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Abstract

Aim This study characterised the decoupling of internal-to-external workload in marathon running and investigated whether
decoupling magnitude and onset could improve predictions of marathon performance.

Methods The decoupling of internal-to-external workload was calculated in 82,303 marathon runners (13,125 female). Inter-
nal workload was determined as a percentage of maximum heart rate, and external workload as speed relative to estimated
critical speed (CS). Decoupling magnitude (i.e., decoupling in the 35-40 km segment relative to the 5-10 km segment)
was classified as low (< 1.1), moderate (> 1.1 but < 1.2) or high (> 1.2). Decoupling onset was calculated when decoupling
exceeded 1.025.

Results The overall internal-to-external workload decoupling experienced was 1.16 +0.22, first detected 25.2 +9.9 km
into marathon running. The low decoupling group (34.5% of runners) completed the marathon at a faster relative speed
(88 £6% CS), had better marathon performance (217.3 +33.1 min), and first experienced decoupling later in the marathon
(33.4+9.0 km) compared to those in the moderate (32.7% of runners, 86 +6% CS, 224.9 +31.7 min, and 22.6 +7.7 km),
and high decoupling groups (32.8% runners, 82 +7% CS, 238.5 +£30.7 min, and 19.1 +6.8 km; all p <0.01). Compared to
females, males’ decoupling magnitude was greater (1.17+0.22 vs. 1.12+0.16; p <0.01) and occurred earlier (25.0+9.8
vs. 26.3+10.6 km; p <0.01). Marathon performance was associated with the magnitude and onset of decoupling, and when
included in marathon performance models utilising CS and the curvature constant, prediction error was reduced from 6.45
to 5.16%.

Conclusion Durability characteristics, assessed as internal-to-external workload ratio, show considerable inter-individual
variability, and both its magnitude and onset are associated with marathon performance.
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The decoupling of internal-to-external workload ratio
can be used to quantify the ‘durability’ of endurance
athletes during long-duration exercise. We used the
decoupling of internal (i.e., heart rate) and external
(i.e., grade-adjusted speed) workloads, expressed as a
ratio indexed to the 5-10 km segment, to quantify the
‘durability’ of > 80,000 marathon runners. Specifically,
we assessed the relationship between the magnitude and
onset of this decoupling with marathon performance.

There was a large inter-individual variation in the magni-
tude and onset of decoupling. However, when classified
as low, moderate and high decoupling, athletes experi-
encing low decoupling had better marathon performance.
Moreover, models of marathon performance were
improved when both magnitude and onset decoupling are
included.

The data presented herein suggest that the decoupling of
internal-to-external workload ratio should be taken into
consideration during long-duration exercise, as it can
contribute to explain marathon performance.

1 Introduction

Marathon running has been the subject of considerable inter-
est in recent years, and it is generally accepted that multiple
factors can affect its performance [1-4]. For example, mod-
els explaining marathon performance have typically consid-
ered three physiological traits: the maximum oxygen uptake
(VO, .,)» OXygen cost of movement (i.e., running economy),
and the fraction of VO, .. that can be maintained for the
duration of the marathon [2, 5, 6]. Combined, these physi-
ological traits result in a ‘performance metabolic rate’, the
highest oxidative metabolic rate that can be sustained for the
marathon. Critical speed (CS) is the physiological thresh-
old delineating the heavy- and severe-intensity domains, and
therefore defines the point at which the maximal metabolic
steady-state (MMSS) can be attained, and exercise can be
supported mainly from oxidative metabolism [7-10]. It is
worth noting that several other terms or approaches have
been suggested to correspond with, or permit the approxi-
mation of, the MMSS including ventilatory or respiratory
thresholds, or thresholds derived from blood lactate concen-
tration, such as the maximal lactate steady state [8]. Indeed,
criticism of the CS model has been levelled as the concord-
ance of estimates with the MMSS can be dependent on the

methodology used [11, 12]. Since CS (and its analogous
critical power) demarcates the boundary between heavy and
severe exercise domains [8, 13, 14], and thus represents a
marker of the MMSS, it follows that CS shows a strong asso-
ciation with endurance performance—including marathon
performance [15, 16].

