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This case describes the physiological maturation from ages 21 to 28 yr
of the bicyclist who has now become the six-time consecutive Grand
Champion of the Tour de France, at ages 27-32 yr. Maximal oxygen
uptake (VO3 max) in the trained state remained at ~6 1/min, lean body
weight remained at ~70 kg, and maximal heart rate declined from 207
to 200 beats/min. Blood lactate threshold was typical of competitive
cyclists in that it occurred at 76—85% V02 max, yet maximal blood
lactate concentration was remarkably low in the trained state. It
appears that an 8% improvement in muscular efficiency and thus
power production when cycling at a given oxygen uptake (V0,) is the
characteristic that improved most as this athlete matured from ages 21
to 28 yr. It is noteworthy that at age 25 yr, this champion developed
advanced cancer, requiring surgeries and chemotherapy. During the
months leading up to each of his Tour de France victories, he reduced
body weight and body fat by 4—7 kg (i.e., ~7%). Therefore, over the
7-yr period, an improvement in muscular efficiency and reduced body
fat contributed equally to a remarkable 18% improvement in his
steady-state power per kilogram body weight when cycling at a given
Vo, (e.g., 5 I/min). It is hypothesized that the improved muscular
efficiency probably reflects changes in muscle myosin type stimulated
from years of training intensely for 3—6 h on most days.

maximum oxygen uptake; blood lactate concentration

MUCH HAS BEEN LEARNED about the physiological factors that
contribute to endurance performance ability by simply describ-
ing the characteristics of elite endurance athletes in sports such
as distance running, bicycle racing, and cross-country skiing.
The numerous physiological determinants of endurance have
been organized into a model that integrates such factors as
maximal oxygen uptake (V02 max), the blood lactate threshold,
and muscular efficiency, as these have been found to be the
most important variables (7, 8, 15, 21). A common approach
has been to measure these physiological factors in a given
athlete at one point in time during their competitive career and
to compare this individual’s profile with that of a population of
peers (4, 6, 15, 16, 21). Although this approach describes the
variations that exist within a population, it does not provide
information about the extent to which a given athlete can
improve their specific physiological determinants of endurance
with years of continued training as the athlete matures and
reaches his/her physiological potential. There are remarkably
few longitudinal reports documenting the changes in physio-
logical factors that accompany years of continued endurance
training at the level performed by elite endurance athletes.
This case study reports the physiological changes that occur
in an individual bicycle racer during a 7-yr period spanning

ages 21 to 28 y. Description of this person is noteworthy for
two reasons. First, he rose to become a six-time and present
Grand Champion of the Tour de France, and thus adaptations
relevant to this feat were identified. Remarkably, he accom-
plished this after developing and receiving treatment for ad-
vanced cancer. Therefore, this report is also important because
it provides insight, although limited, regarding the recovery of
“performance physiology” after successful treatment for ad-
vanced cancer. The approach of this study will be to report
results from standardized laboratory testing on this individual
at five time points corresponding to ages 21.1, 21.5, 22.0, 25.9,
and 28.2 yr.

METHODS

General testing sequence. On reporting to the laboratory, training,
racing, and medical histories were obtained, body weight was mea-
sured (=0.1 kg), and the following tests were performed after in-
formed consent was obtained, with procedures approved by the
Internal Review Board of The University of Texas at Austin. Me-
chanical efficiency and the blood lactate threshold (LT) were deter-
mined as the subject bicycled a stationary ergometer for 25 min, with
work rate increasing progressively every 5 min over a range of 50, 60,
70, 80, and 90% VO max. After a 10- to 20-min period of active
recovery, VOa2max When cycling was measured. Thereafter, body
composition was determined by hydrostatic weighing and/or analysis
of skin-fold thickness (34, 35).

