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Effects of course design (curves and elevation undulations) on marathon running 
performance: a comparison of Breaking 2 in Monza and the INEOS 1:59 Challenge in 
Vienna
Kristine Lynne Snyder a, Wouter Hoogkamer b, Christoph Triska c,d, Paolo Taboga e, Christopher J. Arellano f 

and Rodger Kram g

aStryd Inc., Boulder, CO, USA; bDepartment of Kinesiology, University of Massachusetts, Amherst, MA, USA; cCentre for Sports Science and University 
Sports, University of Vienna, Vienna, Austria; dAustrian Institute of Sports Medicine, Vienna, Austria; eDepartment of Kinesiology, California State 
University, Sacramento, CA, USA; fDepartment of Health and Human Performance, University of Houston, Houston, TX, USA; gDepartment of 
Integrative Physiology, University of Colorado, Boulder, CO, USA

ABSTRACT
Eliud Kipchoge made two attempts to break the 2-hour marathon, in Monza and then Vienna. Here we 
analyse only the effects of course elevation profile and turn curvatures on his performances. We used 
publicly available data to determine the undulations in elevation and the radii of the curves on the 
course. With previously developed equations for the effects of velocity, slope, and curvature on oxygen 
uptake, we performed simulations to quantify how much the elevation changes and curves of the Vienna 
course affect a runner’s oxygen uptake (at a fixed velocity) or velocity (at a fixed oxygen uptake). We 
estimate that, after the initial downhill benefit, the course led to an overall oxygen uptake penalty of only 
0.03%. When compared to a perfectly level straight course, we estimate that the combined effects of the 
undulations and curves of the Vienna course incurred a penalty of just 1.37 seconds. Kipchoge ran 2:00:25 
in Monza Italy. Comparison with the Monza course profile indicates a 46.2 second (1.09% oxygen uptake) 
advantage of Vienna’s course while the fewer curves of Vienna contributed ~ 1 second. The Vienna course 
was very well-chosen because it minimized the negative effects of elevation changes and curves.

Abbreviations: CoT: Oxygen cost of transport; C_VO2: Curved rate of oxygen consumption; _VO2: Rate of 
oxygen consumption; WA: World Athletics
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Introduction

On 12 October 2019, Eliud Kipchoge became the first person 
to run a marathon (42,195 m) in less than 2 hours (1:59:40.2) in 
Vienna (Austria) on a specially chosen course under the aus-
pices of the INEOS 1:59 Challenge (www.ineos159challenge. 
com). The goal of this paper was to use publicly available 
information to evaluate the performance effects of the 
Vienna course, which comprises up and down undulations in 
elevation and curves.

At a specified velocity, running uphill requires a greater rate 
of metabolic energy supply (Margaria et al., 1963), primarily due 
to the mechanical work required to lift the centre of mass 
(Hoogkamer et al., 2014). Thus, if a runner wishes to maintain 
a constant metabolic rate, they must run slower uphill. On the 
other hand, running down moderate grades is metabolically 
cheaper because gravity provides some of the forward propul-
sion (Gottschall & Kram, 2005). However, for a specified slope, 
the increase in metabolic rate running uphill is greater than the 
decrease in metabolic rate running downhill (Margaria et al., 
1963). This arises in part because performing negative work 
with muscles is cheaper than positive work (Abbott et al., 1952). 
Marathon running records reflect those biomechanical and 
physiological facts.

A net downhill marathon course would provide substantial 
metabolic savings and thus faster performances, but the World 
Athletics (WA) regulations for record eligibility of a course stipu-
late the net elevation decrease to be less than 0.1% of total race 
distance (i.e. 42 m). The men’s marathon record of 2:01:39 was 
set by Kipchoge in Berlin (Germany) on a course that has just one 
significant hill reaching an elevation ~20 m higher than the start 
elevation, and no net elevation decrease from start to finish.