An interesting finding from studies investigating the abil-
ity of CS to predict marathon performance [15, 16] was that
faster athletes appear to complete the marathon at higher
speeds relative to their CS than slower athletes. Thus, elite
marathon runners with an average finishing time of ~2 h and
5 min could complete the marathon at~96% of their CS.
However, well-trained athletes with an average time of ~2 h
and 30 min completed the marathon at~93% CS, whereas
recreational athletes with an average marathon time of ~4 h
managed to complete the marathon at~79% CS. A plausible
explanation of this apparently linear decrease in marathon
speed, relative to CS, with increasing marathon times is that
physiological attributes crucial in marathon performance,
reflected as the CS, represent the maximum ability of a fully
rested athlete, but such physiological attributes deteriorate
during prolonged exercise, such as a marathon. Clark et al.
[17, 18] recently reported that critical power, the cycling
equivalent of CS, decreased by ~10-15% following 2 h of
heavy exercise. Therefore, if a similar decrease in CS also
occurs with prolonged running, it is plausible that mara-
thon runners who start the marathon at speeds close to but
fractionally below their CS transition into severe intensity
exercise (above CS) during a marathon, even if the speed
is maintained constant throughout the race. It is plausible
that better athletes may be able to preserve physiological
traits, and thus maintain speeds closer to CS. Indeed, it has
recently been suggested that durability, defined as dete-
rioration in physiological characteristics over time during
prolonged exercise [19], should be taken into consideration
during physiological and performance profiling.

The aims of this study, therefore, were to (i) character-
ise the decoupling of internal-to-external workload during
a marathon in a large cohort of recreational runners; and
(ii) investigate whether the magnitude and time of onset
of the decoupling could predict marathon performance,
and whether taking into consideration the decoupling
improved predictions derived from CS alone. Further-
more, given recent reports highlighting the differences in
fatigability between males and females [20], which may
contribute to the observed sex differences in endurance
performance [20, 21], we report and compare decoupling
traits for male and female athletes separately. We hypoth-
esised that marathon runners with faster finishing times
would exhibit reduced decoupling of internal-to-external
workload ratio compared to runners with slower finishing
times. Specifically, we hypothesise that athletes exhib-
iting low decoupling and/or late onset in decoupling of
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internal-to-external workload ratio will be able to per-
form closer to their CS. Therefore, we hypothesised that
by combining CS with estimations of the magnitude of the
decoupling of internal-to-external workload ratio, models
of marathon performance would be improved. Finally, we
hypothesised that the magnitude of decoupling would be
lower in female athletes compared to that observed in their
male counterparts.

2 Methods
2.1 Dataset

A large dataset of recreational runners was made available
to the authors by the running platform Strava® (Strava,
Inc., San Francisco, CA, USA) under limited research
license. The dataset contained anonymised data and, there-
fore, the ethics boards of all institutions (Auckland Univer-
sity of Technology, University College Dublin, and Uni-
versity of Hertfordshire) deemed the study exempt from
ethical approval. Athletes uploaded the data from training
sessions, collected through smartphones or other devices
(e.g., running pods), into the running platform. The dataset
consisted of time, location, distance, and elevation data
sampled at 100 m intervals. In addition, heart rate (HR)
was available from all training sessions. HR data was pro-
cessed in a similar way to running data, and thus aver-
aged at 100 m intervals. The characteristics of the dataset
used in the current study are provided in Table 1. There
were 82,303 runners (~ 16% female) included in this study,
for whom training data were available for the ~4 months
preceding a marathon. For all athletes, the dataset con-
tained at least one marathon race. In an attempt to identify
genuine marathons, we identified sessions that matched a
marathon distance (i.e., 42.2 km), but also contained mul-
tiple runners starting at the same time and location. This
approach provided a series of candidate marathon races
that were manually identified, so that genuine marathon
races were differentiated from ‘practice’ marathons.

2.2 Critical Speed and D’ Determination

Critical speed and D', the curvature constant of the speed-
duration relationship that represents running capacity above
CS, were estimated from raw training data, as previously
described [15]. In brief, raw data from all training ses-
sions for each athlete were first converted to grade-adjusted
speed. This approach accounts for changes in elevation, for
instance when running uphill or downhill, and is described
in more detail elsewhere [15, 22]. The fastest grade-adjusted
speed observed in any training session for each athlete was
recorded for a range of distances (400, 800, 1500, 3000,
and 5000 m), and then used to construct the distance-time
relationship according to a linear model of distance and time
[23]. For each athlete, the slope of this line was considered
CS, and the intercept of the line the curvature constant, D’
[23].