Measurement of V02 jnax. The same Monark ergometer (model 819)
equipped with a racing seat and drop handlebars and pedals for
cycling shoes was used for all cycle testing, and seat height and saddle
position were held constant. The pedal’s crank length was 170 mm.
V02 max Was measured during continuous cycling lasting between 8
and 12 min, with work rate increasing every 2 min. A leveling off of
oxygen uptake (V0z) always occurred, and this individual cycled until
exhaustion at a final power output that was 10-20% higher than the
minimal power output needed to elicit V05 max. A venous blood
sample was obtained 3—4 min after exhaustion for determination of
blood lactate concentration after maximal exercise, as described
below. The subject breathed through a Daniels valve; expired gases
were continuously sampled from a mixing chamber and analyzed for
O> (Applied Electrochemistry S3A) and CO, (Beckman LB-2). In-
spired air volumes were measured using a dry-gas meter (Parkinson-
Cowan CD4). These instruments were interfaced with a computer that
calculated Vo, every 30 s. The same equipment for indirect calorim-
etry was used over the 7-yr period, with gas analyzers calibrated
against the same known gasses and the dry-gas meter calibrated
periodically to a 350-liter Tissot spirometer.

Blood LT. The subject pedaled the Monark ergometer (model 819)
continuously for 25 min at work rates eliciting ~50, 60, 70, 80, and
90% V02 max for each successive 5-min stage. The calibrated ergome-
ter was set in the constant power mode, and the subject maintained a
pedaling cadence of 85 rpm. Blood samples were obtained either from
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a catheter in an antecubital vein or from piercing a fingertip during the
5th min of exercise at each stage or 4 min after maximal exercise.
Whole blood was deproteinized in perchloric acid and later analyzed
for lactate using an enzymatic spectrophotometric method (20). The
blood LT was determined, as previously described (14), by graphing
the lactate vs. Vo, relationship and determining the Vo, at which
blood lactate increased 1 mM above baseline. Maximal blood lactate
concentration was determined from a blood sample obtained during
the 4th min after exhaustion during the V02 max determination.

Mechanical efficiency. Gross efficiency was calculated as the ratio
of work accomplished per minute (i.e., watts converted to kcal/min) to
energy expended per minute (kcal/min). Energy expenditure per
minute (i.e., kcal/min ) was calculated from Vo, and respiratory
exchange ratio using the tables of Lusk (31). On a given date of
testing, gross efficiency was generally similar at all work rates
evaluated when cycling at 50-90% VO3 max and 80-90 rpm, as
previously described in trained cyclists (10, 31). Therefore, gross
efficiency was reported as the average of the values obtained at the
five work rates(10).

Delta efficiency is defined as the ratio of the change in work
accomplished per minute and the change in energy expended per
minute (10, 31). Delta efficiency was identified from linear regression
(y = mx + b) of the relationship (i.e., 5 data points at ~50, 60, 70, 80,
and 90% V0: max) between energy expended per minute (i.e., y;
kcal/min) vs. work accomplished per minute (i.e., x; kcal/min). Delta
efficiency was calculated from the slope of the relationship and was
equal to the reciprocal of m (i.e., 1/m) (31).

Body composition. Body density was determined from hydrostatic
weighing, with direct measurement of residual lung volume using the
nitrogen dilution technique (34, 35). Furthermore, skinfold thickness
at five sites was determined, and the sum of these measures was
related to body density. Percent body fat and lean body weight were
calculated from body density and body weight (35).

RESULTS

Training and medical history of the subject. This individual
was born on September 18, 1971. He engaged in competitive
swimming at ages 12-15 yr and competitive running and
triathlon racing at ages 14—18 y. Thereafter, he competed in
and trained primarily for bicycle road racing. Table 1 contains

Table 1. Highlights of the bicycling racing history
and medical history of the subject

Year Age, yr Event
1991 19 U.S.A. National Amateur Champion
1992 20 14th place in Olympic Road Race; Barcelona
1993 21 Ist place in World Championships, Road Racing;
Oslo. Winner, one stage in Tour de France
1995 23 Winner of one stage in Tour de France
1996 24-25 12th place in Olympic Road Race; Barcelona. 6th
place in Olympic Individual Time trial;
Barcelona. Diagnosed with testicular cancer;
chemotherapy; brain surgery in October 1996.
Last chemotherapy treatment December 1996.
1998 26 4th place in World Championships, Road Racing
4th place in World Championships, Time trial
1999 27 Ist place—Tour de France Grand Champion
2000 28 Ist place—Tour de France Grand Champion
13th place in Olympic Road Race; Sydney
3rd place in Olympic Individual Time trial;
Sydney
2001 29 Ist place—Tour de France Grand Champion
2002 30 Ist place—Tour de France Grand Champion
2003 31 Ist place—Tour de France Grand Champion
2004 32 Ist place—Tour de France Grand Champion

