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ABSTRACT  22 

The purpose of this study was to examine the physiological characteristics of an 23 

elite centenarian cyclist who, at 101 years old, established the one-hour cycling 24 

record for individuals ≥ 100 years old (24.25 km) and  to determine the 25 

physiological factors associated with his performance improvement two years later 26 

at 103 years old (26.92 km; +11%). Before each record, he performed an 27 

incremental test on a cycling ergometer. For two years, he trained 5,000 km a year 28 

with a polarized training that involved cycling 80% of mileage at “light” RPE ≤ 12 29 

and 20% at “hard” RPE ≥ 15 at a cadence between 50 and 70 rpm. Results: his 30 

bodyweight and lean body mass did not change, while his ⩒O2max increased (31 to 31 

35 ml.kg-1.min-1; +13%). Peak power output increased from 90 to 125 W (+39 %), 32 

mainly due to increasing the maximal pedaling frequency (69 to 90 rpm; +30%). 33 

Maximal heart rate did not change (134 to 137 bpm) in contrast to the maximal 34 

ventilation (57 to 70 L.min-1, +23%), increasing with both the respiratory frequency 35 

(38 to 41 cycle.min-1; +8%) and the tidal volume (1.5 to 1.7 L; +13%). Respiratory 36 

Exchange Ratio increased (1.03 to 1.14) in the same extent as tolerance to ⩒CO2. 37 

In conclusion, it is possible to increase performance and ⩒O2max with polarized 38 

training focusing on a high pedaling cadence even after turning 100 years old.  39 

 40 

New & Noteworthy. This study shows, for the first time, that ⩒O2max (+13%) and 41 

performance (+11%) can still be increased between 101 and 103 years old with two 42 

years of training and that a centenarian is able, at 103 years old, to cover 26.9 43 

km.h-1 in one hour. 44 

 45 

 46 

Keywords: aging, centenarian, cycling, ⩒O2max, pedaling cadence.  47 
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Introduction 48 

The number of elderly individuals (> 65 years old) will increase worldwide from 49 

6.9% of the population in 2000 to a projected 19.3% in 2050, and persons older 50 

than 80 years are the fastest growing segment of the population. Among this 51 

elderly population, there are more and more masters participating in competitive 52 

cycling and running. Participation and performance are increasing at a higher rate 53 

in the master groups than in other age groups (13, 17); however, there is still a lack 54 

of data on so-called “old-old master athletes.” Among lifelong octogenarian 55 

athletes, new records in ⩒O2max of 38 ml O2.kg-1.min-1 have been reported that are 56 

comparable to people who are sedentary and 40 years younger (29). However, 57 

beyond the establishment of new performance records at an extremely old age, the 58 

possibility for improving their performance and maximal oxygen uptake (⩒O2max) 59 

during this last period of life is a way for “adding life to the life” rather than 60 

searching to “kill the death,” whatever their sport histories (19).  61 

 62 

Material and Methods 63 

Subject  64 

In February 2012, Robert Marchand (RM; born 26 November 1911) set a world 65 

record for one-hour track cycling in the over-100 age group at 24.250 km. He 66 

improved this record to 26.927 km in January 2014. He started cycling at the age of 67 

15 and stopped at the age of 25, when he went to work as a gardener and wine 68 

dealer. He continued to work until 1987, when he retired at the age of 76. 69 

RM volunteered to take part in the study. Before participation, he was informed of 70 

the risks and stresses associated with the protocol, and he gave his written 71 

voluntary informed consent for the tests and for the public reporting of his results. 72 

The present study conformed to the standards set by the Declaration of Helsinki, 73 

and the Local Research Ethics Committee (CEADM) approved all procedures 74 

(approval number 201301). The subject was free of known cardiovascular, 75 

respiratory, and circulatory dysfunction. He was not taking prescribed medication. 76 

The subject underwent a classic cardiac examination, including an 77 

 by 10.220.33.2 on M
arch 6, 2017

http://jap.physiology.org/
D

ow
nloaded from

 

http://jap.physiology.org/


 4

electrocardiogram. He performed specific maximal incremental tests two weeks 78 

before the record attempt at the ages of 101 and 103 years old, with regular 79 

electrocardiogram controls twice a year.  80 

Experimental design and exercise protocols 81 

For two years, the subject trained 5,000 km a year with a polarized training: 80% of 82 

mileage at “light” RPE ≤ 12 and 20% at “hard” RPE ≥ 15. Training was not 83 

monitored with an HR monitor, speed, or power; however, the subject was aware of 84 

cycling below RPE 12 once a week, between 10 and 15 RPE once a week, and at 85 

RPE ≥ 15 every two weeks. For each training session, he focused on a cadence 86 

range between 60 and 90 rpm on his gear. Two exercise tests were performed, one 87 

before and one after two years of training. 88 

All tests were at least two hours postprandial, and the subject was asked to refrain 89 

from caffeine intake prior to testing on the test days. Before each track record, RM 90 

performed an incremental test on a cycling ergometer in the laboratory.  91 

After familiarization with the laboratory and procedures, the subject performed the 92 

incremental protocol on an electronically braked cycle ergometer (ERGOLINE 900, 93 