2.3 Durability and Decoupling

Each marathon was divided into eight 5-km segments plus
the final 2 km of the race, and the decoupling of internal-
to-external workload ratio was calculated for each segment.
The internal workload was determined as a percentage of
maximum HR (HR_,). The HR_,, for the cohort was given
as 178 + 18 beats per min (bpm) and 187 + 8 bpm using an
age-predicted calculation [24] and the highest HR recorded
in any training session, respectively. Therefore, HR . was
defined as the highest HR recorded in any training session for
each runner. The external workload was determined as the
speed, relative to CS, during the recorded marathon. The first
(0-5 km) and last (40-42.2 km) segments of the race were
excluded to avoid possible artefacts caused by sudden changes
in pace in the first and last few kms of the race, respectively.
The decoupling observed in the last 5 km segment of the race
(3540 km) was used to determine the overall magnitude of
the decoupling experienced by each athlete, and expressed
relative to the 5-10 km segment. Thus, a decoupling of 1.15
indicates that internal-to-external ratio (ratio between %HR
and %CS) was 15% greater in the 3540 km segment com-
pared to that observed in the 5—-10 km segment of the race. To

Table 1 Descriptive statistics of
the dataset

F M All
Athletes (n) 13,125 69,178 82,303
Age (y) 37+8 40+26 39+24
Finish time (min) 2452+29.6 22334325 226.8+33.1
Training sessions (1) 72+33 70+34 70+34
Weeks (n) 18.2+2.6 182+2.5 182+2.5
Training frequency (sessions-wk™!) 39+1.6 3.8+1.7 3.8+1.7
Training volume (km-wk™) 409 +15.74 43.0+17.9 42.7+17.6

F female runners, M male runners, All all runners



2286

B. Smyth et al.

estimate the onset of decoupling, the race segment from which
decoupling remained consistently (i.e., for the remaining of the
race) above 1.025 was calculated for each athlete, focusing on
the race segments from 10 to 40 km. We converted this race
segment into an estimated distance by calculating the mid-
point of the segment. Thus, if a decoupling> 1.025 was first
detected in the 20-25 km segment of the marathon and sus-
tained to the 35—40 km segment, then the onset was assumed
to be at 22.5 km. The distance at which decoupling was first
observed was converted to time of onset using average running
speed. If a decoupling > 1.025 was not detected at all for a run-
ner, the onset was assumed to be their either 42.2 km or their
finish-time, as appropriate, to represent a runner completing
the marathon without decoupling.

2.4 Data Analysis

Athletes experiencing a decoupling < 1.1 in the last segment of
the race were classified as low decoupling, a decoupling > 1.1
but < 1.2 was considered as moderate, and if the decoupling
was > 1.2 it was deemed as high decoupling [19]. In order
to investigate whether decoupling experienced by an athlete
contributed to explain marathon performance, the correlation
between key decoupling characteristics (i.e., magnitude and
the onset of decoupling) and absolute (marathon time) and rel-
ative (marathon speed relative to CS) marathon performance
was determined. To calculate these correlations, athletes were
grouped based on their relative performance (in 5% bins, from
70% CS to 90% CS) and absolute performance (in 30 min bins,
from 150 to 270 min). Finally, a SciKit learn [Python (Python
Software Foundation, Wilmington, DA, USA)] implementa-
tion of a gradient boosting regressor [25] was used to predict
marathon performance based on CS and D’; this regressor was
configured to use n=>5,000 estimators and a learning rate of
0.005 [25]. This approach has already been shown to predict
performance with relative success (~7% error, Ref. [15]).
Therefore, the model was modified to consider CS and D’ as
well as durability traits, namely the magnitude and onset of
the decoupling. Mean values between sexes and decoupling
groups (low vs. moderate, moderate vs. high) were compared
with a Welch's #-test (which does not assume equal population
variance), and significance was accepted at p <0.01. Cohen’s
d was used as a measure of effect-size, and interpreted as
very small (0.01), small (0.20), medium (0.50), large (0.80),
very large (1.20) and huge (2.00) [26]. Results are reported as
mean =+ standard deviation.

3 Results
3.1 Marathon Performance and Critical Speed

The overall marathon performance and decoupling char-
acteristics of the athletes within the dataset are pre-
sented in Table 2. Overall, the marathon was completed
at 3.17 +0.47 m-s~!, and thus marathon time was~3 h
and 47 min + 33 min. The CS and D’, estimated from
raw training data corresponded to 3.72 +0.48 m-s~' and
196 +90 m, respectively, and therefore the average mara-
thon speed corresponded to 85 +7% of CS. Male runners
had ~ 10% superior marathon performance and CS com-
pared to female runners (both p <0.01), but females were
able to complete the marathon at speeds closer to their CS
(87 £6 vs. 85+ 7% CS, respectively; p<0.01, d=0.23).

3.2 Internal-to-External Workload Decoupling
During Marathon Running

The average decoupling experienced in the 35-40 km seg-
ment was 1.16+0.22. However, there was considerable
inter-individual variation. Out of 82,303 runners, 34.5%
(28,404 runners) exhibited low decoupling (decoupling < 1.1
in the 35-40 km segment), 32.7% (26,879 runners) moderate
decoupling (> 1.1 but< 1.2), and 32.8% (27,020 runners)
were classified as high decoupling (> 1.2). The time-course
of decoupling for the low, moderate, and high decoupling
groups over the course of a marathon is shown in Fig. 1.

