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Abstract

Background: “Hitting the wall” (HTW) can be understood as a psychophysiological stress process characterised by
(A) discrete and poignant onset, (B) dynamic interplay between physiological, affective, motivational, cognitive, and
behavioural systems, and (C) unintended alteration of pace and performance. A preceding companion article investigated
the psychophysiological responses to 20-km self-paced treadmill time trials after producing exercise-induced muscle damage
(EIMD) via a standardised muscle-lengthening contraction protocol.

Methods: A 5-step procedure was applied determining the extent to which the observed data fit the hypothesised cause-
effect relationships. Running with EIMD negatively impacts performance fatigability via (A) amplified physiological responses
and a non-adaptive distress response and (B) deterioration in perceived fatigability: increase in perceived physical strain
precedes decrease in valence, which in turn precedes increase in action crisis, eventually dissolving the initially aspired
performance goal.

Results: First, haematological indicators of EIMD predicted increased blood cortisol concentration, which in turn
predicted increased performance fatigability. Second, perceived physical strain explained 44% of the relationship
between haematological indicators of EIMD and valence, which in turn predicted increased action crisis, which in turn
predicted increased performance fatigability. The observed data fitted the hypothesised dual-pathway model well with
good model-fit indices throughout.

Conclusions: The hypothesised interrelationships between physiological strain, perception, and heuristic and deliberative
decision-making processes in self-regulated and goal-directed exercise behaviour were applied, tested, and confirmed:
amplified physiological strain and non-adaptive distress response as well as strain-perception-thinking-action coupling
impact performance fatigability. The findings provide novel insights into the psychophysiological processes that underpin
the phenomenological experience of HTW and alteration in pacing behaviour and performance.

Keywords: Structural equation modelling, Mediation analysis, Pacing behaviour, Perceived fatigability, Performance
fatigability, Central regulation, Decision-making
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Key points

e “Hitting the wall” (HT'W) can be understood as a
psychophysiological stress process characterised by
(A) discrete and poignant onset, (B) dynamic interplay
between physiological, affective, motivational, cognitive,
and behavioural systems, and (C) unintended alteration
of pace and performance.

e Running with EIMD causes (A) amplified
physiological responses and a non-adaptive
endocrinological distress response and (B)
increase in perceived physical strain, which
in turn mediates decrease in valence, which
in turn predicts increase in action crisis; and
both physiological and perceptual effects predict
increase in performance fatigability.

e The findings provide novel insights into the
psychophysiological processes that underpin the
phenomenological experience of HT'W under the
constraint of amplified physical duress.

e Structural equation modelling and the applied
three-dimensional framework of perceived fatigability
comprehensively address pressing questions about
how hypothesised cause-effect relationships come to
be and how strain-perception-thinking-action
coupling determines the observed alteration in pacing
behaviour and endurance performance.

Background
The “hitting the wall” (HTW) phenomenon is a much
talked about but poorly understood phenomenological ex-
perience that regularly occurs in prolonged endurance ex-
ercise. HTW can be understood as a psychophysiological
stress process characterised by (A) discrete and poignant
onset and duration, (B) dynamic and complex interplay
between physiological, affective, motivational, cognitive,
and behavioural systems, and (C) unintended alteration of
pacing behaviour and performance deterioration [1, 2].
The sheer physicality of endurance sports, particularly
long-distance running, ensures that HTW is tightly
coupled to stimulus-driven processes resulting from ex-
treme physical duress. The most popular physiological
explanation for HTW is skeletal muscle glycogen deple-
tion and hypoglycaemia [3-5]. However, a computa-
tional study by Rapoport [6] showed that glycogen
storage capacity is only a performance-limiting factor in
runners with low and moderate aerobic capacities, but
may not constrain performances of highly trained
long-distance runners. An alternative determinant of
HTW is exercise-induced muscle damage (EIMD)
caused by muscular exertion of unaccustomed exercise
duration and/or intensity, especially when involving
muscle lengthening contractions [7]. This notion is sup-
ported by length of longest training run predicting the

Page 2 of 11

likelihood of HTW [1, 8] and correlations between de-
terioration in marathon running pace and indirect
haematological markers of muscle damage [9].

The performance level-dependent nature of HTW [10,
11] points towards the importance of salient primary ap-
praisals of physiological sensations. However, the large
context-dependent intra- and inter-individual variability
in subsequent psychophysiological responses necessitates
the integration of sentient secondary appraisals of psy-
chophysiological perceptions into a more holistic
multi-dimensional framework [12].

Buman et al. [1] investigated the phenomenological
characteristics of HTW in marathon runners and ob-
served escalating generalised fatigue accompanied by un-
intentional slowing of running pace, increased desire to
walk, and a shift from initially set performance goals to
desire just finishing the race. Furthermore, runners ex-
periencing HTW felt more negatively impacted by these
events, and the authors interpreted the renegotiation of
race aspirations as an adaptive behavioural response to
exhaustion and performance deterioration as it did not
per se increase the likelihood of race drop-out [1].