Choosing an ideal course was an important aspect of the sub 
2-hour attempt in Monza (Italy) (Breaking 2; https://en.wikipe 
dia.org/wiki/Breaking2), which was a previous attempt to run 
a marathon in under 2 hours. Breaking 2 took place on 
6 May 2017 on the Monza auto racing track. The Breaking 2 
course was a circuit of 2.424 km in length with elevation 
fluctuations of about 5 m in elevation per lap (Figure 1). The 
course had long straight sections with turns ranging from 23 m 
to 350 m in radius. For reference, the inside lane of a standard 
outdoor 400 m track has a curve radius of 36.8 m. Further, the 
Berlin marathon has ~43 turns, some of which are 90-degree 
street corners with curve radii of just 0.3 m. Taboga and Kram 
(2019) have recently modelled the energetic and associated 
time penalties incurred by running along a curved path. 
Curves require a runner to generate an additional centripetal 
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force on the ground with their leg muscles. Thus, a runner 
effectively weighs slightly more when running along a curve 
and the greater effective weight increases the metabolic cost of 
running at a given velocity. Taboga and Kram (2019) estimated 
that the curves of the Monza racecourse imposed only a 1.5 
s penalty compared to a perfectly straight course. Kipchoge’s 
remarkable physiology and determination, the relatively flat 
course, the mostly gentle turns, the steady pace car, and the 
phalanx of other runners in front of him that reduced aerody-
namic drag all combined to produce a time of 2:00:25, faster 
than any previous marathon. The elusive 25 s was only 0.3% of 
the total time and thus small changes such as a flatter course 
and other factors (e.g., improved shoes and more effective 
drafting) likely allowed Kipchoge to finally break the 2-hour 
barrier in Vienna in 2019.

From a purely energetics perspective, a perfectly level 
course is superior to one with elevation undulations. Yet, anec-
dotally, some runners prefer mild undulations that slightly vary 
the demand on specific muscles to avoid individual muscle 
fatigue. Likewise, the large radius turns of Monza were close 
to the theoretically optimal straight-line course. Yet, at the 
Monza Breaking 2 event, cheering fans were present only 
near the finish line of each lap and thus external motivation 
was likely sub-optimal. The record attempt in Vienna took 
mostly place on a tree-lined ~4.2 km straight (out-and-back 
circuit, Hauptallee; Figure 2) in a public park with >100,000 

spectators and nearly perfect weather conditions (no wind, 
minimal precipitation, cool temperatures). The differences in 
weather, though not a part of our quantitative course analysis, 
could play a significant role, so will be discussed thoroughly 
later in the paper. The long straight was repeated ~4 times in 
each direction which maximized the positive effect of spectator 
cheering (McCormick et al., 2015). The course featured an initial 
13-m drop in elevation followed by an only slightly undulating 
elevation profile (±3 m per 9 km circuit). However, there were 
roundabouts (called: Praterstern and Lusthaus) at each end of 
the out-and-back straight circuit and their curvature radii ran-
ged from 23 to 251 m (Figure 3).

Our analysis assumes that the supply of metabolic energy is 
the limiting factor in a marathon race (Hoogkamer et al., 2017). 
For a basis of comparison, we use a hypothetical course that is 
perfectly flat and straight and a time of 1:59:59 (average velo-
city of 5.8612 m/s or 21.098 km/h). We used a previously pub-
lished equation for the rate of oxygen uptake (_VO2) required for 
an individual runner to overcome air resistance and sustain an 
over-ground velocity of 5.861 m/s (Kipp et al., 2019). We then 
estimated the metabolic energy and time benefits/penalties 
incurred by the elevation changes and curves of the Vienna 
and Monza courses. Before proceeding, it is important to recog-
nize that we lacked publicly available information regarding 
the aerodynamic benefits afforded by the pacemaker runners 
and/or the steady pace cars.

Materials and methods

Course quantification

Starting with an overview of the Vienna course (www.ineos159chal 
lenge.com), an investigator (CT) travelled in an automobile and on 
a bicycle following the green line on the pavement marking the 
route approximately 10 days prior to the race (Figure 2). The 
investigator recorded elevation with a resolution of 0.2 m with 
a barometric pressure-based altimeter (Edge 520, Garmin 
International Inc., Olathe, Kansas, USA) and simultaneously 
recorded GPS coordinates so that the location of the elevation 
data points could be sampled at 1 s intervals. The investigator 
traversed the course several times to obtain representative data. 
The data were then interpolated and smoothed to eliminate 
obvious errors and compiled into a data file specifying the cumu-
lative race distance and elevation change for each 1 m of the 
42,195 m total course length (Figure 3 and Appendix 1). Knowing 
the course route, an investigator measured the radius of curvature 
using Google Earth (www.google.com/earth/). Each turn and 
roundabout were broken into distinct segments. The curvature 
measurements are depicted in Figure 3 and are also included in 
Online Resource 1.

Monza elevation data were extracted from racetrack blue-
prints (Taboga & Kram, 2019) and elevations between available 
data points were interpolated linearly. A map of the course can 
be found in Online Resource 2.

Computational methods

We used two distinct methods to calculate the differences 
between a flat, straight course and the Vienna course. The first 

Figure 1. Birds eye view of the Monza course.

