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Abstract

The requirements of running a 2 hour marathon have been extensively debated but the actual
physiological demands of running at ~21.1 km/h have never been reported. We therefore
conducted laboratory-based physiological evaluations and measured running economy (O»
cost) while running outdoors at ~21.1 km/h, in world-class distance runners as part of Nike’s
‘Breaking 2’ marathon project. On separate days, 16 world-class male distance runners (age,
29 + 4 years; height, 1.72 = 0.04 m; mass, 58.9 &+ 3.3 kg) completed an incremental treadmill
test for the assessment of VO,peak, O, cost of submaximal running, lactate threshold and
lactate turn-point, and a track test during which they ran continuously at 21.1 km/h. The
laboratory-determined VO,peak was 71.0 + 5.7 ml/kg/min with lactate threshold and lactate
turn-point occurring at 18.9 + 0.4 and 20.2 £ 0.6 km/h, corresponding to 83 =5 % and 92 + 3
% VO,peak, respectively. Seven athletes were able to attain a steady-state VO, when running
outdoors at 21.1 km/h. The mean O; cost for these athletes was 191 + 19 ml/kg/km such that
running at 21.1 km/h required an absolute VO, of ~4.0 L/min and represented 94 + 3 %
VO,peak. We report novel data on the O, cost of running outdoors at 21.1 km/h, which
enables better modelling of possible marathon performances by elite athletes. Using the value
for O, cost measured in this study, a sub-2 hour marathon would require a 59 kg runner to

sustain a VO, of approximately 4.0 L/min or 67 ml/kg/min.

Key words: endurance performance; aerobic fitness; running economy; performance

prediction.

New and Noteworthy: We report the physiological characteristics and O2 cost of running
over-ground at ~21.1 km/h in a cohort of the world's best male distance runners. We provide

new information on the absolute and relative O2 uptake required to run at 2 h marathon pace.
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Introduction

There is considerable scientific and public interest in the requirements of running a 26.2 mile
(42.195 km) marathon in less than 2 hours (36, 37, 61), as was recently accomplished by
Eliud Kipchoge of Kenya in an exhibition event in Vienna. Traditional physiological factors
that have been proposed to exert an important influence in this regard include the runner’s
maximal oxygen (O,) uptake (VO,max), the fraction of the VO,max that can be sustained
during the marathon which is, in turn, related to the lactate threshold (LT) or critical speed
(CS), and the O; cost of submaximal running (i.e., running economy in units of ml of
O,/kg/km), (28, 35, 37). Other important ‘external’ factors include the course profile,
environmental conditions (altitude, ambient temperature, relative humidity and wind speed),

pacing strategy, drafting, pre- and in-race nutrition, and footwear and apparel (9, 23, 24, 36).

To run a marathon in under 2 hours, an elite distance runner must be able to sustain a
metabolic steady-state while running at just over 13.1 mph (i.e. ~4 minutes and 34 seconds
per mile) or 21.1 km/h (i.e. ~2 minutes and 50 seconds per km). To our knowledge, the O,
cost of running outdoors at sea level at ~21.1 km/h has never been reported. This is
understandable given that there are presumably very few athletes in the world capable of
running at this speed in a metabolic steady-state, which is a necessary condition for the valid
assessment of running economy (48). Estimating the O, cost of running at 21.1 km/h by
extrapolating the VO,-running speed relationship established at lower speeds (typically 15-19
km/h) in less highly-trained athletes might not be appropriate, especially given the difference
in air resistance which is evident between treadmill and outdoor running at higher speeds (32,
56). Debate surrounding whether or not a sub-2 hour marathon might be possible in
competitions ratified by the International Association of Athletics Federations (IAAF) would
be informed by improved knowledge of the O, cost of running at ~21.1 km/h, and the fraction

of VO,max this requires, in world-class marathon runners (36).
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The purpose of this study was to investigate the O, cost and physiological demand (i.e.,
fraction of VO,max required) of running at ~21.1 km/h in a cohort of the world’s best
distance runners who underwent physiological evaluation as part of Nike’s ‘Breaking 2’

marathon project.
Methods
Participants

Sixteen elite male distance runners volunteered and gave written informed consent to
participate in the study after the experimental procedures, associated risks, and potential
benefits of participation had been explained. All procedures were approved by the University
of Exeter Research Ethics Committee. The athletes, who were predominantly of East African
ethnicity, were recruited for the first phase of Nike’s ‘Breaking 2’ project which had the
purpose of identifying athletes with the physiological characteristics that might enable them
to run a marathon in less than 2 hours. The athletes were evaluated at uncontrolled time
points in their racing and training programs and they were, therefore, not necessarily in their
best physical condition at the time of testing. The athletes had a mean personal record for the
half-marathon of 59:53 £ 0:46 min:s and a mean personal record for the full marathon of
2:06:53 £ 0:02:58 h:min:s. The cohort included the current official world marathon record
holder (set in 2018), the 2019 world marathon champion, and the former world half-marathon

record holder (until 2019).

