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Abstract

Objectives: The aim of this study was to compare the
measured physiological factors that limit running perfor-
mance with real marathon results fromworld-class distance
runners, evaluating the compatibility between measured
data and predicted results based on the previously suggested
model.
Methods: Four world-class East African marathon runners
(three male, one female) underwent physiological running
assessments to predict marathon performance times using
a model based on V̇ O2peak, percentage of V̇ O2peak at the
second ventilatory threshold, and running economy. Pre-
dictions were then compared to participants’ best marathon
times.

Results: The measured V̇ O2peak of the world-class runners
was 75.1 ± 2.7 mL/kg/min. The second ventilatory threshold
occurred at 85 ± 3 % of the peak, with a running economy of
63.7 ± 2.4 mL/kg/min at 19.6 ± 0.9 km/h. The predicted
marathon performance timewas 2:06:51± 0:03:17 h:min:s for
the males and 2:17:36 h:min:s for the female. Comparing
these predictions to their personal best times, the average
difference was 00:55 ± 00:51 min:s (range: 00:20-02:08).
Conclusions: This research provides laboratory data on
world-class road running athletes, reinforcing the link be-
tweenmarathon performance and V̇ O2peak, the percentage
of V̇ O2peak at the second ventilatory threshold, and running
economy. The examined athletes had lower V̇ O2peak
compared to predicted values, highlighting the importance
of running economy and fractional utilization of V̇ O2peak
in achieving such performances. Future studies should
continue to advance the field by including additional
bioenergetic parameters measured during race conditions
and expanding the participant cohort of elite marathoners,
encompassing both sexes.
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aerobic capacity; second ventilatory threshold; running
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Introduction

In recent years, long distance running events have seen a
surge inworld recordswith the currentmarathon record for
males set in October 2023 with a time of 2:00:35 h:min:s and
for females in September 2023 with a time of 2:11:53 h:min:s
[1–3]. Previous research aimed to predict the absolute limits
of human performance for the marathon using different
methods and models. One study utilized historical data
of world record progression to create a statistical model
suggesting the limit of marathon performance for males
to be 1:58:05 and 2:05:31 h:min:s for females [4]. Another
innovative approach introduced by di Prampero et al. in 1986
explored the physiological factors that restrict endurance
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running performance, proposing that the speed of perfor-
mance can be computed by considering V̇ O2max, its
maximal sustainable fraction, and the energy cost of
running per unit distance [5]. Joyner refined this approach
in 1991 with a physiological model for predicting marathon
performance (Eq. (1)) [6, 7].

V̇ O2max – maximal oxygen uptake; LT – lactate threshold;
RE – running economy; V̇ O2 – oxygen uptake

In Joyner’s model, three main determinants of a mara-
thon are considered: (1) athletes’maximal oxygen update or
V̇ O2max, (2) their fractional utilization of V̇ O2max or the
percentage of their maximum work rate that they can sus-
tain during a running event, and (3) their running economy
[5, 6]. V̇ O2max represents the upper limit of what this
individual can aerobically metabolize [8]. Fractional utili-
zation of V̇ O2max, linked to blood lactate accumulation,
reflects an individual’s ability to maintain high intensities
thereby determining the speed runners canmaintain during
the marathon [8]. For this, Joyner’s model uses a lactate
threshold related value, correlating a higher percentage of
V̇O2max here with better marathon performance [6, 9].
Favorable running economy, the oxygen cost of running at
a given speed, minimizes energy expenditure, leading to
faster race times and superior marathon performance
[8, 10]. Typically expressed as oxygen uptake per distance
covered in mL/kg/km, Joyner adapted this term in his
equation to be able to use it as a variable to calculate
marathon pace [6]. Joyner employed thismodel to speculate
on the human limits for a marathon by optimizing values
for each of these three limiting factors. With a V̇ O2max
of 84 mL/kg/min, a lactate threshold at 85 % of V̇ O2max,
and an exceptional running economy of 71.4 mL/kg/min
at 21.46 km/h, Joyner formulated a marathon limit of
1:57:58 h:min:s [6]. These predicted limits serve as motiva-
tion for world-class runners, coaches, and the sports
industry, inspiring them to push boundaries and contribute
valuable knowledge to the field of marathon performance
using physiological models.