Hellige, Markett, Bitz, Germany) to determine the maximal values of performance 94 

(power and speed), ⩒O2max, the lowest power that elicited ⩒O2max (p⩒O2max), the 95 

power associated with the rate of perceived exertion (RPE) = 15 (hard), the 96 

maximal pedaling frequency, the cardiorespiratory parameters, and the oxygen cost 97 

of pedaling. 98 

For the two exercise tests, he used the same double-link pedals (Proconcept) and 99 

cycling shoes (Adidas), as well as for the one-hour cycling best performance 100 

record.  101 

After a warm up of 15 minutes at 25 W, power output increased by 25 W every 102 

three minutes until the subject reached an RPE equal to 17 (very hard).  103 

Data collection procedure 104 

Before each test, bodyweight was measured with an electronic balance (799 Seca), 105 

and lean mass was quantified by skinfolds measurements using a HARPENDEN 106 
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skinfold caliper at three sites (triceps, suprailiac, thigh). During the two tests, an 107 

electrocardiogram (Cosmed Quark b2, Rome, Italy) was recorded beat by beat. 108 

Oxygen uptake, carbon dioxide production, expiratory minute ventilation, and 109 

respiratory frequency were recorded breath by breath throughout each test using a 110 

Cosmed Quark b2 (Rome, Italy), as previously reported (22), and maximal values 111 

were measured (⩒O2max, ⩒CO2max, ⩒Emax, and RFmax, respectively). Before each 112 

test, the oxygen analysis system was calibrated according to the manufacturer’s 113 

instructions, while the turbine flow-meter was calibrated using a 3L syringe 114 

(Quinton instruments, USA). Maximal value of respiratory exchange ratio (RERmax) 115 

was determined as the highest ratio of ⩒CO2 to ⩒O2. Oxygen blood saturation 116 

(SaO2) was recorded every two minutes (Oxypleth, Novametrix Medical System, 117 

Walingford, USA) at the earlobe.  118 ⩒O2max attainment was confirmed by the following criteria (22): attaining a plateau 119 

in ⩒O2 (Δ⩒O2 < 2.1 ml.kg-1.min-1), and this is the primary criterion of ⩒O2max 120 

attainment and/or 1) a RER greater than 1.05, 2) a heart rate > 90% of the 121 

theoretical maximal HR (16), and 3) a subjective RPE > 16 (3). To avoid an 122 

invasive examination, no blood sample was drawn for measuring the blood lactate 123 

concentration. The duration of the ⩒O2max plateau was calculated as the time 124 

sustained at a ⩒O2 value > 95% of ⩒O2max, according to its experimental and 125 

biological ⩒O2 variability (18).   126 

During exercise, the subject was given strong verbal encouragement to exercise to 127 

volitional fatigue; however, the subject received no progress feedback. RPE (15) 128 

was recorded at the end of each stage for the incremental test. 129 

The one-hour cycling best performance record 130 

The hour record is the record for the longest distance cycled in one hour on 131 

a bicycle from a stationary start, according to Union Cyclist International (UCI) rules 132 

(article 3.5.026). Cyclists attempt this record alone on the track without other 133 

competitors present. It is considered perhaps the most prestigious record in all 134 

cycling and has been studied scientifically. 135 
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For his records, RM used two different bikes at an interval of two years, and both 136 

bikes had the same characteristics according to the UCI rules, i.e., the same gear 137 

ratio and weight (7.15 kg). His gear ratio, using a tray of 49 teeth associated with a 138 

gear with 16 teeth, was approximately 6.54 m. The tires were gut CONTINENTAL® 139 

Tempo 22. Therefore, to beat his proper world record by 1 km/h (25.25 km/h, i.e., 140 

420.8 m/min), RM had to cycle at an average cadence of 64-65 rpm.  141 

Data analysis 142 

Body surface area (BSA) was calculated according to the equation of DuBois and 143 