Testing occurred between November 2015 and September 2016 and took place either within
the Department of Sport and Health Sciences at the University of Exeter and at Exeter Arena
athletics track in Exeter, UK (n = 11), or within the Nike Sport Research Laboratory and at

the Michael Johnson athletics track on the Nike campus in Beaverton OR, USA (n = 5). The

athletes were instructed to arrive at the laboratory and track in a rested and fully hydrated
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state, > 3 h postprandial, and to avoid strenuous exercise in the 24 h preceding each testing
session. The athletes were asked to refrain from caffeine for 6 h and from alcohol for 24 h

before each test.
Testing Overview

On arrival at the laboratory, measurements of the athletes’ anthropometry and pulmonary
function were made before they completed an incremental treadmill test to volitional
exhaustion. This test was used to measure the pulmonary gas exchange, heart rate, and blood
lactate responses to incremental exercise and for evaluation of the O, cost of submaximal
running, LT, lactate turn-point (LTP), and VO,peak. Following a 30-60 min recovery period,
the athletes who were tested in Exeter attended the biomechanics laboratory for the
measurement of force and kinematic data while running short distances at ~21.0 km/h (n =
10). On the following day, the athletes reported to the local track where they completed a
protocol designed to measure the O; cost of running outdoors at close to 2 hour marathon

race pace. For all tests, the athletes ran in lightweight racing flats.
Laboratory Tests

Height was measured using a stadiometer and body mass was recorded using balance scales
(Seca 700, Hamburg, Germany). An accredited kinanthropometrist assessed the athletes’
anthropometry using skinfold measurements at four sites (biceps, triceps, subscapular and
suprailiac) as an index of body composition and measurements were also made of thigh and
calf girths, biepicondylar femur and bimalleolar breadths, and left and right leg Achilles
tendon and shank lengths. Body fat percentage was estimated using the equation of Durnin &
Womersley (16). Pulmonary function was assessed using standard spirometry procedures

(Vitalograph Ltd., Buckingham, UK).
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All treadmill exercise testing sessions were carried out in an air-conditioned exercise
physiology laboratory at 20—22°C and performed on a motorised treadmill (Woodway PPS-
55 Sport (Exeter) or Woodway Pro XL (Beaverton), Woodway, Weil am Rhein, Germany)
set at a 1% gradient (32). Prior to testing, a resting blood sample was drawn from a fingertip
for the assessment of baseline blood lactate concentration. The athlete was then fitted with a
telemetric heart rate (HR) monitor (Polar S610, Kempele, Finland (Exeter) or Wahoo TickrX,
Atlanta, GA (Beaverton)) and allowed to perform his individual warm-up regimen including
10-15 min jogging and some stretching if desired. The athlete was then fitted with a mask and
a portable pulmonary gas exchange measuring device (Oxycon Mobile, Jacger, Heidelberg,
Germany (Exeter) or Cosmed K4b2, Rome, Italy (Beaverton)) for the measurement of VO,
and asked to complete a multi-stage incremental treadmill running test. Prior to testing, the
gas exchange measurement systems were each calibrated according to the manufacturer’s
instructions; the O, and CO, analyzers using gases of known concentration and the turbine
flow meters with a 3 L syringe. The principles of operation of the two systems are similar and
it has been reported that they provide measurements of VO, that are reliable and valid

relative to the gold standard Douglas bag method (1, 25, 51).

The starting speed for the treadmill test was 17 km/h. Each stage was 3 min in duration and
the belt speed was increased by 1 km/h until 19 km/h and 0.5 km/h thereafter until the athlete
reached volitional exhaustion (i.e., when he could not complete a stage or declined the
opportunity to start a new one). For the first stage of the test, the belt speed was increased to
17 km/h and following the command of “3-2-1-GO” the athletes commenced running, having
previously stood still for 60 s with their feet astride the moving treadmill belt. A fingertip
blood sample was collected as quickly as possible (within 10-20 s) at the end of each 3 min

stage with the athlete interrupting exercise and standing astride the moving treadmill belt
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with his hand stabilized on the guard-rail. Blood [lactate] was subsequently determined in

duplicate (Lactate Plus, Nova Biomedical, Waltham, USA).

The breath-by-breath pulmonary gas exchange data were collected continuously during the
incremental test and averaged over consecutive 10 s periods. Running economy, as O, cost,
was derived from measurements of VO, during the final 50 s of each of the submaximal
stages and expressed both in units of ml/kg/min and ml/kg/km. This time period was selected
to allow enough time for a steady-state to be attained while also ensuring sufficient data in
the collection ‘window’ to provide confidence in the evaluation of the mean VO, for each
speed. Where appropriate, running economy as energy cost was also calculated from VO, and
respiratory exchange ratio (RER) measurements and expressed in units of kcal/kg/km (18,
27). Blood [lactate] was plotted against running speed and LT, defined as the first increase in
blood [lactate] above the baseline value of 1-2 mM, and LTP, defined as a subsequent sudden
and sustained increase in blood [lactate], were identified by visual inspection. Blood [lactate]-
speed plots were reviewed blind by four of the co-authors and a consensus on the running
speeds at LT and LTP was reached and recorded. The VO,peak was taken as the highest 30-s
rolling mean value attained prior to the termination of the test. Although the athletes
exercised to volitional exhaustion, we have termed the highest VO, recorded ‘VO,peak’
rather than ‘VO,max’ because we did not perform a subsequent “verification’ test on the

treadmill at a higher speed (55).