In a subsequent study, Buman et al. [2] qualitatively ex-
plored the psychological and behavioural experiences of
HTW. Raw data were thematised into five higher-order
themes: (A) affective (e.g. frustration), (B) behavioural (e.g.
pace disruption), (C) cognitive (e.g. changing goals), (D)
motivational (e.g. desire to quit), and (E) physiological (e.g.
generalised and leg-related fatigue). As expected, physio-
logical descriptors were reported most frequently [13, 14],
but the authors concluded that the complex interactions of
physiological, affective, motivational, cognitive, and behav-
ioural perceptions truly underpin the goal-disengagement
impulse associated with the HT'W phenomenon [2].

Goal-related cost-benefit thinking in goal-striving con-
sistently peaks around the 32-km mark during a marathon
before resolving closer to the finish line [5, 8, 15]. Thus,
non-linear dynamics of a psychological crisis concord with
linear dynamics of a physiological crisis during HT'W, but
can dissociate thereafter. More importantly, deliberating
anew the desirability and feasibility of the initially aspired
performance goal during a marathon independently pre-
dicted increased performance fatigability, thereby provid-
ing a psychobiological link between a mindset-shift in
goal-striving and performance degradation [5, 16, 17].

However, the above studies relied on correlational study
designs, recreational runners, and low temporal resolution
in perceptual and performance measures. These studies
therefore provide limited information on pressing ques-
tions about (A) how hypothesised cause-effect relation-
ships determining endurance performance come to be
[18] and (B) how perception-action coupling underpins
self-regulation and decision-making in pacing behaviour
and endurance performance [19].
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A recently proposed three-dimensional framework of cen-
trally regulated and goal-directed exercise behaviour [20]
was therefore applied to investigate the alterations in pacing
behaviour and endurance performance in highly trained
long-distance runners during a self-paced 20-km treadmill
time trial after inducing EIMD by means of a standardised
drop-jump protocol [7]. The preceding companion article
showed dynamic changes and interdependencies in physio-
logical and perceptual effects on pacing behaviour and per-
formance fatigability that are in full agreement with the
defining characteristics of the phenomenological experience
of HTW described previously. An accepted approach to
lend credibility to the hypothesised cause-effect relationships
is to statistically test the integrity of the hypothesised model
structure in relation to observed data.

Structural equation modelling (SEM) is a causal inference
method that combines testable causal hypotheses based on
scientific knowledge and empirical data as input, and pro-
duces quantitative causal claims, conditional on the input
assumptions, as output [21]. The statistical inference is
based on a simultaneous analysis of the entire system of
variables determining the extent to which the observed data
fit the hypothesised a priori specifications [22]. It thereby
provides a higher-level perspective to the analysis and
evaluation of entire models. Another key component to
theory development is mediation analysis, which aims to
clarify how cause-effect relationships come to be, [23] and
which are therefore theoretical formulations for unidirec-
tional relationships [24]. Thus, specifically when used in
conjunction with an experimental design, the capabilities to
formalise and implement causal inference makes SEM an
indispensable tool in causal hypothesis testing and medi-
ation analysis; its potential for theory development is even
greater [25].

Here, SEM was applied to test the extent to which the
observed data fit the hypothesised cause-effect relationships
of the dual-pathway model outlined below and which are
described in detail in the preceding companion article [7].
Due to the limited sample size, a simplified version was
tested that focused on the haematological indicators of
EIMD and thus the muscle damage component rather than
the combined effects of locomotor muscle fatigue and
EIMD. Differential responses in haematological indicators
of EIMD are hypothesised to precede (1) amplified physio-
logical and non-adaptive endocrinological distress response
(indicated by blood cortisol concentrations) and (2) in-
crease in perceived physical strain, which in turn mediates
a decrease in valence, which in turn precedes an increase in
action crisis, and both physiological and perceptual effects
precede performance fatigability.

Methods
Twenty-two (11 females) highly trained (performance
level 4) runners completed two maximal self-paced
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20 km treadmill time trials over a simulated profiled
course in a counterbalanced crossover design: (A) in a
tapered condition and (B) with EIMD produced by a
standardised drop-jump protocol. Indicators of muscle
damage, muscle metabolic strain, and endocrinological
stress were assessed to investigate the physiological ef-
fects, and a three-dimensional framework of perceived
fatigability emphasising the distinct contributions of sen-
sory, affective, and cognitive processes was applied to in-
vestigate the perceptual effects of running with EIMD
on performance fatigability.

The methods and results of preliminary and experi-
mental procedures as well as the outcome of conven-
tional statistical analyses have been described in detail in
the preceding companion article [7]. A 5-step procedure
was applied to ascertain that the theorised relationships
were statistically robust enough for the structural model-
ling process [17].