DuBois (6), where BSA = 0.20247 x Height 0.725 x Weight0.425 with BSA in m2, height 144 

in m, and weight in kg. 145 

Fat mass was calculated from the equation of Durnin and Womersley (7) for 146 

subjects ≥ 50 years old. 147 

Power output from the average speed of the one-hour world record was calculated 148 

from speed according to equation 1 (5, 12):  149 

Power (W) = 3.2 V + 0.19 V3 (equation 1) 150 

where V is the speed in m.sec-1. 151 

The age-predicted maximal heart rate revisited was used for estimating the 152 

maximal heart rate according to equation 2 (28): 153 

Maximal heart rate predicted (beats per min [bpm]) = 208 – 0.7 × age (equation 2) 154 

where age is in years. 155 

The oxygen pulse (O2 pulse) was calculated according to equation 3: 156 

O2 pulse = ⩒O2 / HR (equation 3) 157 

where ⩒O2 is in mL O2.min-1 and heart rate (HR) is in bpm. 158 

Since body dimensions directly influence stroke volume and O2 pulse is related to 159 

the stroke volume response to exercise, adjustments for body dimensions or weight 160 

are included in studies aiming to evaluate the O2 pulse response to exercise (21). 161 
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Therefore, O2 pulse corrected for body weight (hereafter termed relative O2 pulse) 162 

was calculated according to equation 4: 163 ⩒O2/HR rel = O2 pulse/weight (equation 4) 164 

where ⩒O2/HR rel is in mL O2 × beat-1 × kg-1, O2 pulse in mL.beat-1, and weight in 165 

kg. 166 

Maximal tidal volume (L/cycle) was also calculated as the ratio between ⩒E and 167 

RFmax. 168 

This equation in response to non-steady state incremental exercise testing 169 

demonstrates a linear pattern in a well-controlled dataset of subjects referred for 170 

exercise testing (21). 171 

The power reserve above ⩒O2max was calculated according to equation 5: 172 

Power reserve above ⩒O2max (W) = Peak power output - minimal power at 173 ⩒O2max (equation 5). 174 

The slope of the regression line between ⩒E (y axis) and ⩒CO2 (x axis), which is 175 

considered to be the ventilatory response to CO2, was calculated (4). 176 

 177 

Results 178 

The subject's weight and lean body mass did not change between the two one-hour 179 

records (Table 1).  180 

Performance and power 181 

Between the two incremental tests, the peak power increased from 90 to 125 W 182 

(+39%), mainly due to the increase of maximal pedaling frequency (from 69 to 90 183 

rpm; +30%; Figure 1). The specific power output reached in the laboratory 184 

incremental test (peak specific power = 1.8 to 2.5 W.kg-1; +39%) and the power 185 

output at ⩒O2max (1.6 to 2.0 W/kg; +20%) increased to the same extent as the one 186 

performed on the track during the establishment of the centenarian record (Table 187 

1). Indeed, the field average record power calculated from the average speed 188 
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during the track performance increased (80 to 103 W; +29%), which represents, 189 

respectively, 89% and 82% of the peak power output (Table 1). Therefore, the 190 

increase of the metabolic scope allowed RM to beat his record with a lower fraction 191 

of his maximal peak power output. Indeed, the metabolic scope is the ratio of 192 

resting and the maximum metabolism rate for that particular species, as determined 193 

by oxygen consumption.  194 

The oxygen cost of pedaling decreased by 19% (Table 1). RM increased his 195 

maximal pedaling frequency (from 69 to 90 rpm, +30%) after training and then 196 

attained a higher peak power output (Figure 1). Furthermore, RM increased the 197 

power reserve above ⩒O2max, given that the peak power exceeds p⩒O2max by 198 

more than twice after training (Table 1).  199 

Cardiorespiratory variables 200 

Between the two tests : ⩒O2max (31 to 35 ml. kg-1. min-1; +13%), ⩒CO2max (+16%), 201 

RERmax (1.03 to 1.14; +11%), the maximal ventilation (57 to 70 L.min-1; +23%), the 202 

respiratory frequency (38 to 41 cycle.min-1; +8%), the tidal volume (1.5 to 1.7 L; 203 

+13%), the tolerance to CO2 evaluated by the slope of the regression line between 204 ⩒E and ⩒CO2 (32.9 to 34.4;+5%) and the maximal O2 pulse (0.23 vs. 0.27 mL 205 