The VO, response across the single transition from standing to running at 17 km/h was
modelled using a mono-exponential function to derive the phase II time constant of the VO,
kinetics (2, 31). Briefly, the breath-by-breath VO, data from each test were initially examined
to exclude errant breaths, and those values lying >4 standard deviations from the local mean
were deleted. The breath-by-breath data were subsequently linearly interpolated to give 1-s

values and then averaged into 10-s time bins. The baseline VO, was defined as the mean VO,
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measured during the last 60 s of standing prior to the start of running. The first 20 s of data
after the onset of running (i.e. the phase I response) were not included in the analysis. An
exponential model was used to describe the VO, response, including the amplitude of the
response from baseline to the steady-state and the phase II time constant, as described
previously (2, 31). The parameters of the model were determined using a non-linear least
squares algorithm in which minimizing the mean squared error was the criterion for
convergence. The 95% confidence intervals surrounding the phase II time constant estimate

were also computed.
Biomechanical Assessment

For 10 of the 11 athletes tested in Exeter, force and kinematic data were collected during
over-ground running at 21.1 km/h (5.86 m.s™, + 5%) using an AMTI force plate (1000 Hz,
Advanced Mechanical Technology Inc., Watertown, MA, USA) and CodaMotion motion
capture system (200 Hz, 3 CX1 monitors, Charnwood Dynamics Ltd., UK). Active markers
were positioned on each shoe to align with the superior calcaneus of both the left and right
feet. The 16.5 m runway included approximately 7 m of run-up prior to the force plate and
was extended outdoors so that the athletes were not required to decelerate within the
laboratory space. The athletes were encouraged to complete familiarization trials until they
were comfortable running at the desired speed. Running speed was monitored using timing
gates (Brower, Utah, USA) positioned 2 m apart and 1 m high. The foot that contacted the
force plate was self-selected. Athletes were asked not to target the force plate during running
and instead to focus on running as naturally as possible without looking at the force plate.
Trials were repeated until five successful trials from the same side were recorded. A
successful trial was one in which the athlete contacted the force plate fully, without adjusting

their stride, and whilst running at the correct speed.
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Force and kinematic data were filtered with a fourth-order Butterworth filter at 50 Hz and 12
Hz respectively. Dependent variables were calculated for each trial and a mean obtained per
individual athlete. Stance was detected using a vertical force threshold of 20 N. Force
variables were normalized to body weight (N). Peak vertical force was defined as the
maximum force during stance. Instantaneous loading rate was defined as the first derivative
of the vertical ground reaction force with respect to time, and the peak value was obtained.
Stride length was defined as the distance between the step on the force plate and the
following contralateral step, determined using the calcaneal markers. Vertical oscillation was
defined as the maximum difference in vertical displacement of the centre of mass throughout
stance, where change in centre of mass was obtained by double integration of the

acceleration. Vertical effective impulse was calculated as in Nummela et al. (50).
Track Test

Following a self-selected warm-up and fitting of the HR monitor and calibrated portable gas
analysis device, as described for the laboratory tests above, the athletes were instructed to
complete 2 laps of a 400 m track at 17 km/h followed immediately by 6 laps at 21.1 km/h,
with a final lap as fast as possible. During the first 8 laps the athletes were provided feedback
every 200 m on their running speed. 400 m lap split times were recorded by two individuals
and used to calculate running speed for each section of the test. The O, cost of running was
calculated as the mean value over the last 50 s of running at 17 km/h and as the mean value
over the last 2 minutes of running at 21.1 km/h. The VO,peak was taken as the highest 30-s

rolling mean value attained prior to the termination of the test.
Estimation of Marathon Performance

The highest sustainable speed for the marathon was estimated by dividing the VO, measured

at LT by the O, cost of submaximal running (35), i.e. for an athlete with a VO, at LT of 60
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ml/kg/min, and O, cost of 185 ml/kg/km, then 60 x 60 / 185 = 19.46 km/h, which would
predict a marathon time of 2:10:07. The same calculation was also made using the VO, at

LTP and the VO, at 96% of LTP (34).
Satistics

Data are reported as group mean + SD. Relationships between variables were assessed with
Pearson product moment correlation coefficients. Student’s t-tests were used to assess
differences between treadmill and outdoor running. Statistical significance was accepted

when P<0.05.

Results

Athlete Characteristics

The athletes were 29 + 4 years of age, 1.72 = 0.04 (1.63-1.80) m tall and weighed 58.9 £ 3.3
(54.7-66.3) kg. Pertinent anthropometric characteristics are shown in Table 1. The athletes’
sum of 4 skinfolds was 19.8 £ 2.4 mm and their estimated percentage body fat was 7.9 £ 1.0
%. Forced vital capacity was 4.37 + 1.05 L and forced expiratory volume in 1 s was 3.90 £+

0.88 L.
Physiological Variables: Laboratory

The group mean speed reached in the final stage of the treadmill test was 21.2 = 0.6 km/h; 13
athletes completed a stage at 21 km/h, eight athletes completed a stage at 21.5 km/h and two
athletes completed a stage at 22 km/h. The group mean VO,peak was 71.0 £ 5.7 ml/kg/min,
maximal HR was 190 + 11 b/min, maximal minute ventilation was 142 + 20 L/min, and
maximal RER was 1.05 + 0.07. The VO, response of a representative athlete during the

incremental test is shown in Figure 1.
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Over a range of speeds which could be considered to be submaximal (<LTP) for individual
athletes (17.0-19.5 km/h), the mean O; cost of running at, was 189 + 14 ml/kg/km (Figure 2),
with a mean energy cost of 1.06 £ 0.15 kcal/kg/km. At a running speed of 21.0 km/h (n = 13)
on the treadmill, O, cost was 188 + 20 ml/kg/km, corresponding to an absolute VO, of 3.98 +
0.50 L/min, a relative VO, of 65.8 ml/kg/min and fractional utilization of 95 £ 5 % VOzpeak.
For those athletes for whom 21.0 km/h was not the final completed treadmill stage (n = 8),
the O, cost at 21 km/h was 189 + 14 ml/kg/km, corresponding to an absolute VO, of 3.91 +
0.28 L/min, a relative VO, of 66.8 ml/kg/min and fractional utilization of 94 + 6 % VOapeak.
The individual VO,-running speed profiles are presented in Figure 2A and the O, cost of
running for the athletes across the full range of speeds is shown in Figure 2B. The mean O,
cost of running was similar across the speeds studied but, at each speed, there was

considerable inter-individual variability (with a range of ~170-220 ml/kg/km; Figure 2B).

