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INTRODUCTION 

The men’s marathon took place on August 6th in the City of London. The race started and finished 

at Tower Bridge, with most of the distance covered using four loops of approximately 10 km each. 

The weather conditions were relatively mild with cloud cover at times. The lead men stayed 

together in a pack until roughly halfway. The race was won by Kirui, who bettered his winning 

time from Boston earlier in the year. The results for the first 32 finishers are shown below. 
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METHODS 

A position near the Bank of England was chosen for camera placement because it was near the 

end of each loop and allowed a clear view of the runners across a relatively wide street, which 

was straight and slightly uphill. Two Sony NXCAM cameras, operating at 50 Hz (shutter speed: 

1/1250; ISO: variable; FHD: 1920x1080 px), were placed on a pavement on the side of the street 

furthest from the athletes’ natural running line (marked on the road with blue paint). The cameras 

were angled approximately 45º and 135º to the plane of motion, with calibration procedures 

conducted before and after competition. This approach produced a large number of non-coplanar 

control points and facilitated the construction of specific global coordinate systems. In addition, 

two Casio Exilim high-speed cameras operating at 120 Hz (shutter speed: 1/1000; ISO: variable; 

640x480 px) were positioned with their optical axes perpendicular to the running direction to 

capture sagittal plane motion for analysis of foot-strike patterns.  

 
Figure 1. The cameras were placed near the end of each loop (location shown by the blue arrow). 

The video files were imported into SIMI Motion (SIMI Motion version 9.2.2, Simi Reality Motion 

Systems GmbH, Germany) and manually digitised by a single experienced operator to obtain 

kinematic data. An event synchronisation technique (synchronisation of four critical instants) was 

applied through SIMI Motion to synchronise the two-dimensional coordinates from each camera. 

Digitising started 10 frames before the beginning of the stride and completed 10 frames after to 

provide padding during filtering. Each file was first digitised frame by frame and upon completion 
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Figure 2. Two Sony NXCAM cameras and two Casio Exilim cameras recorded the runners on each lap. 

adjustments were made as necessary using the points over frame method, where each point was 

tracked through the entire sequence. The Direct Linear Transformation (DLT) algorithm was used 

to reconstruct the three-dimensional (3D) coordinates from individual camera’s x and y image 

coordinates. Reliability of the digitising process was estimated by repeated digitising of one 

running stride with an intervening period of 48 hours. The results showed minimal systematic and 

random errors and therefore confirmed the high reliability of the digitising process. De Leva’s 

(1996) body segment parameter models were used to obtain data for the whole body centre of 

mass. A recursive second-order, low-pass Butterworth digital filter (zero phase-lag) was 

employed to filter the raw coordinate data. The cut-off frequencies were calculated using residual 

analysis. 3D still mode analysis was employed for some kinematic variables where digitising the 

whole body was not possible. The split data for each 5 km were provided by SEIKO as part of the 

official timing services. Where available, athletes’ heights were obtained from ‘Athletics 2017’ 

(edited by Peter Matthews and published by the Association of Track and Field Statisticians), and 

online sources. 

 
Figure 3. The lead runners were packed closely together for most laps.  
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Table 1. Variables selected to describe the performance of the athletes. 

Variable Definition 

Running speed The mean speed achieved during one complete running stride (i.e., two 

steps). 

Step length The distance covered from toe-off of one foot to toe-off of the other foot. 

Relative step 
length 

Step length as a proportion of the athlete’s height (body height = 1.00). 

Step length 
difference 

The difference in step length between left-to-right and right-to-left steps. 

Positive values indicate a longer left-to-right step, and negative values 

longer right-to-left steps. 

Step rate The number of steps the athlete took per second (measured in Hz). 

Contact time The duration the athlete’s foot was in contact with the ground. 

Contact time % The percentage of time per step spent in contact (the remainder is 

flight). 

Flight time The duration from toe-off of one foot to contact with the other foot. 

Hip angle The angle between the trunk and thigh segments and considered to be 

0° in the anatomical standing position. Positive values indicate flexion, 

negative values indicate hyperextension. 

Knee angle The angle between the thigh and lower leg segments and considered 

to be 180° in the anatomical standing position. 

Ankle angle The angle between the lower leg and foot segments and calculated in 

a clockwise direction. 

