year before the race and personal best times for
marathon and specific ultra-marathons have a high correlation
to race performance (49). In ultra-triathletes competing in
x-times the Ironman-distance triathlons, previous experience
(i.e., fast personal best times of shorter races) seemed important
in performance for longer ultra-triathlon races (51). Based on
the power metrics, the cyclist could produce more power per
kilogram (about 5% more). That can also be explained by the
improved aerodynamics and experience/training. Overall, the
cyclist was faster in the first 6 h of the new WR and was able
to maintain relative speed in the next splits showing a more
even pacing compared to the old WR. It is well known that
pacing is performance-related with faster endurance and ultra-
endurance athletes presenting more even pacing compared to
their slower peers.

Another aspect to consider is motivation (52–54). It
has been reported that ultra-marathoners showed a different
motivation compared to runners of shorter race distances (55)
and younger ultra-marathoners (54).

Limitations

The main limitations of the present case report include
the lack of control for variables that are directly related to
cycling performance. For example, a recent review highlighted
the multi-dimensional characteristics of performance, which
involve the interaction between a plethora of domains that
can explain the performance. The authors highlighted those
as being: the individual dimension, the tactical dimension,
the strategic dimension and the global dimension (29).
Furthermore, in a previous case report, authors discussed
the tactical and strategic dimensions using data of the same
athlete (24). However, some information regarding individual
characteristics can be useful in understanding the progress
made between the records, such as the physiological index, diet
habits, motivation, and cognitive traits. It important to note
that this manuscript presented the world record monitored
performance and so, laboratory tests were not performed
(VO2max, lactate, etc.).
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Conclusion

Changes in strategies (i.e., technical changes, aero position)
adopted in the new WR may explain the performance
improvement and differences between the two WRs. The
marginal gains concept can be an important insight for
future athletes and coaches to consider during their long-
term planning. The lack of data about the body composition
and physical fitness of the cyclist can also be considered
as a limitation.

Athlete perspective

From an athlete’s perspective, the ultra-cyclist of the present
study should be further encouraged to apply his actual training
strategies (taking advantage of both scientific and technological
advances) in the near future to improve his performance
successfully. The changes he adopted during his preparation
and the record might be adopted as a paradigm to follow by
elite sports performance athletes. The athlete started working on
air resistance values, performance, calorie consumption, rolling
resistance and the best altitude and course to select 1 year before
the event. But in the end, he found that he had the best day to
break the record.12, 13

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

12 http://www.christophstrasser.at/aktuelles_live_newsletter/news/akt
uelles_detailansicht/mein-erstes-fazit-1day1000k/
13 https://bikeboard.at/magazin/interview-christoph-strasser-1day100

0k-th9611

Ethics statement

Written informed consent was obtained from the
individual(s) for the publication of any potentially identifiable
images or data included in this article.

Author contributions

BK and PF drafted the manuscript. MT and PF performed

the data analyses. KW and MT helped in drafting the
manuscript. All authors wrote and approved the final version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer RG declared a past co-authorship with the
authors, BK and PN to the handling editor.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

References

1. Scheer V. Participation trends of ultra endurance events. Sports Med Arthrosc
Rev. (2019) 27:3–7. doi: 10.1097/jsa.0000000000000198

2. Scholz H, Sousa CV, Baumgartner S, Rosemann T, Knechtle B. Changes in sex
difference in time-limited ultra-cycling races from 6 hours to 24 hours. Medicina.
(2021) 57:923. doi: 10.3390/medicina57090923

3. Shoak MA, Knechtle B, Knechtle P, Rüst CA, Rosemann T, Lepers R.
Participation and performance trends in ultracycling. Open Access J Sports Med.
(2013) 4:41–51. doi: 10.2147/oajsm.s40142

4. Baumgartner S, Sousa CV, Nikolaidis PT, Knechtle B. Can the performance
gap between women and men be reduced in ultra-cycling? Int J Environ Res Public
Health. (2020) 17:2521. doi: 10.3390/ijerph17072521

5. Rüst CA, Knechtle B, Rosemann T, Lepers R. Men cross America faster than
women–the “Race Across America” from 1982 to 2012. Int J Sports Physiol Perform.
(2013) 8:611–7. doi: 10.1123/ijspp.8.6.611