The individual blood [lactate]-running speed relationships are presented in Figure 3A, with
the response of a representative athlete highlighted in Figure 3B and the group mean = SD LT
and LTP shown in Figure 3C. The group mean LT occurred at 18.9 + 0.4 km/h, which
corresponded to 83 + 5 % VOapeak, 166 £ 9 b/min (87 + 5 % HR max) and a blood [lactate]
of 2.2 + 0.8 mM. The group mean LTP occurred at 20.2 &+ 0.6 km/h which corresponded to 92

+3 % VO,peak, 181 = 8 b/min (94 + 2 % HR max) and a blood [lactate] of 4.6 + 1.3 mM.

We took the opportunity to evaluate VO, kinetics during the first stage of the incremental test
(i.e. step test from standing at rest to running at 17 km/h; see Figure 1). The group mean
phase II time constant was 12.1 + 2.6 s (95% confidence interval: 2.5 £ 1.0 s) while the
amplitude of the VO, response, from resting baseline to steady-state at 17 km/h, was 2.63 £

0.37 L/min.

Physiological Variables: Track
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In the first part of the track test, the athletes chose to run at 18.4 + 1.0 km/h. At this speed, the
group mean VO, was 3.28 = 0.33 L/min, O, cost was 179 + 16 ml/kg/km and energy cost was
1.10 £ 0.12 kcal/kg/km. In the second part of the test, as instructed, the athletes maintained a
speed of 21.0 = 0.2 km/h. At this speed, the group mean VO, was 4.11 £ 0.37 L/min (70 £ 6
ml/kg/min; 95 + 3 % VO,peak) and the group mean O, cost was 191 + 19 ml/kg/min (P<0.01
compared to the lower speed). Nine athletes were able to accelerate in the final lap to achieve
a speed of 22.5 + 0.8 km/h, VO,peak of 4.20 + 0.28 L/min (71.9 £ 6.1 ml/kg/min) and HR

max of 185 + 10 b/min.

It was notable that not all athletes were able to achieve a VO, steady-state when running
over-ground at ~21 km/h. The VO, profiles of a representative athlete from the group that
was able to achieve a steady-state (n = 7) and a representative athlete from the group that was
not able to achieve a steady-state (n = 9) are shown in Figure 4A and 4B, respectively. In the
former group, a delayed VO, steady-state was evident and the athletes could further elevate
VO, when they accelerated for the final 400 m lap. In the latter group, however, a more
pronounced VO, ‘slow component’ was evident such that VO, increased progressively with
time and VO, could not be increased further even with a final lap acceleration. While there
was no difference in the mean O; cost of running at 21 km/h between the two groups (i.e. 191
ml/kg/km), this O, cost represented a slightly smaller fraction of VO,peak in the group that
was able to reach a steady-state (94 + 3 %) compared to the group that could not reach a

steady-state (97 = 9 %).
Rel ationships between Laboratory and Field Testing

The O, cost was not different between treadmill and track either during submaximal running
(lab: 189 + 14 vs. track: 179 + 16 ml/kg/km at ~18.4 km/h; P =0.17) or when running at 21.0

km/h (lab: 188 + 20 vs. track: 191 + 19 ml/kg/km; P = 0.75). There was no significant
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difference between VO,peak measured on the treadmill or the track (71.0 vs. 71.9 ml/kg/min;
P =0.97). VO,peak was significantly correlated with the O cost of submaximal running both

for treadmill running (r = 0.86, P<0.0001) and for over-ground running (r = 0.87, P<0.0001).
Biomechanical Assessment

Group mean biomechanical characteristics are presented in Table 2. Four of the ten runners
presented ground reaction force-time histories that displayed an impact peak typical of a
rearfoot strike, whereas six presented time histories representative of a non-rearfoot strike
(41). There was a significant inverse correlation between ground contact time and O, cost of
running on the treadmill (r = -0.69; P = 0.03); i.e. better running economy was associated
with shorter ground contact time. There were no other statistically significant correlations

between the O, cost of submaximal running and biomechanical or anthropometric variables.
Estimation of Marathon Performance