The overall magnitude of decoupling was greater
for males compared to female runners (1.17 +£0.22 vs.
1.12+0.16; p<0.01, d=0.22). Male runners were relatively
evenly distributed in the low, moderate and high decoupling
groups (32.3%, 32.6% and 35.1%, respectively), whereas
their female counterparts were more frequently classified as
low and moderate decoupling compared to high decoupling
(46.1%, 33.2% and 20.7%, respectively).

The onset of decoupling, when runners first exhibited a
continuous decoupling > 1.025 sustained to the end of the
marathon, occurred after 25.2 +9.9 km. However, there
were differences for each decoupling group (Table 2),
whereby the onset of the decoupling occurred later in
the low decoupling group, compared to the moderate and
high decoupling groups. The onset of decoupling occurred
first in male runners, irrespective of the magnitude of
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Table 2 Marathon performance and decoupling characteristics in 83,303 recreational runners

ALL F M MvF
Sig d Sig D Sig d Sig  d

Marathon time (min)

Low decoupling 2173+33.1 @ 023 24054299 ° 022 211.1+31.1 °® 031 * 0.95

Moderate decoupling 2249+31.7 ° 043  2469+289 ° 021 2207+304 ° 053 ¥ 0.87

High decoupling 238.5+30.7 °© 0.66 25294280 ° 042  2369+30.6 °© 0.84 ¥ 0.53

All athletes 226.8+33.1 245.2+29.6 22334325 * 0.68
Marathon speed (m-s™h

Low decoupling 331+050 @ 026 297+038 °® 022 340+049 ! 033 * 0.92

Moderate decoupling 3.19+045 ° 044 2.89+036 ° 021 325+045 2 053  * 0.83

High decoupling 3.00+£041 € 0.68 2.82+034 ¢ 042 3.02+041 3 0.85 * 0.51

All athletes 3.17+0.47 2.91+0.37 3224048 * 0.67
Critical speed (m-s™")

Low decoupling 3.78+0.51 @ 0.14 3.39+040 ! 0.09 3.89+048 ! 023 * 1.10

Moderate decoupling 3.71+047 ° 0.11 3.35+0.39 3.78+045 2 0.19 * 0.98

High decoupling 3.67+044 € 025 3.36+038 ° 0.08 3.70+043 3 042 % 0.80

All athletes 3.72+0.48 3.37+0.39 3.79+0.46 o 0.93
Marathon speed (/CS)

Low decoupling 0.88+0.06 ® 025 0.88+0.06 °® 024 0.88+0.07 °® 025 % 0.04

Moderate decoupling 0.86+0.06 ° 059 0.86+0.06 ° 036 0.86+0.06 ° 061 * 0.07

High decoupling 0.82+0.07 ¢ 0.84 0.84+0.06 ¢ 0.60 0.82+0.07 ¢ 0.85 * 0.34

All athletes 0.85+0.07 0.87+0.06 0.85+0.07 o 0.23
Decoupling magnitude (AU)

Low decoupling 1.01+0.18 °® .00 1.02+0.12 ! 133 1.01+0.2 ! 0.95

Moderate decoupling 1.15+003 ° 1.07 1.14+003 2 167 1.15+003 2 1.03  * 0.11

High decoupling 133+024 ¢ 149 131+016 3 2.18 1.33+024 3 142 = 0.07

All athletes 1.16+0.22 1.12+0.16 1.17+£0.22 i 0.22
Decoupling onset (km)

Low decoupling 33.4+9.0 a 132 329498 ! 126 33.6+8.7 a 135 * 0.25

Moderate decoupling 22.6+7.3 b 049 21.7+7.6 2 034 228+72 b 052 * 0.15

High decoupling 19.1+6.8 ¢ 179 19.1+7.3 3 101 192+6.7 ¢ 1.86

All athletes 252+9.9 26.3+10.6 25.0+9.8 # 0.13
Decoupling onset (min)

Low decoupling 170.1+53.8 @ 115  185.1+61.1 ! 1.16  166.1+50.9 °® 1.14 = 0.36

Moderate decoupling 1152+407 ° 043 121.0+458 2 035 11414396 ° 043  * 0.17

High decoupling 98.4+372 ¢ 1.54 105.3+424 3 143 97.6+365 ¢ 156  * 0.21

All athletes 128.6+54.3 147.3+63.6 125.1+51.6 i 0.41

ALL represents all athletes in the dataset, whereas F and M represent data from female and male athletes, respectively. The column ‘F v M’
shows whether there was a difference between male and females, where the symbol * depicted a significant difference (p <0.01) and the corre-
sponding effect size