6. Peiffer JJ, Abbiss CR. Influence of environmental temperature on 40 km cycling
time-trial performance. Int J Sports Physiol Perform. (2011) 6:208–20. doi: 10.1123/
ijspp.6.2.208

7. Muggeridge DJ, Howe CC, Spendiff O, Pedlar C, James PE, Easton C. A single
dose of beetroot juice enhances cycling performance in simulated altitude. Med Sci
Sports Exerc. (2014) 46:143–50. doi: 10.1249/MSS.0b013e3182a1dc51

8. Knechtle B, Duff B, Amtmann G, Kohler G. Cycling and running performance,
not anthropometric factors, are associated with race performance in a triple
iron triathlon. Res Sports Med. (2007) 15:257–69. doi: 10.1080/154386207016
93264

9. Crouch TN, Burton D, Thompson MC, Brown NAT, Sheridan J. Dynamic leg-
motion and its effect on the aerodynamic performance of cyclists. J Fluids Struct.
(2016) 65:121–37. doi: 10.1016/j.jfluidstructs.2016.05.007

10. Schleinitz K, Petzoldt T, Krems JF, Gehlert T. The influence of speed, cyclists’
age, pedaling frequency, and observer age on observers’ time to arrival judgments
of approaching bicycles and e-bikes. Accid Anal Prev. (2016) 92:113–21. doi: 10.
1016/j.aap.2016.03.020

11. Knechtle B, Bragazzi NL, Rosemann T, Rüst CA. Pacing in a self-paced
world record attempt in 24-h road cycling. Springerplus. (2015) 4:650. doi: 10.1186/
s40064-015-1445-1

Frontiers in Cardiovascular Medicine 10 frontiersin.org

https://doi.org/10.3389/fcvm.2022.990382
http://www.christophstrasser.at/aktuelles_live_newsletter/news/aktuelles_detailansicht/mein-erstes-fazit-1day1000k/
http://www.christophstrasser.at/aktuelles_live_newsletter/news/aktuelles_detailansicht/mein-erstes-fazit-1day1000k/
https://bikeboard.at/magazin/interview-christoph-strasser-1day1000k-th9611
https://bikeboard.at/magazin/interview-christoph-strasser-1day1000k-th9611
https://doi.org/10.1097/jsa.0000000000000198
https://doi.org/10.3390/medicina57090923
https://doi.org/10.2147/oajsm.s40142
https://doi.org/10.3390/ijerph17072521
https://doi.org/10.1123/ijspp.8.6.611
https://doi.org/10.1123/ijspp.6.2.208
https://doi.org/10.1123/ijspp.6.2.208
https://doi.org/10.1249/MSS.0b013e3182a1dc51
https://doi.org/10.1080/15438620701693264
https://doi.org/10.1080/15438620701693264
https://doi.org/10.1016/j.jfluidstructs.2016.05.007
https://doi.org/10.1016/j.aap.2016.03.020
https://doi.org/10.1016/j.aap.2016.03.020
https://doi.org/10.1186/s40064-015-1445-1
https://doi.org/10.1186/s40064-015-1445-1
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-990382 October 6, 2022 Time: 10:29 # 11

Knechtle et al. 10.3389/fcvm.2022.990382

12. Candau RB, Grappe F, Ménard M, Barbier B, Millet GY, Hoffman MD, et al.
Simplified deceleration method for assessment of resistive forces in cycling. Med
Sci Sports Exerc. (1999) 31:1441–7. doi: 10.1097/00005768-199910000-00013

13. Gross A, Kyle C, Malewicki D. The aerodynamics of human-powered land
vehicles. Sci Am. (1983) 249:142–53.

14. Defraeye T, Blocken B, Koninckx E, Hespel P, Carmeliet J. Aerodynamic
study of different cyclist positions: CFD analysis and full-scale wind-tunnel tests.
J Biomech. (2010) 43:1262–8. doi: 10.1016/j.jbiomech.2010.01.025

15. Forte P, Morais JE, Barbosa TM, Marinho DA. Assessment of able-bodied
and amputee cyclists’ aerodynamics by computational fluid dynamics. Front Bioeng
Biotechnol. (2021) 9:644566. doi: 10.3389/fbioe.2021.644566

16. Martin JC, Milliken DL, Cobb JE, McFadden KL, Coggan AR. Validation of
a mathematical model for road cycling power. J Appl Biomech. (1998) 14:276–91.
doi: 10.1123/jab.14.3.276