IMPROVED MUSCULAR EFFICIENCY IN AN ELITE ATHLETE

the highlights of his racing career from 1991 to 2004, with
focus on his placing in the Tour de France, the World Bicy-
cling Championships, and the Olympic Games. Before turning
22 yr old in 1993, he became the youngest winner of the World
Championships in Bicycle Road Racing, a 1-day road race. At
age 25 yr, this individual was diagnosed with testicular cancer.
Thereafter and during the period of October through December
of 1996, he underwent surgeries to remove the involved testicle
and then to remove cancerous brain tumors and he received
chemotherapy as described by Armstrong (1). He resumed
international bicycle racing in 1998 and remarkably placed 4th
in the World Championships that year. He went on to become
the now six-time Grand Champion of the Tour de France over
years 1999, 2000, 2001, 2002, 2003, and 2004. The Tour de
France is arguably the world’s premier bicycle road race. It
covers ~3,800 km, competed in 21-22 stages (day of racing)
over a period of 3 wk during the month of July.

Anthropometry. Total body weight during laboratory testing
ranged from ~76 to 80 kg from 1992 through 1997 as well as
during the preseason in 1999. However, when competing in the
Tour de France in 1999-2004, body weight was reported by
the subject to be ~72-74 kg. Lean body weight was ~70 kg
during the period of 1992-1997 (Table 2). His height was
~178 cm.

VO3 maw, maximal heart rate, and the blood LT. V03 max
during the preseason months of November through January
generally ranged from 5.56 to 5.82 1/min during the period of
1992-1999. V05 max during the competitive season of 1993,
soon after winning the World Road Racing Championships
(September 1993), was 6.1 /min and 81.2 ml-kg~!-min—!,
results that were corroborated by the United States Olympic
Committee (Colorado Springs, CO). Eight months after che-
motherapy for cancer and during a period of inconsistent and
reduced training (i.e., August 1997), V05 max Was 5.29 1/min
and 66.6 ml-kg~!-min~"!. Furthermore, at this time of reduced
training, maximal blood lactate concentration measured 4 min
after exhaustion was 9.2 mM compared with previously re-
corded values in the range of 6.3—7.5 mM. Maximal heart rate
declined from 207 to 200 beats/min from 1992 through 1999.
The Vo, corresponding to the blood lactate threshold was
4.5-4.7 I/min when measured in 1992-1993 and, as expected,
it was reduced to 4.02 1/min during the period of reduced
training in August 1997.

Mechanical efficiency. Gross efficiency and delta efficiency
during the period from 1992 to 1999 are displayed in Fig. 1.
These progressive increases in efficiency amount to an 8-9%
improvement over the period. This improvement is also dis-
played in the measure of mechanical power generated when
cycling at a given Vo, of 5.0 I/min, in that it increased from
374 to 403 W (i.e., 8%; Table 2). Given that success in the
Tour de France is typically determined when cycling uphill on
mountains, it is best to normalize power to body weight (i.e.,
W/kg). Given this individual’s reduction in body weight from
78.9 kg (in 1992) to ~72 kg during his victories in the Tour de
France and given his increased muscular efficiency, his power-
to-body weight ratio (i.e., power/kg) when cycling at 5.0 I/min
is calculated to have increased by a remarkable 18% from 1992
to 1999 (i.e., 4.74 vs. 5.60 W/kg when Vo, is 5.0 I/min). In that
his VO, max remained at ~6 1/min, this given Vo, of 5.0 I/min
represents ~83% V0, max. Therefore, his “power per kilo-
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