The subscripts 2, ® and © indicate whether a significant difference (p <0.01) was observed between low vs. moderate decoupling, moderate vs.
high decoupling, and low vs. high decoupling, respectively. Decoupling magnitude represents the internal-to-external workload ratio in the
35-40 km segment, and is reported in arbitrary units (AUs)

decoupling experienced (low, moderate or high), as shown  respectively; p <0.01, d=0.41). This held true for all
in Table 2. When the onset of decoupling was expressed  decoupling groups (low, moderate and high decoupling;
as time, males also experienced earlier decoupling com-  Table 2, Fig. 2).

pared to female runners (147.3+63.6 vs. 125.1 +51.6 min,
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Fig. 1 Time-course of the
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external workload for athletes 1.4
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high decoupling was defined as

athletes with a decoupling < 1.1, 1.2

between 1.1 and 1.2, and>1.2
in the 35-40 km segments.
Decoupling is expressed relative
to the 5-10 km segment of the
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Fig.2 Estimated onset of decoupling during a marathon and decoupling type (low, moderate and high), for male (M) and female (F) runners.
The filled circles in the high decoupling indicate a male—female difference (p <0.01)

3.3 Internal-to-External Workload Decoupling
and Marathon Performance

Both relative marathon performance (marathon speed
relative to CS) and absolute marathon performance (mar-
athon finish time) exhibited a strong association with the
magnitude of the decoupling. Athletes exhibiting lower
decoupling magnitude completed the marathon at a higher
percentage of CS (p <0.01, R*=— 0.97) and faster mara-
thon time (p <0.01, R?=0.99, Fig. 3). Similarly, a strong
association was observed between the onset of decoupling
and marathon performance (Fig. 3), whereby athletes who
experienced decoupling early during the marathon were
able to complete the marathon at a higher fraction of their
CS (p<0.01, R2=0.92), and had faster marathon times
(p<0.01, R*=—0.99, Fig. 3a, b).

3.4 Prediction of Marathon Performance
Marathon performance was predicted with 6.45% error using

a model that included CS and D'. Incidentally, marathon
predictions based exclusively on CS presented with 6.62%

error. However, including either the magnitude of the decou-
pling in the 35-40 km segment or the decoupling onset time
reduced this error to 5.85% and 5.90%, respectively, which
corresponds to relative improvements of 9.3% or 8.5%,
respectively (see Fig. 4). When both magnitude and time of
onset are included (alongside CS and D'), prediction error
falls to 5.16%, which represents an overall improvement
of 20.00% compared to the model using CS and D’ only.
Overall, the prediction error was lower for female athletes
(» <0.01), irrespective of the model used (Fig. 5).

4 Discussion

The primary aim of the present study was to explore the
durability characteristics of a large, heterogenous group of
recreational runners by calculating the decoupling of inter-
nal-to-external workload ratio during marathon running.
In addition, we investigated whether the overall magnitude
and onset of decoupling experienced by runners contributed
to marathon performance, and whether these results were
different in male and female runners. The main findings
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Fig.3 The onset (distance and time) and the magnitude of the decou-
pling of internal-to-external workload ratio relative to marathon per-
formance, where marathon performance is calculated: a relative CS,
and b in absolute units (min). Estimated onset of the decoupling of
internal-to-external workload relative to marathon performance,

were that athletes experienced a~1.16 (~16%) decou-
pling between HR and speed in marathon running, which
started after 25.2 +9.9 km. However, there was large inter-
individual variability, and runners could be classified into
low, moderate and high decoupling groups. We found that
runners in the low decoupling group completed the race at
a higher percentage of their CS, with a faster overall time,
and had a later onset of decoupling. Moreover, whilst CS
and D’ were able to predict marathon performance, a model
that incorporates durability characteristics (i.e., magnitude

150 180 210 240 270
() Finish-Time (min)

where marathon performance is calculated: ¢ relative CS, and d in
absolute units (min). Filled markers indicate a significant difference
between male and female runners (p <0.01) and a solid line between
two makers indicates a statistically significant difference between
consecutive pace bins (p <0.01)

and onset of the decoupling) reduced the prediction error
by 20%. Female runners exhibited a better durability pro-
file, as the decoupling exhibited lower magnitude and later
onset than that observed in male runners. These findings
suggest that durability characteristics, such as its magnitude
and onset, should be taking into consideration in marathon
running because both parameters were associated with mar-
athon performance. Moreover, the results from this study
indicate that female runners experience less decoupling than
their male counterparts.