17. Lucia A, Earnest C, Arribas C. The Tour de France: a physiological review.
Scand J Med Sci Sports. (2003) 13:275–83. doi: 10.1034/j.1600-0838.2003.00345.x

18. Matomäki P, Linnamo V, Kyröläinen H. A comparison of methodological
approaches to measuring cycling mechanical efficiency. Sports Med Open. (2019)
5:23. doi: 10.1186/s40798-019-0196-x

19. Padilla S, Mujika I, Orbañanos J, Santisteban J, Angulo F, José Goiriena
J. Exercise intensity and load during mass-start stage races in professional
road cycling. Med Sci Sports Exerc. (2001) 33:796–802. doi: 10.1097/00005768-
200105000-00019

20. Sanders D, Heijboer M. Physical demands and power profile of different
stage types within a cycling grand tour. Eur J Sport Sci. (2019) 19:736–44. doi:
10.1080/17461391.2018.1554706

21. Padilla S, Mujika I, Orbañanos J, Angulo F. Exercise intensity during
competition time trials in professional road cycling. Med Sci Sports Exerc. (2000)
32:850–6. doi: 10.1097/00005768-200004000-00019

22. Padilla S, Mujika I, Santisteban J, Impellizzeri FM, Goiriena JJ. Exercise
intensity and load during uphill cycling in professional 3-week races. Eur J Appl
Physiol. (2008) 102:431–8. doi: 10.1007/s00421-007-0602-9

23. Bouillod A, Pinot J, Soto-Romero G, Bertucci W, Grappe F. Validity,
sensitivity, reproducibility, and robustness of the powertap, stages, and Garmin
Vector power meters in comparison with the SRM device. Int J Sports Physiol
Perform. (2017) 12:1023–30. doi: 10.1123/ijspp.2016-0436

24. Knechtle B, Rosemann T, Nikolaidis PT. Self-selected pacing during a 24
h track cycling world record. Int J Environ Res Public Health. (2019) 16:2943.
doi: 10.3390/ijerph16162943

25. Czernia D, Szyk B. Air Density Calculator [Online]. (2022). Available
online at: https://www.omnicalculator.com/physics/air-density#how-to-calculate-
the-air-density (accessed July 28, 2022).

26. Debraux P, Grappe F, Manolova AV, Bertucci W. Aerodynamic drag in
cycling: methods of assessment. Sports Biomech. (2011) 10:197–218. doi: 10.1080/
14763141.2011.592209

27. Hurst HT, Atkins S, Sinclair JK, Metcalfe J. Agreement between the stages
cycling and SRM powermeter systems during field-based off-road climbing. J Sci
Cycling. (2015) 4:21–7.

28. Nimmerichter A, Schnitzer L, Prinz B, Simon D, Wirth K. Validity and
reliability of the Garmin Vector power meter in laboratory and field cycling. Int
J Sports Med. (2017) 38:439–46.

29. Phillips KE, Hopkins WG. Determinants of cycling performance: a review of
the dimensions and features regulating performance in elite cycling competitions.
Sports Med Open. (2020) 6:23. doi: 10.1186/s40798-020-00252-z

30. Chin S. Examining the bicycle bottle cage based on universal design principle.
In: Proceedings of the 2017 International Conference on Applied System Innovation
(ICASI). Sapporo (2017). p. 1714–7.

31. Malizia F, Blocken B. Bicycle aerodynamics: history, state-of-the-art and
future perspectives. J Wind Eng Indust Aerodyn. (2020) 200:104134.

32. Forte P, Marinho DA, Barbosa TM, Morouço P, Morais JE. Estimation of an
elite road cyclist performance in different positions based on numerical simulations
and analytical procedures. Front Bioeng Biotechnol. (2020) 8:538. doi: 10.3389/fbioe.
2020.00538

33. Blocken B, Defraeye T, Koninckx E, Carmeliet J, Hespel P. CFD simulations
of the aerodynamic drag of two drafting cyclists. Comput Fluids. (2013) 71:435–45.
doi: 10.1016/j.compfluid.2012.11.012

34. Blocken B, van Druenen T, Toparlar Y, Andrianne T. Aerodynamic analysis
of different cyclist hill descent positions. J Wind Eng Indust Aerodyn. (2018)
181:27–45. doi: 10.1016/j.jweia.2018.08.010

35. Forte P, Marinho D, Barbosa TM, Morais JE. Estimation of an elite road cyclist
resistive forces and performance wearing standard and aero helmets: an analytical
procedure and numerical simulations approach. Eur J HumMov. (2021) 46:4–15.