With advancements in shoe technology, endurance
running records have accelerated, leading to significant

changes in marathon performance [3, 11]. In this dynamic
context, a valuable opportunity arises to investigate physi-
ological changes and explore how they may impact existing
models. Jones et al. conducted similar research, examining
the physiological demands of running at 2-h marathon race
pace of 21.1 km/h in a sample of the world’s best male

distance runners [12]. However, the article does not further
elaborate on these marathon performance predictions.

As research in world-class road running continues to
advance, the field would greatly benefit from acquiring
additional data from some of the world’s fastest runners.
Therefore, the primary aim of this study is to examine and
assess the relationship between measured running physi-
ology variables, which are considered key determinants of
performance, obtained through controlled laboratory
testing, and the actual marathon results achieved by world-
class distance runners. Furthermore, the aim is to evaluate
the compatibility and congruity between the measured data
and the predicted outcomes based on Joyner’s original
model. The summary of this article is presented in Figure 1.

Materials and methods

Participants

Four world-class professional road racing East African
runners, volunteered to participate in this retrospective
study. These, three males and one female, runners
(mean ± SD, age: 26.0 ± 0.8 years; weight: 56.1 ± 10.7 kg;
height: 171 ± 11 cm) gave and signed written informed con-
sent after receiving a clear explanation of the experimental
procedures, potential risks, and anticipated benefits. Their
impressive personal records for the marathon, achieved
within one year of laboratory testing, with a mean time
of 2:06:51± 3:17 h:min:s for themales and a time of 2:17 h:min
for the female, underscore their exceptional calibre
(Table 1). This experiment was submitted to the Technical
University of Munich Ethics Committee who advised us
that the study did not need to be approved by the whole
committee (ref: 2022-417-W-SR).

Marathon
Running Speed

km
h

( ) = V̇O2 max
mL

kg ∙min
( ) ×% V̇O2 max at LT × RE

km/h
V̇O2

mL
kg∙min( ) (1)
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Figure 1: Graphical representation of this study. Key points: (1) the findings of this study support the validity of the predictive model developed by Joyner
in 1991 as a predictor of marathon performance in world-class athletes. (2) there is causative relationship between key laboratory-derived physiological
markers (V̇ O2peak, the percentage of V̇ O2peak at the second ventilatory threshold, and running economy) and marathon performance. (3) comparing
performance predictions to their personal best times, the average difference was 00:55 ± 00:51 min:s (range: 00:20-02:08). Figure created with
BioRender.

Table : Experimental physiological results, predicted marathon race results, and personal best marathon time for each examined subject.

Subject _V Opeak
(mL/kg/min)

v _V
Opeak
(km/h)

Percent of
_V Opeak

at VT

_V O

(mL/kg/min)
at VT

v at VT,
km/h

Running
economy at VT,

mL/kg/km

Marathon
personal best
time (h:min)

Predicted
marathon

pace, km/h

Predicted
marathon

time (h:min)

Subject  . . .% . . . : . :
Subject  . . .% . . . : . :
Subject  . . .% . . . : . :
Subject  . . .% . . . : . :

V̇ O, oxygen uptake; VT, second ventilatory threshold; v, velocity; V̇ Opeak, peak oxygen uptake; v V̇ Opeak, velocity at V̇ Opeak.
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Experimental protocol

We conducted comprehensive assessments to capture
maximal physiological running data using an HP Cosmos
motorized treadmill (venus 200/75, h/p/cosmos sports & med-
ical gmbh, Nussdorf-Traunstein, Germany) in a standardized
laboratory chamber. Of note, data was collected through tests
initially designed for other purposes and subsequently
analyzed for this research. To familiarize the runners, we
started with a 15-min warm-up session on the treadmill with
progressively increasing speeds. We then fitted each athlete
with a heart rate monitor and face mask connected to
the MetaMax 3 B portable cardiopulmonary gas exchange
measuring device (CORTEX Biophysik GmbH, Leipzig, Ger-
many). Hereby, we collected respiratory parameters using an
automated breath-by-breath method with the MetaSoft Studio
measurement and evaluation software. Before each testing
session, we calibrated the system according to the manufac-
turer’s instructions. To ensure clear communication and the
comfort of the athletes, their coach andmanager accompanied
them and assisted with the testing process.