2290

B. Smyth et al.

(a) cs/p (R2 = 0.68)

(b) cs/D & Decoupling Magnitude (R2 = 0.73)

16

14

12

10

Error (%)
©

] F O M

(C) CS/D & Decoupling Onset (km) (R2 = 0.70)

(d) cs/p, Decoupling Magnitude & Onset (km) (R2 = 0.73)

16 [l F O M

14
12

10

Error (%)
©

A

6 | N
_—
\\/ﬁi‘ I

[bF OM

150 180 210 240 270
Finish-Time (mins)

Fig.4 Error associated with predictions of marathon performance
derived from a CS and D’ only, b CS and D’ plus the magnitude of
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to decoupling onset. The error is calculated as the mean absolute dif-
ference between the predicted finish-time and the actual finish-time
as a fraction of actual finish-time for each finish-time group and the
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dotted lines show the mean error for male and females for all finish-
times. In (a) a filled marker indicates a difference between the corre-
sponding male and female means (p <0.01), and a solid line between
two makers indicates a difference between relative pace segments
(p <0.01). The overall R? value for each finish-time is also shown
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Fig.5 Overall performance of different models based exclusively on CS and D', as well as parameters related to the decoupling of the internal-

to-external workload ratio

4.1 Inter-Individual Variation in Decoupling
Characteristics

The large sample of recreational marathon runners ana-
lysed in the current study experienced internal-to-external

workload decoupling of ~ 1.16, which indicates that the ratio
between internal workload (HR) and external workload
(grade-adjusted speed, relative to CS) increased by ~ 16%
throughout a marathon. However, there was considerable
inter-individual variability in the magnitude of decoupling.
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Athletes were classified, based on the magnitude of the
decoupling observed in the last 5 km segment of the mara-
thon, as low, moderate and high decoupling, as previously
suggested [19]. Despite this being an arbitrary classification,
we found a remarkably even distribution, and each of the
three decoupling groups contained ~33% of athletes in the
sample. Such inter-individual variability in the magnitude of
decoupling supports consideration of durability in physio-
logical profiling and performance modelling, as resilience to
exercise-induced shifts in intensity domain transitions may
contribute to performance capabilities in the latter stages of
prolonged events [17-19].

Prolonged exercise, such as marathon running, neces-
sitates a physiological steady state, and thus is typically
performed at intensities close to, but below, CS [15, 16].
Exercise at intensities that exceed CS (or its cycling analo-
gous, critical power) results in an inexorable increase in the
concentration of muscle metabolites, such as hydrogen ions
and inorganic phosphate, until an intolerable threshold is
reached coinciding with the depletion of D' and the attain-
ment of VO, .., which, ultimately, results in task failure
soon afterwards [9, 27, 28]. Alternatively, exercise may
be continued after the depletion of D', but the intensity of
exercise must remain below CS [29]. Previous studies have
demonstrated that the power profile [30], CS [17, 18] and
endurance performance [31] decrease with prolonged, sub-
maximal exercise. Combined, the results from these studies
and the data presented herein suggest that it is inappropriate
to rely exclusively on physiological traits determined in fully
rested state athletes to predict endurance performance. It is
unlikely that such characteristics, determined at rest, remain
constant during prolonged exercise, or that they deteriorate
at a constant rate. Instead, athletes appear to exhibit different
abilities to preserve their physiological abilities during pro-
longed exercise. Thus, monitoring the durability of athletes
(e.g., by monitoring the decoupling of internal-to-external
workload) should be taken into consideration in physiologi-
cal profiling, when prescribing prolonged exercise or aiming
to predict endurance (e.g., marathon) performance.

4.2 Decoupling Characteristics and Marathon
Performance

Previous studies have shown that CS is a strong predictor of
marathon performance, with elite marathon runners’ best
performances completed at 96% CS [16], and faster rec-
reational marathon runners also completing marathons at
speeds close to (>90%), but below, CS [15]. In the present
study, athletes in the low decoupling group were able sus-
tain a higher fraction of their CS throughout the marathon,
which also occurred later in the marathon. The results from
the present study demonstrate that marathon runners who
exhibited superior durability (i.e., had low decoupling) were

also able to run closer to their CS, and also able to complete
the marathon faster.