O2.kg-1.beat-1; +17%) increased (Table 1 and Figure 1). In contrast, the maximal 206 

heart rate (134 vs. 137 bpm) and the heart rate while sitting on the bicycle and at 0 207 

watts (65 vs. 63 bpm) did not change.  208 

 209 

Discussion 210 

This study shows for the first time that, at a very old age, ⩒O2max and performance 211 

could still be increased with training.  212 ⩒O2max and cardiorespiratory factors 213 ⩒O2max was not only high for a centenarian (31 ml. kg-1. min-1) but still increased 214 

slightly between the ages of 101 and 103 (Figure 1). Given that lean body mass is 215 

a factor of influence for the decline in ⩒O2max with age in older subjects (1), RM has 216 

 by 10.220.33.2 on M
arch 6, 2017

http://jap.physiology.org/
D

ow
nloaded from

 

http://jap.physiology.org/


 9

a lower fat mass than those reported for aging (11% vs. 20%) and his lean body 217 

mass did not change. Consequently, a part of the specific ⩒O2max was due to the fat 218 

mass decrease; however, considering that the absolute ⩒O2max also increased 219 

(+7%), an additional effect to that of muscle mass loss was observed on ⩒O2max 220 

(7% vs 13%) and due to training. Therefore, the increase in specific ⩒O2max was 221 

equally balanced between the fat mass loss and the increase in absolute ⩒O2max. 222 

This remarkable ⩒O2max in a centenarian is in the same range as the one 223 

considered necessary for being classified as fit in a group of men 42-61 years old 224 

(20), above the reference values in a population 70-85 years old (30.1 ± 4.8 ml.kg-225 
1.min-1) (9), and more than the regression equation built into an epidemiologic study 226 

on elderly subjects until 90 years old (14, 19). Indeed, his ⩒O2max was in the same 227 

range as those of a sedentary 50-year-old man or those of an active 65-year-old 228 

man and an endurance trained 80-year-old man (20, 28, 29). RM follows a 229 

qualitative training that prevents him from a ⩒O2max decrease that is known to be 230 

highly dependent upon the continuous magnitude of training stimulus, particularly in 231 

older male endurance athletes (23, 24).  232 

In contrast to ⩒O2max, the maximal heart rate (134 vs. 137 bpm) and the heart rate 233 

while sitting on the bicycle and at 0 watts (65 vs. 62 bpm) did not change. Maximal 234 

heart rate was not higher than those predicted by equation 2 (137 bpm) (28); 235 

however, it was much higher than the one proposed by an epidemiologic study of 236 

elderly subjects (109 bpm at the age of 101 years old) (14). As in younger subjects, 237 

elite, very old athletes show cardiorespiratory values well above the predicted 238 

value, and polarized training maintains it. As ⩒O2max, the O2 pulse also changed in 239 

two years (0.23 vs. 0.27 mL O2.kg-1.beat-1, +17%). O2 pulse, a readily available 240 

variable obtained during cardiopulmonary exercise testing, has been demonstrated 241 

to be a powerful predictor of mortality in patients with cardiovascular diseases (21), 242 

and it has been associated with the onset of exercise-induced ischemia (2). Indeed, 243 

RM has a higher value than the one reported in a 50-year-old population (21). Fleg 244 

et al. (10) observed declines in ⩒O2max level and in oxygen pulse that accelerated 245 

with advanced decades. In addition, RM has a 20% lower body surface area (1.45 246 
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m2) compared to the value reported in another study with the same O2 pulse, as in 247 

73-year-old trained subjects, for instance (26).  248 

RM had higher ventilation after training in terms of both an increase in VT and 249 

respiratory frequency and in ⩒CO2, in the sense of a possible strength increase that 250 

has been associated with ventilatory efficiency in older subjects (11). Given that in 251 

the first test the RERmax was rather low (1.03), one can challenge the ⩒O2max 252 

attainment. However, there are two reasons for trusting the maximal ⩒O2 to be the 253 

real ⩒O2max: 1) a ⩒O2 plateau was achieved despite the increased power output 254 

(16) and 2) a lower RER value associated with ⩒O2max at exercise has been 255 

reported for elderly individuals (8). Therefore, based on the second test performed 256 

after training, this subject is capable of achieving a RER greater than 1.10. The 257 

increase in ventilation during exercise has been reported to compensate for 258 

increased inefficiency of gas exchange, such that exercise remains essentially 259 

isocapnic. Therefore, in the elderly, the ventilatory response to hypercapnia is less 260 

than in young subjects, whereas ventilatory response to exercise is greater (4).  261 