Figure 2. Bird’s eye view of the INEOS 1:59 challenge course in Vienna Austria.
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method fixed the velocity at the 5.8612 m/s necessary to run 
a 1:59:59 marathon and tracked how elevation undulations and 
curvature consequently changed the estimated _VO2 using equa-
tions (see below) from Hoogkamer et al. (2014), Kipp et al. (2019), 
and Taboga and Kram (2019) and data from Robergs et al. (1997). 
The second method fixed the estimated _VO2 at the value pre-
dicted by Kipp et al. (2019) for a straight, level course and then 
adjusted the velocity during uphill and downhill sections and in 
the curves to keep _VO2 constant throughout the race.

To estimate _VO2 at a specific level running velocity, we used 
the equation from Kipp et al. (2019) (Equation (1)). To estimate 
equivalent level velocities for running up a given slope (θ, in 
degrees), we used the equation for oxygen cost of transport 
(CoT, mlO2/(kg•m)) from Hoogkamer et al. (2014) (Equation (2)). 
To estimate the rate of oxygen uptake (mL O2/kg/min) for 
running on a curve (C_VO2) in terms of the radius of curvature 
(r, in m) at a given velocity (v, m/s) with a given _VO2, we used 
the equation of Taboga and Kram (2019) (Equation (3)) 

VO2 ¼ 0:02724v3 þ 1:7321v2 � 0:4538v þ 18:911 (1) 

CoT ¼ 2:70þ 0:674exp� 18:24 sin θ þ
g

0:294
sin θ (2) 

CVO2 ¼ 0:6234

ffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ v4

gr2

s

þ 0:3766

 !

VO2 (3) 

Limited data are available on the _VO2 rates for downhill run-
ning, but Robergs et al. (1997) provide data for four slopes 
(0.00°, 1.03°, 2.06°, 3.095°) and three relatively slow speeds. 
Combining those data, we fit a quadratic formula to estimate 
the decrease in _VO2 for downhill slopes from 0.00° to 3.095. Full 
details can be found in the legend for Supplementary Figure 1.

Our purpose in keeping _VO2 constant and allowing for 
speed to change was to have a simulation method that kept 
approximate effort constant. We are aware that oxygen uptake 
does not remain constant through prolonged bouts of maximal 
effort, but the literature does not show clear patterns. Further, 
no data on metabolic changes is available for elite runners 
during a marathon. We are also aware that energy cost is 
often the preferred metric, as opposed to oxygen consumption. 
We used _VO2 because the calculations done for the effect of the 
curves of the Monza course were done using oxygen consump-
tion (Taboga & Kram, 2019). As we add the curve calculations 
there to the elevation effects here, it is most consistent to use 
the same metric. Our value for _VO2 is likely not equivalent to 

Figure 3. Elevation profile (a) and curvature (radius) of the Praterstern (b) and Lusthaus roundabouts (c) of the INEOS 1:59 Challenge course in Vienna, Austria.
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the actual oxygen uptake nor the energy cost throughout the 
race but is a fair proxy for effort.

We performed five distinct simulations: a straight flat course, 
a Vienna course with no turns to isolate the effect of just 
elevation changes on finishing time, a Vienna course with no 
elevation changes to isolate the effect of turns on finishing 
time, a Vienna course with both elevation and curvature, and 
Monza with just elevation changes. A previous analysis of the 
curves at Monza that used a similar (but not identical) approach 
estimated a 1.52 s penalty compared to a straight course 
(Taboga & Kram, 2019).

Results

Our simulations suggest that at 2-hour pace, the Vienna course is 
only ~1.37 s slower than a perfectly level and straight 42,195 m 
course. If running velocity is fixed at 1:59:59 pace, the mean _VO2 

rate would need to be only 0.03% greater than for a perfectly 
level and straight course. We estimate that the initial downhill 
segment on the Reichsbruecke bridge provided a 6.57 s benefit, 
at an average _VO2 87.5% of that on the level. On a hypothetical 
straight course with the elevation profile of the Vienna course, 
the elevation undulations on the Hauptallee would negate the 
6.57 s benefit, resulting in an overall 0.88 s penalty due solely to 
elevation changes (or 0.023% _VO2). The curves by themselves 
only impose a small penalty of 0.49 s (or 0.011% _VO2).