The onset of decoupling was estimated to occur when
a decoupling of at least 1.025 was first detected. This is,
again, an arbitrary threshold representing a 2.5% increase
in internal-to-external workload ratio. However, we found
that this approach of detecting the onset of decoupling
was also associated with marathon performance (Fig. 3).
Athletes exhibiting low decoupling were able to complete
a further ~ 14 km of the marathon without signs of physi-
ological deterioration (Table 2). Moreover, when the onset
of decoupling was expressed as time, overall results indicate
that decoupling is first observed ~ 128 min into the race (see
Table 2). Clark et al. [17] reported that a decrease in critical
power was observed following 2 h of cycling at moderate
intensities, but not after 80 min. In the present study, how-
ever, the onset of decoupling was detected ~ 80 min later
in the low decoupling groups compared to the low decou-
pling group (~ 105 vs. 185 min, see Table 2). Overall, this
study shows that both magnitude of decoupling and onset of
decoupling, expressed as distance covered or time elapsed
before it was first detected, were associated with marathon
performance.

Critical speed denotes the highest sustainable oxidative
metabolic rate, and thus is strongly associated with endur-
ance performance. Indeed, previous studies have shown that
marathon performance can be predicted with~7% error
using models derived from CS [15]. Similarly, in the pre-
sent study marathon performance was predicted with 6.45%
error using a model that included CS and D’. The addition
of durability traits to this model, namely its magnitude and
onset, reduced the prediction error to 5.16%, a 20% improve-
ment in accuracy. Therefore, the data presented in the cur-
rent study support that models aiming to predict marathon
performance, and more generally models of endurance per-
formance, should take into consideration the durability of
physiological traits.

4.3 Mechanisms Underpinning Decoupling

There are several factors that can explain the decoupling
of internal-to-external workload decoupling. The mecha-
nisms explaining the inter-individual variability in durabil-
ity characteristics may be related to skeletal muscle fibre
type characteristics given type I fibres are more resilient to
exercise-induced loss of mechanical efficiency [32]. There-
fore, the muscle metabolic cost of producing a given running
speed may be better maintained during marathon running
in athletes with a greater proportion of type I fibres, and
therefore reduced decoupling between internal and exter-
nal work as the race progresses. Similarly, the availability
of proteins involved in management of cellular stress, such
as the heat shock proteins [33], may promote durability
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characteristics by improving the capacity to manage the cel-
lular stress generated during prolonged exercise [34]. Dura-
bility characteristics may also be related to mitochondrial
protein content, as a larger mitochondrial pool may spread
the oxidative burden of demanding exercise and therefore
reduce mitochondrial damage at the level of the individual
mitochondrion during prolonged exercise. These physiologi-
cal mechanisms remain speculative and warrant attention
from laboratory-based investigations of the determinants of
durability characteristics.

Further to purely physiological mechanisms, it could be
postulated that runners with greater durability are able to
preserve a more economical pattern of running through-
out the marathon. The greatest sustainable running speed
is strongly mediated by running economy (e.g., references
[1, 5]). However, the O, cost of running has been shown
to increase concomitantly over increased distances [35].
Elevated levels of markers of muscular fatigue and skeletal
muscle damage can interfere with contractile mechanisms
through inhibitory effects on a-motoneurons by activating
fatigue-sensitive afferent fibres [36]. Consequently, dur-
ing periods of prolonged running the force output during
the push off phase has been shown to be reduced. Indeed,
running induced fatigue has been shown to alter kinemat-
ics [37], kinetics [38], as well as stride dynamics [39, 40].
Resultant compensatory alterations in gait pattern to main-
tain running speed may result in an upward drift in VO,, and
an increase in internal workload at a given running speed.
However, compensatory movement patterns observed along-
side and increase in VO, have been shown to be highly vari-
able between runners [41]. Furthermore, it is important to
acknowledge the extent of muscular fatigue will be depend-
ent on the intensity domain in which exercise is performed.
Therefore, further investigations are warranted to elucidate
whether diminished running economy is a cause or a conse-
quence of durability characteristics.

Decoupling was quantified as the internal-to-external
ratio [19], and therefore decoupling could represent an
increase in internal workload (i.e., HR), decrease in exter-
nal workload (i.e., speed), or both. In the current dataset,
speed fell following the onset of decoupling by 11.3%, whilst
the HR remained constant throughout the marathon, and
only increased by 1.6% (or~2 bpm) since decoupling was
first detected. These data suggest that during a marathon, a
‘mirror image’ of the slow component was present, whereby
workload has to be decreased in order to maintain a constant
VO2 [42] or HR [43] during prolonged, submaximal exer-
cise. Therefore, factors typically associated with the slow
component (e.g., mainly metabolic requirements of fatiguing
muscle fibres and additional recruitment of motor units with
lower efficiency, see [44] for a review) may also have con-
tributed to the observed decoupling of internal-to-external
workload ratio.