The individual and group mean values for VO,peak, the fractional utilization of VO,peak
(which is presumed to be associated with the accumulation of lactate in the blood) and the O,
cost of running are shown in Figure 5. The highest sustainable speed for the marathon,
estimated by dividing the VO, measured at LT by the O, cost of over-ground running, was
18.7 £ 1.0 (range: 16.6-19.7) km/h. This would predict a mean marathon time for the group
of 2:15:24 (range: 2:08:32-2:23:03). When the VO, measured at LTP was used instead, the
estimated highest sustainable speed for the marathon was 20.6 + 1.0 (range: 18.9-22.0) km/h,
which would predict a mean marathon time for the group of 2:02:55 (1:57:13-2:09:11).
However, when the sustainable VO, was assumed to be 96% LTP, as has been proposed
previously (34), the predicted marathon time was more realistic for the cohort (2:08:31 +
3:48; range: 2:00:01-2:19:58) and not different from the athletes’ best marathon

performances at the time of testing (2:08:40 + 6:45). There were no significant correlations
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between the athletes’ best marathon time and VO,peak (r = -0.14), O, cost of running (r = -
0.12), LT (r =0.10) or LTP (r = 0.05); however, marathon performance was significantly

correlated with the VO, phase II time constant (r = 0.76; P = 0.002).
Discussion

In this study, we present the physiological test data of some of the world’s best male distance
runners which were collected as part of Nike’s ‘Breaking 2’ marathon project. This study
makes several novel contributions to our understanding of the physiology of elite-level
marathon running. To our knowledge, the O, cost of running over-ground at ~21.0 km/h,
corresponding to 2 hour marathon race pace, has never been measured directly. We report
that the O, cost of over-ground running at 21.0 km/h was 191 = 19 ml/kg/km. For a 59 kg
athlete, an O, cost of 191 ml/kg/km equates to a VO, of approximately 4.0 L/min or 67
ml/kg/min when running at 21.0 km/h. It was notable, however, that only 7 athletes from the

cohort were able to attain a VO, steady-state when running over-ground at 21.0 km/h.

It is instructive to consider the implications of this mean O, cost value (i.e., 191 ml/kg/km)
for the other physiological variables that are known to influence elite-level marathon
performance. For example, a 59 kg athlete with a VO,peak of 4.5 L/min (or 76 ml/kg/min)
and O, cost of submaximal running of 191 ml/kg/km, would need to sustain 88% VO,peak to
run a 2 hour marathon. But, with the same O, cost of 191 ml/kg/km and a higher VO,peak of
80 ml/kg/min, a 2 hour marathon would require 84% VO,peak. Alternatively, for an athlete
with a VO,peak of 76 ml/kg/min but a lower O; cost of 180 ml/kg/km and therefore a VO, of
running at 21.1 km/h of 3.8 L/min, a 2 hour marathon would require 83% VO,peak. The
assumptions underpinning these predictions are discussed later (see ‘Other Considerations’).
However, it is pertinent to note that there are several possible and realistic combinations of

VO,peak, submaximal O, cost and fractional utilization of VO,peak that could permit the
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achievement of a sub-2 hour marathon. The importance of the combination of these variables
is emphasized by the fact that, when considered in isolation, VO,peak, O, cost of running,
and lactate-related metrics were not significantly correlated with marathon performance; but
when VOspeak, O, cost of running and LTP were considered together, the predicted
marathon time was not different from the best performances recorded by the athletes at the

time of testing.
Physiological Variables Measured in the Laboratory

The mean VO,peak of the athletes was ~71-72 ml/kg/min with a wide range of 62 to 84
ml/kg/min (Figure 5). These values are similar to previously reported VO,max values for
highly-trained distance runners (53, 54) suggesting that improved race performances in recent
decades cannot be attributed to higher VO,max values per se. In the present study, VO,peak
was measured at the end of a multi-stage treadmill protocol with the treadmill grade set at
1%. It is possible that the reported VO,peak under-estimated the maximal value for VO, that
might have been attained if a protocol involving a progressive increase in treadmill gradient
had been employed. However, any such difference is likely to have been small (~3%; Jones,
unpublished observations) and the VO,peak reported here would more accurately represent
the highest value for VO, that could be attained during competition on a flat surface.
Consistent with this, VO,peak was not different between the laboratory and the track
indicating that the athletes were able to provide a consistent and apparently maximal effort in

both environments.

We measured the blood lactate response to progressively increasing speeds on the treadmill
and identified the LT (18.9 + 0.4 km/h; range of 18.0-19.5 km/h) and LTP (20.2 + 0.6 km/h;
range of 19.5-21.0 km/h) through visual inspection of individual blood [lactate]-running

speed profiles. While numerous, more objective, methods exist for the interpretation of blood
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lactate responses to exercise (26, 29), these are often arbitrary and/or fail to reflect the
relevant underpinning physiology (29). It is notable that the LT and LTP occurred at high
fractions of the athletes’ VO,peak (83 + 5 % and 92 + 3 %, respectively). It is also notable
that the speed required to run a 2 hour marathon (21.1 km/h) exceeded the group mean LTP
speed, clearly indicating that not all of the elite athletes evaluated were capable of sustaining
the necessary speed without experiencing a progressive accumulation of lactate over time.
The LTP approximates the CS (60) and therefore delineates the heavy-intensity exercise
domain, within which steady-state physiological responses can be achieved, from the severe-
intensity exercise domain (60). In the severe-intensity domain, a metabolic steady-state
cannot be achieved, fatigue develops more rapidly and exercise tolerance is limited to less
than approximately 30 minutes (60, 63). It appears that elite athletes run marathons at a mean
speed that resides in the heavy-intensity domain, that is, above LT but below CS (33, 34).
Indeed, it has been calculated that elite distance runners are able to sustain a marathon race
speed at approximately 96 % of CS when the latter is estimated using personal best
performance times established over shorter race distances (5, 34). Therefore, for a 2 hour
marathon to be achievable, it is necessary for CS to occur at a minimum of 22 km/h. Because
CS occurs at approximately 90% VOapeak in elite endurance athletes (3, 4, personal
observations), this would indicate that these athletes might sustain a high fraction of VO,peak
(~86-90%) during a 2 hour marathon race. This coheres with estimates derived from
measurements made at altitude in elite Kenyan runners (62) and also with a recent report that
marathon race speed required 91% VO,peak in a masters’ world marathon record holder (40).
Consistent with our previous analysis (34), when we calculated possible best marathon times
for the athletes in the present study, the most realistic estimate (i.e., the one closest to the
athletes’ personal record times) was derived when the highest sustainable VO, was assumed