Shoulder angle The angle between the trunk and upper arm and considered to be 0° in 

the anatomical standing position. Positive values indicate flexion, 

negative values indicate hyperextension. 

Elbow angle The angle between the upper arm and forearm and considered to be 

180° in the anatomical standing position. 

Footstrike pattern The first position in which the foot makes contact with the ground; either 

rearfoot (the heel contacts the ground first), midfoot (the heel and 

midfoot contact the ground together) or forefoot (the forefoot contacts 

the ground first with a clear lack of heel contact until later in stance). 

 
The joint angles were averaged between both sides of the body. In a few instances, only one side 

was measured because of obscured views or, in one instance, because the athlete was in an 

atypical position (wiping their nose). Footstrike patterns were obtained in nearly all cases using 

the Casio Exilim cameras that were positioned for this purpose, although on some occasions 

footage from the Sony NXCAM cameras had to be used instead. 
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RESULTS 

Table 2 summarises the personal best (PB) and season’s best (SB) times of each of the top eight 

finishers before the race and their ranking amongst all starters. Table 3 shows the comparison 

between their result in the race and their PB and SB times. 

 

Table 2. Individual personal best (PB) and season’s best (SB) times before the final. 

 PB Rank SB Rank 
KIRUI 2:06:27 7 - - 
TOLA 2:04:11 1 2:04:11 1 
SIMBU 2:09:10 16 2:09:10 7 
HAWKINS 2:10:52 26 - - 
KIPKETER 2:05:51 5 2:05:51 3 
MEUCCI 2:11:08 27 2:16:06 36 
GHEBREGERGIS 2:08:14 9 2:08:14 5 
WANJIRU 2:05:21 4 2:05:48 2 

 

Table 3. Comparison between the final result and PB and SB times before the final. 

 Result Notes vs PB (min:s) vs SB (min:s) 
KIRUI 2:08:27 SB 2:00 - 
TOLA 2:09:49  5:38 5:38 
SIMBU 2:09:51  0:41 0:41 
HAWKINS 2:10:17 PB –0:35 - 
KIPKETER 2:10:56  5:05 5:05 
MEUCCI 2:10:56 PB –0:12 –5:10 
GHEBREGERGIS 2:12:07  3:53 3:53 
WANJIRU 2:12:16  6:55 6:28 
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Figure 4 shows the mean speeds for each of the top eight finishers during each 5 km segment. 

Because the athletes were so close together until after halfway, it was only possible to analyse 

them on Laps 3 and 4. Figure 5 shows that the men were slowing considerably in the last 20 km, 

whereas in general the women were speeding up, resulting in similar running speeds at the end. 

 
Figure 4. The mean speeds for each 5 km segment for the top eight finishers. 

 

 
Figure 5. Mean speeds (+ SD) for each 5 km segment of the top eight finishers in the men’s and women’s 
marathons. 
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Figure 6 shows examples of footstrike patterns recorded during the race, with the description of 

each footstrike pattern for the top eight athletes shown in Table 4. It was possible to identify 

footstrikes on all four laps for these athletes, with the exception of Meucci on Lap 4. 

 

 
Figure 6. Examples of rearfoot, midfoot and forefoot striking patterns from the race. 

 

Table 4. Footstrike patterns for the top eight athletes on each lap. 

 Lap 1 Lap 2 Lap 3 Lap 4 

KIRUI Rearfoot Rearfoot Rearfoot Rearfoot 
TOLA Rearfoot Rearfoot Rearfoot Rearfoot 
SIMBU Rearfoot Rearfoot Rearfoot Rearfoot 
HAWKINS Rearfoot Rearfoot Rearfoot Rearfoot 
KIPKETER Midfoot Midfoot Forefoot Midfoot 
MEUCCI Midfoot Midfoot Midfoot - 
GHEBREGERGIS Rearfoot Midfoot Rearfoot Rearfoot 
WANJIRU Rearfoot Rearfoot Midfoot Midfoot 

 

Of the 70 finishers (out of 71) whose footstrike patterns were visible on Lap 4, 47 (67%) were 

rearfoot strikers, 21 (30%) were midfoot strikers and two (3%) were forefoot strikers. 
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Figure 7 shows the shows the mean values for spatiotemporal variables of the top eight athletes 

during Lap 3, whereas Table 5a shows the values for each individual runner (standing height data 

were not available for Simbu and Ghebregergis). 