4.4 Female Runners Exhibit Less Decoupling

The results of the present study demonstrate that females
displayed a lower magnitude and later onset of decoupling
than males (Fig. 2, Table 1). Moreover, there were over
twice as many female athletes classified as low decoupling
than high decoupling. Previous studies have shown that
physiological thresholds that demarcate the exercise inten-
sity domains are typically positioned at a higher percentage
of VO, ., in females [45]. The data from the current study
indicate that, in addition, female runners can also preserve
their physiological characteristics better than males, as
demonstrated by the low decoupling. Females demonstrate
a greater proportional area of type I fibres, greater capillary-
to-fibre ratio, greater volumes and densities of mitochon-
dria, superior rates of oxidative enzyme activity [46, 47],
have greater reliance on fat metabolism than males [48], and
may thus be better protected from glycogen depletion. As a
result, females may preserve muscular contractile function
through better maintenance of glycogen [49], and propensity
for greater proportion of fatigue resistance of type I fibres
[46, 47]. Combined, whilst males will typically demonstrate
a higher CS and better overall marathon performance, these
factors may help explain why females were able to complete
the marathon at a greater percentage of CS than males and
did so whilst experiencing less decoupling.

4.5 Limitations and Future Research Directions

For this study, we relied on a large dataset of recreational
runners. Using such a large dataset allowed the explora-
tion of decoupling characteristics during the marathon, and
offers an insight as to whether the internal-to-external work-
load experienced during prolonged exercise contributes to
explain marathon performance. However, when utilising this
approach to use raw training data to calculate CS, it was not
possible to verify if participants have performed a maxi-
mal effort, for example, checking whether VO, ., has been
attained during constant work rate trials [19]. Nonetheless,
it is worth noting that this approach has previously been
used to estimate CS with a low standard error of estimate
(~8%) and to successfully predict marathon performance
[15]. Data was used for ~4 months prior to a marathon event,
and so it is likely that some activities included in the data
set corresponded to maximal efforts through shorter races
(e.g., 5 km) or higher intensity training sessions. Moreover,
it has been demonstrated that extraction of data from training
results in a high level of agreement with laboratory-based
testing when estimating critical power, with low prediction
errors (<5%) [50]. Future research may wish to identify
means of verifying maximal efforts to improve CS estimates
from training data. It is also worth noting that the CS is
an estimation of the upper boundary of the heavy intensity
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domain, and it was not possible to verify whether this rep-
resented the MMSS in the current study. It has been sug-
gested that the CS may overestimate the MMSS relative to
other methods and is highly dependent on the protocol used
[11, 12]. However, the CS has been shown to closely repre-
sent the MMSS [14], and is widely regarded as an accurate
tool to estimate of the heavy-severe domain transition [8,
13]. Furthermore, other methods used to approximate the
heavy-severe boundary, for example, ventilatory thresholds,
maximal lactate steady state, etc., were not permissible using
the current approach.

To quantify internal workload, we used HR data, and it
should be acknowledged that HR is likely to exhibit some-
what different kinetics to that of VO, during prolonged exer-
cise [43, 51]. Moreover, prolonged exercise can result in
fluid loss due to excessive sweating and inadequate fluid
replacement, particularly in hot environments. This imposes
an additional cardiac strain, which results in a cardiovascu-
lar drift (i.e., increased HR, with concomitant reductions
in VO, ... [52]). Environmental conditions were not taken
into consideration for the current analysis, but it is plausi-
ble that the decoupling of internal-to-external workload is
increased in hot environments. Moreover, males and females
may not be equally affected by exercise-induced dehydra-
tion [53]. A question that remains unanswered and warrants
further investigation is whether durability traits are sensitive
to training adaptations. We would also encourage further
research to investigate whether training characteristics, such
as training volume, intensity, or the distribution of training
load, can influence durability. Nonetheless, the findings from
the current study would suggest that training may be able to
reduce the decoupling of the internal-to-external workload
ratio.

5 Conclusions

The internal-to-external ratio during a marathon was~1.16,
which represents a 16% increase in internal-to-exter-
nal ratio over the course of the marathon, and was first
detected ~25 km into the marathon. However, there was a
large inter-individual variation in both the absolute mag-
nitude of the decoupling and its onset. Importantly, both
decoupling magnitude and onset were associated with
performance, and the inclusion of these durability traits
increased the precision of models of marathon performance
by ~20% compared to those relying exclusively on CS and
D'. Females had, overall, a better durability profile, as they
exhibited lower decoupling in internal-to-external ratio. The
data presented herein, therefore, suggest that appreciation of
inter-individual differences in athlete durability may help

improve understanding of an individual athlete’s perfor-
mance capabilities in marathon running.
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