36. Forte P, Marinho DA, Morouço P, Pascoal-Faria P, Barbosa TM. Comparison
by computer fluid dynamics of the drag force acting upon two helmets for
wheelchair racers. AIP Conf Proc. (2017) 1863:520005. doi: 10.1063/1.4992669

37. Forte P, Morais JE, Neiva PH, Barbosa TM, Marinho DA. The drag crisis
phenomenon on an elite road cyclist—a preliminary numerical simulations analysis
in the aero position at different speeds. Int J Environ Res Public Health. (2020)
17:5003. doi: 10.3390/ijerph17145003

38. Faria EW, Parker DL, Faria IE. The science of cycling: factors affecting
performance – Part 2. Sports Med. (2005) 35:313–37. doi: 10.2165/00007256-
200535040-00003

39. Tew G, Sayers A. Aerodynamics of yawed racing cycle wheels. J Wind Eng
Indust Aerodyn. (1999) 82:209–22.

40. Bassett DR Jr, Kyle CR, Passfield L, Broker JP, Burke ER. Comparing cycling
world hour records, 1967-1996: modeling with empirical data.Med Sci Sports Exerc.
(1999) 31:1665–76. doi: 10.1097/00005768-199911000-00025

41. Vogt S, Heinrich L, Schumacher YO, Blum A, Roecker K, Dickhuth HH, et al.
Power output during stage racing in professional road cycling.Med Sci Sports Exerc.
(2006) 38:147–51. doi: 10.1249/01.mss.0000183196.63081.6a

42. Grappe F. Cyclisme et Optimisation de la Performance: Science et
Méthodologie de L’Entraînement. Bruxelles: De Boeck (2009).

43. Jeukendrup AE, Martin J. Improving cycling performance. Sports Med.
(2001) 31:559–69. doi: 10.2165/00007256-200131070-00009

44. Lunn WR, Finn JA, Axtell RS. Effects of sprint interval training and body
weight reduction on power to weight ratio in experienced cyclists. J Strength Cond
Res. (2009) 23:1217–24. doi: 10.1519/JSC.0b013e3181ab23be

45. Pinot J, Grappe F. A six-year monitoring case study of a top-10 cycling grand
tour finisher. J Sports Sci. (2015) 33:907–14. doi: 10.1080/02640414.2014.969296

46. Valenzuela PL, Muriel X, van Erp T, Mateo-March M, Gandia-Soriano A,
Zabala M, et al. The record power profile of male professional cyclists: normative
values obtained from a large database. Int J Sports Physiol Perform. (2022) 17:701–
10. doi: 10.1123/ijspp.2021-0263

47. Jeukendrup AE, Craig NP, Hawley JA. The bioenergetics of world class
cycling. J Sci Med Sport. (2000) 3:414–33. doi: 10.1016/S1440-2440(00)80008-0

48. Ettema G, Lorås HW. Efficiency in cycling: a review. Eur J Appl Physiol. (2009)
106:1–14. doi: 10.1007/s00421-009-1008-7

49. Schütz UH, Ehrhardt M, Beer M, Schmidt-Trucksäss A, Billich C. Pre-race
determinants influencing performance and finishing of a transcontinental 4486-km
ultramarathon. J Sports Med Phys Fitness. (2019) 59:1608–21. doi: 10.23736/s0022-
4707.19.09840-2

50. Belinchón-deMiguel P, Ruisoto P, Knechtle B, Nikolaidis PT, Herrera-Tapias
B, Clemente-Suárez VJ. Predictors of athlete’s performance in ultra-endurance
mountain races. Int J Environ Res Public Health. (2021) 18:956. doi: 10.3390/
ijerph18030956

51. Knechtle B, Zingg MA, Rosemann T, Rüst CA. The aspect of experience
in ultra-triathlon races. Springerplus. (2015) 4:278–278. doi: 10.1186/s40064-015-
1050-3

52. Schüler J, Wegner M, Knechtle B. Implicit motives and basic need satisfaction
in extreme endurance sports. J Sport Exerc Psychol. (2014) 36:293–302. doi: 10.1123/
jsep.2013-0191
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