 
Figure 7. Mean running speed and spatiotemporal variables measured during Lap 3. Step length was 
measured as a percentage of standing height for six of the athletes. 

 

Table 5. Speed and spatiotemporal values (Lap 3). 

 Speed 
(km/h) 

Step 
length (m) 

Relative 
step length 

Step length 
difference (m) 

Step rate 
(Hz) 

KIRUI 19.69 1.71 1.08 0.00 3.19 
TOLA 19.44 1.77 0.98 0.00 3.05 
SIMBU 18.03 1.72 - 0.04 2.91 
HAWKINS 18.04 1.61 0.90 0.00 3.12 
KIPKETER 17.64 1.72 0.97 0.01 2.85 
MEUCCI 17.61 1.56 0.88 0.03 3.14 
GHEBREGERGIS 17.21 1.61 - 0.06 2.96 
WANJIRU 17.75 1.54 0.89 0.11 3.20 
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Figure 8 shows the mean values for spatiotemporal variables of the top eight athletes during Lap 

4, whereas Table 6 shows the values for each individual runner (standing height data were not 

available for Simbu and Ghebregergis). It was not possible to obtain data for Meucci on Lap 4 as 

he ran outside the calibrated volume. 

 
Figure 8. Mean running speed and spatiotemporal variables measured during Lap 4. Step length was 
measured as a percentage of standing height for five of the athletes. 

 

Table 6. Speed and spatiotemporal values (Lap 4). 

 Speed 
(km/h) 

Step 
length (m) 

Relative 
step length 

Step length 
difference (m) 

Step rate 
(Hz) 

KIRUI 17.83 1.60 1.01 –0.01 3.10 
TOLA 16.50 1.53 0.84 –0.03 3.00 
SIMBU 17.66 1.69 - 0.03 2.89 
HAWKINS 18.64 1.60 0.90 –0.01 3.23 
KIPKETER 16.96 1.65 0.93 –0.09 2.86 
MEUCCI - - - - - 
GHEBREGERGIS 16.62 1.54 - 0.11 2.99 
WANJIRU 15.66 1.41 0.81 0.11 3.08 
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Figures 9 and 10 show the relative contributions of contact time and flight time (absolute values 

and percentages, respectively) for the top eight athletes during Lap 3. 

 
Figure 9. Contact and flight times for each of the top eight finishers (Lap 3). 

 

 
Figure 10. Contact and flight times (as % of step time) for the top eight finishers (Lap 3). 
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Figures 11 and 12 show the contributions of contact time and flight time (absolute values and 

percentages, respectively) for the top eight athletes during Lap 4 (except for Meucci, who could 

not be analysed). Figure 12 also shows the percentage decrease in contact time from Lap 3 to 

Lap 4. 

 
Figure 11. Contact and flight times for each of the top eight finishers (Lap 4). 

 

 
Figure 12. Contact and flight times (as % of step time) for the top eight finishers (Lap 4). The percentage 
change in contact time (%) from Lap 3 is also shown. 
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Figure 13 shows the mean values for joint angular data of the top eight athletes during Lap 3, 

whereas Tables 7 and 8 show each individual’s values. 

 
Figure 13. Mean joint angles at toe-off (left) and initial contact (right) (Lap 3). 

Table 7. Joint angle values at toe-off (Lap 3). 

 Hip (°) Knee (°) Ankle (°) Shoulder (°) Elbow (°) 
KIRUI –9 164 124 35 57 
TOLA –14 165 133 34 58 
SIMBU –11 167 131 30 59 
HAWKINS –19 169 131 31 53 
KIPKETER –10 169 131 21 43 
MEUCCI –14 167 126 34 53 
GHEBREGERGIS –17 168 132 22 66 
WANJIRU –21 169 130 21 60 

 
Table 8. Joint angle values at initial contact (Lap 3). 

 Hip (°) Knee (°) Ankle (°) Shoulder (°) Elbow (°) 
KIRUI 137 161 103 –56 69 
TOLA 142 156 105 –48 73 
SIMBU 143 154 105 –50 73 
HAWKINS 148 154 108 –47 81 
KIPKETER 140 146 105 –52 55 
MEUCCI 143 155 105 –54 60 
GHEBREGERGIS 142 152 107 –49 70 
WANJIRU 147 149 104 –45 72 
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Figure 14 shows the mean values for joint angular data of the top eight athletes during Lap 4 

(except Meucci), whereas Tables 9 and 10 show each individual’s values. 