to occur at 96% of LTP (or approximately 88% VO,peak).
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The type of training required to elicit a high CS and to enable a high fraction of VO,peak to
be sustained during a marathon is not entirely clear (30). However, it is known that critical
power (CP, which is analogous to CS) in cycling is related to a high proportion of highly-
oxidative, fatigue resistant type I muscle fibers (63) and to muscle capillarity (44). Elite
marathon runners complete a relatively high volume of training (170-230 km per week) but
with 2-3 sessions per week at higher (peri-CS) intensity, such as continuous tempo runs at
marathon race pace or extensive intervals (for example, 25-30 x 400 m, 10-15 x 1000 m, or 6-

8 x 1 mile) at 10K race pace (10; personal observations of the authors).

The first stage of the treadmill exercise protocol, which was completed at a ‘moderate’ speed
of 17 km/h, was deliberately designed as a ‘step’ test with the athletes dropping onto the
revolving treadmill belt from a standing position. This permitted us to characterise VO,
kinetics, i.e. the integrated adaptation of the O, transport and utilization systems to meet the
abruptly elevated metabolic demand. The phase II time constant of the pulmonary VO,
kinetics, which reflects skeletal muscle VO, kinetics (19), was 12.1 + 2.6 s, with 4 athletes
having a time constant of <10 s. In the present study, the athletes only completed a single
transition from rest to moderate-intensity running; however, the amplitude of the VO,
response was relatively large (2.63 L/min, on average), such that the 95% confidence interval
surrounding the estimate of the phase II time constant was small (£ 2.5 s). While fast VO,
kinetics have been reported in endurance athletes previously (2, 38), it should be noted that a
time constant of ~12 s is exceedingly short and indicates that these athletes would attain a
complete steady-state within 50 s of the start of running within the moderate (<LT) domain.
Fast VO, kinetics, per se, might not be considered to be especially relevant to marathon
performance because the duration for which the athlete will be in an initial O, deficit is very
small relative to the event duration. However, it has been reported the phase II time constant

is significantly correlated with CP during cycle exercise (49), suggesting that the two
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variables might be related through some common physiological mechanism such as skeletal
muscle oxidative capacity (64). In this light, it is intriguing that we observed a significant
correlation between the athletes’ phase II time constant and their best marathon performance

(r =0.76, P = 0.002).

Running Economy: Laboratory and Field

The O; cost of submaximal treadmill running was ~189 ml/kg/km, with substantial inter-
individual variability. These values are similar to those reported in other studies of trained
endurance runners (8, 12, 13, 14, 42). At a running speed of 21 km/h on the treadmill, the
VO, and O, cost values we measured were similar to those reported previously by Lucia et al
for elite Eritrean runners (42) and to predictions derived from the limited data presented by

Joyner (see Figure 1 in ref. 35).

Direct measurement of the O, cost of running outdoors at ~21 km/h, as was achieved for the
first time in the present study, is important in improving physiological models of endurance
performance (35, 36). The measured O, cost was ~179 and ~191 ml/kg/km at the lower and
higher track speeds, respectively. It was striking, however, that only 7/16 athletes in this
world-class cohort were able to achieve a VO, steady-state at 21 km/h. This underlines the
significant challenge of running a sub-2 hour marathon. In the majority of the athletes tested,
a VO, ‘slow component’ was evident while running at 21 km/h, indicating that this speed was
above their CS (Figure 4B). The inexorable loss of efficiency, represented by the VO, slow
component, leads to the rapid attainment of VO,peak and expedites fatigue development such
that 21 km/h would prove unsustainable for the marathon distance (33, 34, 63). Even for the
minority of athletes who could achieve a steady-state VO, at 21 km/h, this speed represented

a high fraction of VO,peak (~94%). As outlined earlier, this value for fractional utilization
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could be reduced either by enhancing VO,peak (through training) or by lowering the O, cost

of running (through training or technological innovation).

At the group level, there was no significant difference in the O, cost of running at similar
speeds on the treadmill compared to the track. In the laboratory, the O; cost of running was
not different between the lower and higher speeds whereas, on the track, the O, cost was
significantly greater at the higher speed. The explanation for this difference is not clear but
might be related to changes in air resistance experienced at higher speeds when running
outdoors compared to running on a treadmill (32, 56). In the present study, the treadmill
gradient was set at 1% for the laboratory-based physiological assessments as an expedient to
help compensate for the lack of air resistance experienced in the laboratory compared to the
field (32). This previous investigation (32) was conducted in moderately-trained runners such
that the range of speeds investigated was restricted to 10-18 km/h. The results of the present
study suggest that adjustment of the treadmill gradient may also be appropriate up to a

running speed of 21 km/h if the goal is to reflect the O, cost of outdoor running.