To assess their maximal aerobic capacity, athletes
completed a V̇ O2peak ramp test using an incremental speed
protocol with a continuous 1 % incline starting at 10 km/h
for 2 min and increasing progressively 1 km/h/min until
volitional exhaustion [13]. During this test, we verbally
motivated all athletes to ensure a maximal output was
reached. Upon completion of these tests, two experienced
exercise physiologists analyzed and agreed upon the physi-
ological thresholds, explained below in more detail. For all
collected cardiorespiratory data, we cleaned the breath-by-
breath raw data by removing outlying data points that were
outside two standard deviations away from the mean of a
seven-breath window, before taking a moving seven-breath
average. The peak oxygen uptake value was recorded as
the highest cleaned and smoothed value measured during
the test. Since we did not repeat a verification assessment
to authenticate these values, the highest recorded V̇ O2 value
will be defined as a ‘V̇ O2peak’ [14].

Given discrepancies in understanding and nomencla-
ture of physiological thresholds, for the lactate threshold
term in his model, Joyner included the percentage values of
V̇ O2max based on the understanding of what speeds elite
runners are able to run in a marathon [6]. The ventilatory
thresholds here were determined using the equivalent
ventilatorymethodwhere thefirst ventilatory thresholdwas
identified based on the criteria of an increase in ventilatory
equivalent of oxygen (V̇ E/ V̇ O2) without a simultaneous

increase in ventilatory equivalent of carbon dioxide (V̇ E/ V̇
CO2) [15]. The second ventilatory threshold was identified
based on the specific criteria, involving an increase in both V̇
E/ V̇ O2 and V̇ E/ V̇ CO2 with a decrease in partial pressure of
end-tidal carbon dioxide (PETCO2), during progressive
exercise tests [15]. This transition occurs when exceeding
the lactate threshold leads to the buffering of lactic acid by
bicarbonate [HCO3

−], resulting in an increase in V̇ CO2 as a
function of V̇ O2 [16]. This relationship change is funda-
mental to all anaerobic threshold detection methods using
gas exchange [17, 18]. Therefore, for further analysis
we employed the second ventilatory threshold, which
corresponds to the anaerobic threshold, as a proxy for the
fractional utilization of V̇ O2max, based on previous
studies [17]. This was further confirmed by recent research
conducted on a cohort of the world’s fastest runners that
suggests that elite athletes run marathons at a mean speed
that resides in the heavy-intensity domain above their
lactate threshold, defined as the first increase in blood
lactate above the baseline value [12].

Marathon performance model analysis

The data we obtained from the experimental testing was
used to populate Eq. (1) in our analysis. This involved
incorporating the measured V̇ O2peak, expressed in mL/kg/
min, as the first term of the equation. To maintain a non-
invasive approach, we did not collect blood samples for
lactate testing and instead, as discussed above, employed
the second ventilatory threshold as a proxy for the frac-
tional utilization of maximum term [17]. Consequently, this
value was then taken as the percentage of V̇ O2peak for the
equation. Subsequently, the running economy term was
established by calculating the ratio of velocity (v) measured
at the second ventilatory threshold to the corresponding
oxygen uptake, matching the term needed for Joyner’s
model. Eq. (2) illustrates how we incorporated the collected
experimental data into the original model. The output of
this equation was the marathon running speed, which
we subsequently converted into a predicted marathon
performance time in h:min:s. Finally, we compared this
predicted performance time with the personal best mara-
thon performance, achieved within one year of the labo-
ratory testing.

Marathon
Running Speed

km
h

( ) = V̇O2
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V̇ O2 peak – peak oxygen uptake; VT2 – second ventilatory
threshold; V̇ O2 – oxygen uptake; RE – running economy;
v – velocity

Results

Maximal testing

During the maximal testing, we obtained comprehensive
data on the physiological performance of these world-class
runners. V̇ O2peak was measured at 75.1 ± 2.7 mL/kg/min,
heart rate at this peak was 183 ± 15 beats per minute, and the
respiratory exchange ratio was 1.1 ± 0.1. The second venti-
latory threshold, occurred at 85 ± 3 % of the peak measured
values. At this threshold, the V̇ O2 was 63.7 ± 2.4 mL/kg/min,
corresponding to a running speed of 19.6 ± 0.9 km/h. By
converting the speed to km/min and dividing the oxygen
uptake at this threshold by that speed, we calculated the
running economy to be 195.3 ± 3.2 mL/kg/km. Individual data
can be found in Table 1.