Peak power output and pedaling cadence increased after training  262 

Peak specific power (+39%) and power at ⩒O2max (+25%) increased, mainly due to 263 

the cadence (69 rpm to 90 rpm; +30%). Special focus must be given to the 264 

polarized training with a cadence range between 60 and 90 rpm, given that old 265 

(65.6 ± 2.8 years) cyclists prefer a low cadence at < 50 rpm that elicits less oxygen 266 

uptake per W at 40% and 60% of their peak power output, with the aim of ensuring 267 

aerobic energy turnover (25). Stebbins et al. (27) reported that, despite increased 268 

cadence being less efficient, subjects choose a higher cadence because it is less 269 

painful for the same power output. However, this data has been collected in young 270 

subjects, and RM is old and a highly unusual subject. This study’s limitation is that 271 

RM is exceptional for being able to cycle at 27 km/h for one hour; however, it is well 272 

known that performance gains in high-level athletes are more difficult to obtain.  273 

It cannot be excluded that the enhanced performance with the hour record could 274 

have been achieved with regular training at a higher cadence. The use of two bikes 275 

at a two-year interval with two different tracks for each attempt could also impact 276 
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the distance covered. Indeed, the first attempt was a 200m track (ICU Aigle, 277 

Switzerland), and the second attempt was a 250m track (Velodrome de Saint-278 

Quentin-en-Yvelines). These factors likely impacted the track performance 279 

improvement; however, in standardized laboratory conditions, maximal power 280 

output, ⩒O2max, and ventilatory factors have also been improved.  281 

In conclusion, this study shows for the first time that it is still possible to improve 282 

performance after one’s 100th birthday by using polarized training monitored with 283 

RPE and by focusing on a high pedaling cadence. This finding was determined due 284 

to the increase in ⩒O2max and maximal power. Consequently, two years of new 285 

training is long enough for improving ⩒O2max, even in an elderly subject. However, 286 

beyond this first centenarian case report, this performance and ⩒O2max 287 

improvement with polarized training must be examined in a larger population of the 288 

so-called “old-old” category of athletes that is now emerging.   289 
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Figure Captions 373 

 374 

Figure 1. Maximal oxygen uptake (⩒O2max), peak power output, and maximal 375 

pedaling frequency before and after training. 376 

 377 
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Table 1: anatomical and physiological variables before and after training. 
 
 Before 

training 
After 

training 

Weight (Kg) 50.1 48.5 
Height (m) 1.52 1.52 
Body mass Index 21.7 21.0 
Fat body mass (Kg) 13  11 
Lean body mass (Kg) 43.6  43.2 
Body Surface (m2) 1.45 1.43 
Field record power (W) 80 103 
Maximal oxygen uptake (mLO2 . min-1) 1553 1698 

Maximal carbon dioxide production (mLCO2 . Kg-1. min-1) 31.9 37.1 

Maximal respiratory exchange ratio 1.03 1.14 

Maximal expiratory minute ventilation (L . min-1) 57 70 

Maximal respiratory frequency (cycle . min-1) 38 41 

Maximal tidal volume (L/cycle) 1.5 1.7 

Maximal oxygen pulse (mL O2 . beat-1) 11.6 13.0 
Maximal oxygen pulse (mL O2 . Kg-1 . beat-1) 0.23 0.27 
Maximal oxygen cost of pedalling (mL O2 . Kg-1 . W-1 ) 19.4 17.0 

Tolerance to CO2 (slope of the regression line between ⩒E and ⩒CO2) 
32.9 34.4 

Specific power output (W . Kg-1) 1.8 2.5 

Power output at ⩒O2max (W) 80 100 

Power output at ⩒O2max (W . Kg-1) 1.6 2.0 

Power reserve above ⩒O2max (W) 10 25 

Heart Rate at rest (beats . min-1) 65 63 

Maximal heart rate at ⩒O2max (beats . min-1) 134 137 
 

 

 by 10.220.33.2 on M
arch 6, 2017

http://jap.physiology.org/
D

ow
nloaded from

 

http://jap.physiology.org/


m
L

O
2
. 
k
g

-1
 .

 m
in

-1
 

0 

10 

20 

30 

40 

Before  

training 

After  

training 

0 

50 

100 

150 

w
a

tt
s
 
⩒O2max 

Before  

training 

After  

training 

Peak 
 power output 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

ro
ta

ti
o

n
s
 .
 m

in
-1

 

Before  

training 

After  

training 

Maximal pedaling  
frequency 

 by 10.220.33.2 on M
arch 6, 2017

http://jap.physiology.org/
D

ow
nloaded from

 

http://jap.physiology.org/

	Article File
	Table 1
	Figure 1