Figure 4(a) shows changes in running velocity due to both slope 
and curvature, when rate of _VO2 is fixed. Other than the 6.64 m/s 
peak velocity during the initial segment running down the bridge, 
the velocity fluctuations are small (range = 5.7978–5.9322 m/s). 
Logistically, fixing the running velocity via a pace vehicle is much 
simpler than adjusting velocity to maintain a constant _VO2. On the 
Vienna course, except for a brief decrease in _VO2 (to 87.5% of the 
average rate of _VO2) during the first 500 m down the bridge, 
a constant velocity requires only small variations in _VO2 (range: 
98.0–101.8% of the average; Figure 4(b)).

A simulation of the Monza course with only elevation effects 
reveals that the greater number and magnitude of undulations 
lead to greater changes in pace or in the percentage of the _VO2. 
The undulations of the Monza course lead to a time 47.1 
s slower than a perfectly level and straight 42,195 m course. If 
running velocity is fixed at 1:59:59 pace, the mean _VO2 would 
need to be 1.1% greater. The maximum percentage necessary 
was 106% and the minimum 96.8%, a 9.2% range. If instead 
velocity were to be modified, it would range from 5.66 to 
5.98 m/s, a much larger range than for Vienna, except for the 
advantage provided by the initial downhill section in Vienna. 
The time difference can be broken down by each part of the 
course. The beginning 299 m section at Monza incurred a 1.82 
s penalty vs. a flat straight course, section 1 of the Monza lap 
(298 to 722 m, “Junction Pista Junior”, Figure 1) incurred a 0.72 
s penalty, section 2 (722 to 986 m, “finish segment”) provided 
a 0.81 s benefit, section 3 (986 to 1572 m, “Rettifilo”) a 1.95 
s benefit, section 4 (1572 to1840 m, “Parabolica Part I”) pro-
vided a 0.40 s benefit, section 5 (1840 to 1975 m, “Parabolica 
Part II”) incurred a 0.57 s penalty, and most importantly, the 
uphill section 6 (1975–2722 m, “Rettifilo Centro”) imparted 

a 4.55 s penalty. Combined, each lap at Monza incurred a 2.67 
s net penalty vs. a perfectly flat and straight course.

Discussion

Our simulation results indicate that the Vienna course was well- 
chosen for optimizing performance. The overall penalty in time 
due to elevation changes and curvature of the Vienna course 
compared to a perfectly flat and straight course is quite small, 
only 1.2 s or 0.016% of the total time. Further, the vast majority of 
this difference (0.88 s) is due to elevation changes, with curvature 
only incurring just under half a second. The largest time benefit 
comes from the bridge downhill in the first 500 m. Beyond the 
first 1 km, the penalty due to the uphills outweighs the time 

a

b

Figure 4. (a) The time per kilometre for a flat straight course (black), for the 
Vienna course (red) with fluctuations due to undulation and curvature, for Vienna 
without curves (green), or for Monza without curves (blue). (b) The percentage of 
oxygen consumption for a flat straight course (black), for the Vienna course (red) 
with fluctuations due to undulation and curvature, for Vienna without curves 
(green), or for Monza without curves (blue). Note the Vienna course with curves in 
red is virtually indistinguishable from the Vienna course without curves in green.
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gained on the downhills, leading to a small net penalty. Compare 
this to the maximum possible net downhill elevation change 
(42 m), which would provide a 25.46 s benefit on a straight 
course (which would be in violation of WA rules) or a 24.93 
s benefit if the course were to follow the same curves but feature 
a consistent drop in elevation. Though time may be a more 
intuitive measure, we believe it made much more sense logisti-
cally to fix the velocity than to try to minutely adjust the pace to 
minimize changes in Kipchoge’s _VO2. With a fixed velocity strat-
egy, beyond the large 12.5% metabolic benefit in the first 500 m, 
there would be fluctuations between 98.0 and 101.8% in overall 
_VO2 throughout the rest of the course. A gradual 42 m downhill 
course would lead to a 0.57% reduction in average _VO2.

A comparison with the Monza course shows how well-chosen 
the Vienna course was in terms of minimizing undulations to 
optimize Kipchoge’s chances of breaking the 2-hour barrier. The 
greater number and magnitude of the undulations at Monza lead 
to a 47.12 s penalty as opposed to only an 0.88 s penalty for 
Vienna. Therefore, the elevation difference led to a 46.24 
s advantage of Vienna over Monza assuming equality of all other 
factors. Adding in curvature leads to an additional 0.49 s for Vienna 
and an additional 1.52 s for Monza, an additional 1.03 s for a total 
of 47.27 s.