Marathon performance model analysis

Using these collected values and the established physiolog-
ical model for marathon performance, we determined
the expected marathon race pace for the male runners to
be 20.0 ± 0.5 km/h, and 18.4 km/h for the female runner.
Translating these paces into performance times over the
42.195 km distance, we anticipated a marathon finishing
time of 2:06:51 ± 0:03:17 h:min:s for the male runners,
and 2:17:36 h:min:s for the female runner. To evaluate the
accuracy of these predictions, we compared them to the
personal best marathon times of the individuals, finding an
average deviation of only 00:55 ± 00:51 min:s, ranging from
00:20 to 02:08 min:s. Again, subject specific data for these
predictions can be found in Table 1.

Discussion

This study aimed to assess the relationship between labo-
ratory measured running physiology variables and actual

marathon performance in world-class distance runners. By
integrating relevant physiological parameters from
maximal testing with the athletes’ marathon race perfor-
mances, our findings demonstrate a remarkable level of
accuracy in predicting marathon race performance. In
particular, the results presented here, albeit in a small
number of truly elite marathoners, provide compelling
support for a causative relationship between marathon
performance and key physiological variables: V̇ O2peak,
percentage of V̇ O2peak at the second ventilatory threshold,
and running economy, specifically in the context of these
world-class marathoners.

Initially proposed to determine the limits of human
marathon performance, the model estimated a marathon
time of 1:57:58 h:min:s based on the ideal high V̇O2max of
84 mL/kg/min [6]. Although higher V̇O2max levels typically
correlate with faster marathon times, this relationship
weakens among elite athletes who have a narrow range of
V̇O2max values [5, 19, 20]. This suggests that while a high
V̇O2max is fundamental for reaching such high levels of
performance, other factors also play a significant role in
determining marathon times [21, 22]. The maximal
measured value in the examined athlete cohort was 78.4 mL/
kg/min, with an average of 75.1 mL/kg/min, considerably
below the presented optimal V̇O2max of the ideal mara-
thoner reaching the predictedmarathon limit. However, our
measured results alignwith comparable research conducted
on similar athletes, including a recent evaluation on a cohort
of world-class male marathon runners, which reported a
V̇O2peak of 71.0 ± 5.7 mL/kg/min [12, 21, 23–25]. In the expe-
rience of the present authors, elite East African athletes may
struggle to achieve a true V̇O2max in laboratory settings due
to their unfamiliarity with near maximal performance in
controlled environments. This observation is consistence
with findings from other studies, where authors have sug-
gested that their lack of experience in such settings might
hinder them from reaching their true maximum [26, 27].

Furthermore, the percentage of V̇ O2peak at the second
ventilatory threshold is a critical determinant of marathon
performance. Numerous studies have demonstrated a
strong correlation between fractional utilization of
maximum or lactate threshold and performance in distance
running events [5, 9, 22]. For the hypothetical optimal runner

peak
mL

kg ∙min
( ) ×%V̇O2peak at VT2

V̇O2 at VT2 mL
kg∙min( )

V̇O2peak mL
kg∙min( )

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ × RE
v at VT2 (km/h\)
V̇O2 at VT2 mL

kg∙min( )
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ (2)
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to achieve the human performance limit for a marathon,
their lactate threshold was determined to be 85 % of
V̇O2peak. Our included cohort averaged 84.8 %, in line with
this optimal subject and consistent with a recent evaluation
of world-class marathon runners, reporting a lactate
threshold at 83 ± 5 % of V̇O2peak [6, 12]. However, in that
study, when athletes’ possible best marathon times were
calculated to match their personal record times, the highest
sustainable V̇O2 occurred at 88 % of V̇O2peak, considerably
greater than the other values presented here [12].

Running economy is also a crucial factor influencing
race performance, showing a significant correlation with
marathon performance, particularly among relatively
homogeneous groups of runners [6, 20]. Running economy is
a difficult term to compare across research studies given
differences in protocols, mainly running speed. By relating
the oxygen uptake at the second ventilatory threshold
(mL/kg/min) to the speed at this threshold in km/min,
we calculate the running economy value proportional to
distance covered (mL/kg/km), commonly referred to as the
oxygen cost of transport [10]. This approach facilitates a
fair comparison of individuals running at different speeds.
In this study, the examined runners had an average running
economy of 195.3 ± 3.2 mL/kg/km at 18.4–20.4 km/h, less
than the hypothetical optimal runner who had a value
of 199.6 mL/kg/km at 21.46 km/h [6]. However, this value
exceeds that themean oxygen cost of running of 189 ± 14 mL/
kg/km recorded in a recent evaluation of world-class
runners at submaximal speeds of 17.0–19.5 km/h [12].
These comparisons must be taken with caution given the
oxygen uptake values correspond to different measured
speeds across these studies.