 
Figure 14. Mean joint angles at toe-off (left) and initial contact (right) (Lap 4). 

Table 9. Joint angle values at toe-off (Lap 4). 

 Hip (°) Knee (°) Ankle (°) Shoulder (°) Elbow (°) 
KIRUI –9 165 123 34 57 
TOLA –5 164 129 36 57 
SIMBU –9 166 133 27 52 
HAWKINS –13 168 130 32 54 
KIPKETER –15 170 141 27 44 
MEUCCI - - - - - 

GHEBREGERGIS –13 167 129 29 79 
WANJIRU –9 166 125 17 58 

 
Table 10. Joint angle values at initial contact (Lap 4). 

 Hip (°) Knee (°) Ankle (°) Shoulder (°) Elbow (°) 
KIRUI 143 162 105 –51 73 
TOLA 146 152 102 –49 65 
SIMBU 149 152 103 –47 73 
HAWKINS 149 155 106 –53 76 
KIPKETER 154 153 108 –58 49 
MEUCCI - - - - - 

GHEBREGERGIS 139 149 102 –42 101 
WANJIRU 143 146 105 –48 72 
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COACH’S COMMENTARY 

For a coach, the real beauty in the marathon data is that we get to see a glimpse of how athletes 

fatigue. Thanks to the pacing of the marathon, with a large surge around halfway and a gradual 

slowing of every athlete, by comparing the latter laps, we can see how fatigue manifests itself. 

When comparing laps 3 and 4 of the runners, what is remarkable is how symmetrical most of the 

athletes are. On lap 3, before full fatigue has hit, the majority of the athletes show very little step 

length difference between their left and right side. This means they cover the same amount of 

ground when pushing off their left foot or right. The one major exception is Wanjiru who covers 

0.11 m more difference on one side. If I were Wanjiru or his coach, this would be an area of 

investigation for potential improvement. 

If we then look at lap 4, we can see that some of our athletes start to see greater left-right 

differences. This is likely a result of fatigue. In particular, Ghebregergis and Kipketer see their 

step length differences jump to 0.11 and 0.09 m, respectively. As athletes fatigue, they start to 

compensate and their ‘weak links’ in the chain start to show. Fatigue doesn’t happen 

symmetrically and the data demonstrate this clearly. On the other hand, our top athletes hold 

things together remarkably well, with only very slight shifts in step length differences (i.e., Kirui 

from 0.00 to –0.01 m).  

Digging into the step length and step rate data from laps 3 to 4 provides another interesting look 

at the impact of fatigue. For instance, Kirui slows down from 19.69 to 17.83 km/h. His step length 

drops from 1.71 to 1.60 m, while his step rate drops slightly less from 3.19 to 3.10 Hz. Kirui is 

seeing a gradual slow down coming from both length and step rate. Tola, on the other hand, saw 

a dramatic drop off in step length 1.77 to 1.53 m, while maintaining step rate (3.05 vs. 3.00 Hz) 

to a large degree. The way in which he slowed was almost entirely due to how much ground he 

covered from step to step. Hawkins was the only athlete to increase their speed from lap 3 to 4 

and he did so entirely by increasing his step rate (from 3.12 to 3.23 Hz). His step length remained 

the same. 

For coaches, the lesson is clearly that every athlete doesn’t have the same running form and does 

not respond to fatigue in the same way. Each athlete has their own signature of how they increase 

speed, and how they deal with fatigue and the slow decreasing of speed. Do we see right to left 

differences, does their step rate change or is it in their step length? Answering how an athlete 

speeds up or breaks down will provide clues to what each athlete needs to work on. Often, as 

coaches we teach how to increase speed at the end of a race, but how often do we teach how to 

slowly fade, like was the case in this men’s marathon. 
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Where an athlete shows fatigue provides an indicator for where their weak link in the chain is. For 

instance, if we see a maintenance in step rate but a significant drop in step length, it’s likely that 

the athlete is losing his ability to put force into the ground so that he can cover the same distance. 

Find how your athletes tend to show breakdown, and then develop a plan to combat that, whether 

that is from biomechanics work and cueing, or strength and power development in the gym. 
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