There are some limitations to our model. First, while metabolic 
power is generally considered the preferred metric for running 
economy, we used oxygen consumption to allow for the inter-
active effects of slope and curves. Using oxygen consumption 
allowed the inclusion of Taboga and Kram (2019) data on the 
effect of Monza’s curves, and a fair comparison between Monza 
and Vienna of the interacting effects of curves and slopes. 
Second, our assumption that _VO2 decreases with decline propor-
tionally to _VO2 at these high marathoning speeds, consistent with 
the slow speeds of the Robergs et al. (1997) study, may not hold. 
Additionally, the equation from Hoogkamer et al. (2014) for the 
metabolic cost of uphill running was also conducted at low 
running velocities (2.0–3.0 m/s). By converting changes in meta-
bolic rate predicted by Equation (2) to equivalent changes in level 
running velocity, we feel that our predictions account for this 
velocity discrepancy as best as we can with the currently available 
data. Further, Kipp et al.’s (2019) equation was determined from 
velocities ranging from 2.22 to 5.00 m/s for sub-elite runners who, 
at a given speed, likely have higher submaximal _VO2 than elite 
marathon runners. Therefore, it is possible that the increase in _V 
O2 at 1:59:59 pace (5.8612 m/s) is somewhat smaller than pre-
dicted by the Kipp et al. (2019) equation.

There are other notable factors (e.g., aerodynamics, footwear) 
that we did not have sufficient data to model. Compared to the 
elevation changes and curves on the Vienna course, headwinds, 
tailwinds, pacesetter group configuration and footwear could 
have a much greater effect on _VO2. Based on research by Pugh 
(1971), it has been calculated that tailwind or running behind 
a team of other runners can benefit an elite marathon runner by 
2–3 min or more (Hoogkamer et al. (2017); Hoogkamer, Snyder 
et al. (2018)). While Pugh (1971) found that there was a 6.5% 
reduction in _VO2 due to drafting behind a single pacemaker, his 
data were collected on just one subject running immediately 
behind another runner on a treadmill in a wind tunnel. Other 
pacing formations may lead to greater metabolic benefits, but 
we leave further analysis to the innovators in that area. Further, 

the change in _VO2 in response to impeding forces applied 
during treadmill running varies widely between subjects 
(Hoogkamer et al., 2019). Therefore, the drafting strategy used 
in Vienna and Kipchoge’s individual metabolic response to small 
drag forces likely affected his chances of running <1:59:59 far 
more than the small oscillations in elevation or the curves on the 
course. Additionally, there may have been a learning effect that 
Kipchoge took from his previous attempt that benefitted him in 
Vienna. Finally, running footwear has substantially improved in 
recent years, with observed metabolic energy savings between 
established marathon racing shoes ranging between 2 and 6% 
across 18 subjects (Hoogkamer, Kipp, et al., 2018). The individual 
metabolic responses of Eliud Kipchoge to the Nike Vaporfly Elite 
shoes (used at Monza) or the Nike Alphafly shoes worn in Vienna 
are not known.

One factor that did differ between the two courses is 
weather, specifically temperature. While both locations were 
known for having weather close to ideal for marathon running, 
the actual weather on the race days did vary. The temperature 
at the beginning of the Monza attempt was 12° C, slightly 
higher than what is oftentimes consider the “ideal” tempera-
ture range for running a marathon (Frederick, 1983). In contrast, 
the weather in Vienna was slightly cooler, a virtually ideal 9° 
C. While these differences are small, over 2 hours, the differ-
ences in heat dissipation can add up, particularly when eva-
porative cooling may be affected by drafting strategies.

Eliud Kipchoge was able to run 2:00:25 at Monza and 1:59:40 in 
Vienna, a difference of 45 s. According to our model, the smaller 
number and magnitude of the undulations at Vienna led to a 45.4 
s (or 1.07% of the _VO2 on a straight level course) advantage over 
Monza. Adding in the 1.52 seconds for Monza and the 0.49 s for 
Vienna due to curves leads to a 46.4 s difference between courses 
due to undulations and curves, just ~1.6 s more than the differ-
ence between Kipchoge’s times on the two courses. There were 
a number of other differences between the two attempts that 
could have significant effects on performance: Kipchoge’s fitness, 
weather (temperature, humidity, wind conditions), drafting stra-
tegies, surface, shoes, crowd/support availability, etc. (Joyner et al., 
2020). However, it is very clear that the choice of the Vienna course 
was nearly optimal and likely provided a significant metabolic 
benefit compared to Monza. Lastly, while the course and other 
aspects of the INEOS 1:59 Challenge were clearly well-optimized, 
the sheer mental and physiological achievement of breaking the 
2-hour marathon barrier by 20 s belongs to Eliud Kipchoge.
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