These variables are valuable predictors of marathon
performance in world-class athletes. Given this is a case
series including only four subjects, further interpretation
into the relative importance of these three variables in
marathon performance should be made with caution.
Nevertheless, of the two fastest marathon runners in this
cohort (subjects one and 3), both of whom have a personal
best time of 2:06 h:min, subject three had a V̇O2peak 4.6 mL/
kg/min higher but a percentage of V̇O2peak at the second
ventilatory threshold 6.9 % lower, and a running economy
6.8 mL/kg/km lower than subject 1. Whereas subject 2, with a
personal best time of 2:10 h:min, had V̇O2peak, percentage of
V̇O2peak at the second ventilatory threshold, and running
economy values between those of subject one and 3. Finally,
subject 4 with a marathon personal best time of 2:17 h:min,
had the lowest V̇O2peak value, but had a percentage of
V̇O2peak at the second ventilatory threshold, and running
economy values within the range of the others. This suggests

that no single factor outweighs the others in relevance for
marathon performance; rather, it is the combination of all
three. Further individual research in world-class athletes
would provide deeper insights and enable more informed
interpretations.

While the current model demonstrates impressive
predictive capabilities, refining and enhancing it requires
integrating new variables and a more diverse cohort of
athletes, to improve its predictive accuracy. Previous studies
have explored additional variables that could be used as
predictors impacting marathon race performance, such as
fatigue resistance, training variables, and velocity at
V̇O2max [12, 22, 28, 29]. External factors, including race-
course, temperature, wind, and environmental conditions,
also ultimately impact marathon outcomes [30]. Addition-
ally, considering sex differences and including both male
and female athletes are crucial for a more comprehensive
understanding of marathon race results. Incorporating
innovative technology, like sensors measuring core and skin
temperature, foot kinematics and kinetics, sweat rate, and
body composition changes during races, can further illumi-
nate physiological factors affecting running performance [3].
Moreover, advancing towards the limits of human perfor-
mance in marathons involves considering various factors,
including advancements in footwear technology, pacing
strategies, race course optimization, increased prize money,
and extended athlete careers [3, 31–34].

Limitations

There are several limitations wemust consider in this study.
Firstly, the study only reports data on four subjects. How-
ever, this is common for studies in “extreme” populations
such as world-class athletes, astronauts or centenarians
[35, 36]. Additionally, there was limited representation of
female athletes, with one female participant only. Unfortu-
nately, wewere limited by the athletes’ schedules, otherwise
more time could have improved reliability by repeating test
measures and ensuring subjects were familiarized with
testing procedures before collecting data [37]. Finally, while
previous research has suggested the relation between the
lactate threshold and a measured ventilatory threshold,
since we were limited to non-invasive methods, we were
unable to include the variable of lactate threshold into
the model as originally intended [17]. To address these
limitations, further research should expand the dataset,
including more data from the cohort in a race setting for a
more comprehensive exploration of potential indicators of
marathon performance [38].
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Conclusions

The findings of this study support the validity of the model
developed by Joyner in 1991 as a predictor of marathon per-
formance, particularly in a population of world-class athletes.
Our results, albeit in a small number of truly elitemarathoners,
provide compelling support for a causative relationship be-
tween marathon performance and key laboratory-derived
physiological markers, including peak aerobic capacity, the
percentage of peak aerobic capacity at the second ventilatory
threshold, and running economy at the second ventilatory
threshold. Comparing the model’s optimal values for the esti-
mated 1:57:58 h:min:s limit of marathon performance with the
measured values in this analysis, some similarities and
differences are observed. The high V̇ O2max measure of
84mL/kg/min used in the model exceeds the measured peak
values in this study. However, the lactate threshold, deter-
mined to be 85% of maximum for the optimal runner in the
model, aligns well with the subjects analyzed here. Similarly,
the running economy measure is comparable within the
examined population and the model’s optimal subject. While
these laboratory-measured variables can serve as primary
predictors of marathon performance in world-class athletes,
further optimization of ideal marathon performance will be
necessary in a larger cohort of elite marathoners and consid-
ering additional bioenergetic parameters.
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