VO,peak was significantly correlated with the O, cost of submaximal running both for
treadmill running (r = 0.86) and for over-ground running (r = 0.87); that is, athletes with a
lower O, cost of running at submaximal speeds tended to have lower VO,peak values, and
vice versa. This is consistent with previous reports and may be related to differences in
factors such as leg muscle mass and substrate utilization (17, 47, 52, 59) although it has also
been suggested that this relationship may be non-causal or even spurious (6, 17). This finding
is important because it indicates that while impressive values for VO,peak and the O, cost of
submaximal running (for example, >75 ml/kg/min and <185 ml/kg/km, respectively), per se,
are not unusual in elite runners (Figure 5), the simultaneous possession of both a high
VO,peak and a low O, cost may be much less common. Naturally, athletes possessing values

for sustainable oxidative metabolic rate (a function of VO,peak and its fractional utilization)
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and O; cost that, in combination, permit a speed of > 21.1 km/h to be sustained for the

marathon distance are even more rare.

Biomechanical Variables

There has been increasing interest in running with an anterior (non-rearfoot) foot strike in
recent years, despite minimal evidence to support the proposed benefits over running with a
rearfoot strike (20). The present study supports data from the 2017 TAAF World
Championships (21), which showed that on average 60% of men’s marathon runners

displayed a rearfoot strike, including the top four finishers.

The mean ground contact time of 0.16 s, measured in the present study, is similar to values
previously reported in elite runners at running speeds of 19.5 km/h (39) and 20 km/h (58).
The mean ground contact time tends to be shorter in elite compared to sub-elite runners. For
example, a ground contact time of 0.18 s was reported in national-level athletes running at
20.9 km/h (50). In the present study, we found that shorter ground contact time was
associated with a lower O, cost of submaximal running (r = -0.69), consistent with previous
findings (46, 50, 57). A shorter ground contact time is indicative of a reduced braking phase
during stance (50) which results in less deceleration of the forward motion of the body (39)
and may explain the lower O, cost. Moreover, vertical effective impulse was 18% lower in
the present study than has been measured previously in national-level athletes (50). Low
vertical impulse values have been suggested to be associated with more economical running

22).

The anthropometric characteristics of the athletes in the present study, including stature, body
mass, body mass index, body composition, and the lengths and girths of the thigh and calf,
were similar to values reported previously in similar cohorts (see 45 for review). It has been

proposed that some of these characteristics may be related to running economy and running
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performance (18, 42, 45). While there were no significant correlations between
anthropometric variables and running economy in the present study, it is important to note
that the athletes were relatively homogenous in their physical and physiological
characteristics and, therefore, the lack of correlation should not be interpreted to imply that

those variables are not important determinants of running economy.
Other Considerations

There are, of course, many other factors that can influence marathon performance in addition
to athlete anthropometry and physiology. These include the psychological characteristics of
the athlete and sound biomechanics although this latter aspect may be captured, to a large
extent, in measurements of running economy (18, 23). Due to the high absolute metabolic
rate that must be sustained and the related heat production, thermoregulation is another
important consideration and environmental factors such as ambient temperature, relative
humidity, radiant heat and wind speed can therefore significantly influence marathon
performance (43). It is also necessary to recognise that physiological variables, such as
VO,peak, running economy and LT, measured during a ~30 minute treadmill test are unlikely
to remain static over the course of a 2 hour marathon run. Indeed, a ‘fourth variable’ might be
added to the three proposed by Joyner (35) — that of the extent of the deterioration of the three
over time (i.e., fatigue resistance). Clark et al. (11) reported that the parameters of the power-
duration relationship, the CP and curvature constant (W), decreased by 9% and 23%,
respectively, over the course of 2 hours of heavy-intensity cycle exercise. These effects were
related, in part, to a progressive loss of efficiency (i.e. greater O, cost for the same external
power output). Similarly, it is known that the O, cost of running increases during fatiguing,
long-duration exercise (7), consequent to changes in both biomechanics and metabolic
substrate utilization. To this end, events to date targeting the 2 hour marathon have made

great efforts both to minimize O, cost and to protect against its deterioration over time. This
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has included strategies designed to: maintain the rate of carbohydrate oxidation and therefore
keep RER high and VO, low via regular carbohydrate ingestion (9, 11); minimize air
resistance and therefore O, cost by drafting behind a rotating shield of human pacemakers
(56); enable a relatively even pace with minimal changes of course direction or elevation and
therefore energy demand (15); and minimize athlete energy loss to the ground via running
shoe innovations (24). In this light, it is important to recognise that numerous factors, over
and above extraordinary athlete physiology, must conflate to enable the achievement of a

sub-2 hour marathon.
Limitations

Several limitations to this study should be acknowledged. The athletes were in different
stages of training for, or recovery from, other competitions and were not necessarily in their
best physical condition at the time of testing. The values reported are therefore very likely to
underestimate the values that might be measured when the athletes are in their best condition
prior to a major marathon competition. Due to the athletes’ schedules, opportunities for
familiarizing them with the treadmill and the gas exchange measurement system were
limited. Some athletes had not previously experienced running on a treadmill and it is
possible that this impacted on the VO, measurements made in the laboratory, although this
was not reflected in differences between treadmill and track measurements. Moreover, a lack
of complete habituation to the facemask which was used for gas exchange measurement,
along with some anxiety on the part of the athletes, resulted in mild hyperventilation in some
cases which elevated RER and limited our ability to calculate running economy in units of
energy cost. Physiological evaluation of the athletes took place in two locations (n=11 in
Exeter UK and n=5 in Beaverton USA) using different treadmills and gas analysis systems.
While there is evidence that the gas analysis systems are valid and reliable and likely to

produce similar results (1, 25, 51), and the VO, peak and O cost measurements were similar
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in the cohorts of athletes tested in the two locations, it would have been preferable for all

athletes to be evaluated in the same location with the same equipment.
Conclusions

For the first time, we report that the O, cost of over-ground running at ~21 km/h
approximates 191 ml/kg/km and therefore an absolute metabolic rate of about 4.0 L/min (67
ml/kg/min) for an elite runner weighing 59 kg. Here it may be noted that while the absolute
VO, at this speed would vary according to body mass, the relative VO, (i.e. 67 ml/kg/min)
would not. To be sustainable for the requisite time, it is necessary for this metabolic rate to be
lower than the “critical metabolic rate’ associated with CS. Moreover, the higher the
VO,peak, the smaller the fraction of VO,peak that 4.0 L/min represents: for example, a
VO,peak of ~80 ml/kg/min in a 59 kg runner gives a fractional utilisation of 85% which
seems physiologically reasonable. It is essential to recognise that the traditional physiological
variables we measured in this study should be considered in combination rather than in
isolation (35). The absolute VO, that is sustainable for 2 hours is the critical metabolic factor,
with the O, cost of running at race pace, and its resilience to fatigue development over time
(7, 11), being instrumental in translating the metabolic output into speed over the ground.
Given that these factors are likely to have been optimized by genetic predisposition and long-
term training in today’s elite athletes, it would appear that scientific innovations and/or
strategies which enable a higher mean oxidative metabolic rate to be sustained and/or
enhance running economy will play a significant role in future improvements in marathon

performance.
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Figure Legends

Figure 1: The VO, response to the incremental treadmill test in a representative athlete. The
treadmill test started with an abrupt transition to running at 17 km/h for the evaluation of VO,
kinetics. Thereafter, the running speed was increased by 1 km/h every 3 minutes (until 19
km/h) and by 0.5 km/h every 3 minutes thereafter until the athlete reached volitional
exhaustion. Pulmonary gas exchange and heart rate were measured continuously and a blood
sample for [lactate] determination was taken during short breaks between stages. VO, data

are presented in 10-s bins.

Figure 2: The VO, response to the incremental treadmill test in all athletes. Panel A shows
the absolute VO,-running speed relationship in the athletes along with the mean = SD
VO,peak attained prior to test termination. Panel B shows the data expressed as O cost per
kg per km (i.e. running economy) for the athletes along with the group mean (solid red line).

For both panels, note the substantial inter-individual variability.

Figure 3: The blood [lactate]-running speed relationship in the incremental treadmill test.
Panel A shows the individual athlete blood [lactate] profiles along with the mean response (in
bold). Panel B highlights the response of a representative athlete and indicates the selected
values for lactate threshold (LT) and lactate turn-point (LTP). Panel C shows the mean + SD

running speed and blood [lactate] at which LT and LTP were identified.

Figure 4: The VO, profiles for two representative athletes while performing the track test.
The athletes were asked to run 800 m at a submaximal speed, then 2400 m at ~21.0 km/h and
then a final 400 m as quickly as possible. Panel A shows the VO, profile of a representative
athlete from the group who were able to achieve a delayed VO, steady-state at 21 km/h (n
=7). Notice the stable VO, over the last ~4 minutes of the middle stage and the ability to

increase VO, further during the final stage. Panel B shows the VO, profile of a representative
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athlete from the group who were not able to achieve a steady-state at 21 km/h (n = 9). Notice
the continuous increase in VO, over time in the middle section and the inability to increase
VO, despite an increased speed in the final stage. Please note that the lower O, cost values in
the final ‘supramaximal’ stage of the test are artefactual in the sense that they represent an
inability of the athletes to increase VO, to match the increased running speed. The dashed
vertical lines represent changes in running speed and the dashed horizontal line represents the

VO,peak measured prior to the termination of the test. VO, data are presented in 10 s bins.

Figure5: Individual (white circles) and group mean (red line) values for the three principal
physiological determinants of marathon running performance according to Joyner and
colleagues (18, 19, 20) measured in the laboratory and track tests: VO,peak (Panel A),
sustainable fraction of VO,peak ((over-)estimated here from the VO, at LTP; Panel B), and
O; cost of submaximal running (Panel C). Note the wide range of individual values for all

three variables.



Table 1:

Mean + SD anthropometric variables of lower limbs

Mean + SD
Thigh girth (cm) 46.5+2.0
Calf girth (cm) 334+1.6
Biepicondylar femur breadth (cm) 9.8+04
Bimalleolar breadth (cm) 7.5+04
Leg length (cm) 87.9+3.7
Shank length (cm) 41.0£1.8
Achilles tendon length (cm) 259+2.0




1 Table 2: Mean £ SD force and temporospatial characteristics during over-ground

2 running at 21 km/h

3
Mean £+ SD

Ground contact time (s) 0.16 £0.01
Peak vertical force (BW) 2.92+£0.26
Peak instantaneous loading rate (BW/s) 135+47
Vertical oscillation (m) 0.04 +0.006
Vertical effective impulse (BW.s) 0.13+£0.02
Stride length (m) 1.74 £ 0.06
Relative stride length (% height) 100.4 £3.6

4

5

6
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