In step one, conventional statistical analyses and visual
inspection of data took place. Main study variables that
showed significant treatment x time interaction or main
treatment effects were considered potential explanatory
moderators and mediators of defended regulatory vari-
ables and observed trial-related differences in perform-
ance fatigability. To overcome discrepancies in temporal
dynamics and sampling points as well as non-linearity in
psychophysiological responses, trial-related differences
in area under the curve' (A AUC) were calculated for
each main study variable before proceeding with correl-
ation and regression analyses.

In step two, zero-order correlations and linear regres-
sions were computed. Zero-order correlations were cal-
culated between A AUC in main study variables
determining the strength of association between each
variable pair. Significant correlations between variable
pairs were followed-up with linear regression analyses,
thereby allowing predictions to be made.

In step three, mediation analysis was conducted when
a predictor variable was correlated to the proposed out-
come variable and another dependent variable. Medi-
ation analysis measures the significance of the indirect
effect and the extent to which the mediator variable ac-
counts for the relationship between the predictor and
the outcome variable. Mediation analysis is particularly
appropriate to use when (A) the predictor variable is ex-
perimentally manipulated and the mediator variable
measured and (B) the dynamic change in the predictor
variable precedes the dynamic change in the mediator
variable; and both precede the outcome variable [23, 26].

In step four, multiple hierarchical regression analyses
were conducted between pairs of study variables
hypothesised to be linked in a temporal order and separ-
ate for each pathway hypothesised to impact perform-
ance fatigability>: Path one: (A) blood leucocyte count
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and blood cortisol concentration, (B) blood neutrophil
count and blood cortisol concentration, and (C) blood
cortisol concentration and performance fatigability. Path
two: (D) blood leucocyte count and perceived physical
strain, (E) blood neutrophil count and perceived physical
strain, (F) perceived physical strain and valence, (G)
valence and action crisis, and (H) action crisis and per-
formance fatigability. Every variable pair was analysed by
means of stepwise longitudinal regression analysis to en-
sure that the relationship between the direct predictor
and outcome variable in each pairwise comparison was
independent of descriptor and training variables as well
as conventional predictors of endurance performance.
Age and weight were entered in step one. Weekly
mileage and volume of other aerobic training were en-
tered in step two. VOgpear relative to body mass and
running economy (i.e. energy cost of running) were en-
tered in step three. Lastly, the direct predictor of the
outcome variable of interest was entered in step four.

In step five, main study variables were fitted into a sin-
gular structural path model. Despite the small sample
size (n=22), SEM was deemed appropriate as the vari-
ables included in the tested model: (A) showed signifi-
cant interaction or main treatment effects in
conventional statistical analyses, (B) showed significant
zero-order correlations, (C) showed inter-individual
homogeneity in responses, (D) showed trial-dependent
changes that were in full agreement with the theoretical
predictions, and lastly (E) as a result of the relatively low
complexity level of the tested model [27].

Statistical analysis

All conventional statistical analyses were conducted with
IBM® SPSS°® (Version 24.0, Chicago, IL, USA). Slopes
and AUC were calculated using GRAPHPAD PRISM°®
(Version 6.00 for Windows, GraphPad Software, La Jolla,
CA, USA). Mediation analysis and structural equation
modelling was performed using IBM® SPSS® Amos (Ver-
sion 24.0, Chicago, IL, USA). Model fits were estimated
using the maximum likelihood method, and results are
represented as standardised estimates. Significance of
the indirect effect within mediation analysis was esti-
mated by means of bootstrap sampling and
bias-corrected 95% confidence intervals based on 2.000
bootstrap samples [28]. Statistical significance was ac-
cepted at p < 0.05 (2-tailed).

Results

Step 1: Visual inspection and conventional statistical
analyses

Trial-related differences in main study variables showing
significant treatment x time interaction or main treat-
ment effects are shown in Fig. 1.
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Step 2: Correlation and linear regression
Zero-order correlations among the major study variables
are provided in Table 1.

Significant linear relationships were found between
haematological indicators of EIMD (ie. A AUC in blood
leucocyte and neutrophil count) and A AUC in blood cor-
tisol concentration, which in turn showed a significant lin-
ear relationship with performance fatigability (B =0.51; p
=0.015). However, A AUC in haematological indicators of
EIMD also showed significant linear relationships with A
AUC in perceived physical strain, valence, and action crisis
(although only weakly with the latter). Furthermore, there
were significant linear relationships in the hypothesised
temporal order between the A AUC in perceived physical
strain and valence ( = — 0.78; p = < 0.001), valence and ac-
tion crisis (B = - 0.51; p = 0.015), and action crisis and per-
formance fatigability (p=0.57; p=0.006). The
simultaneous significant linear relationships between A
AUC in haematological indicators of EIMD, perceived
physical strain, and valence required the examination of a
potential indirect effect of perceived physical strain on the
relationship between haematological indicators of EIMD
and valence.

Step 3: Mediation analysis

In full agreement with our theory-driven approach, A AUC
in perceived physical strain was a significant mediator as it
explained 44% of the relationship between A AUC in haem-
atological indicators of EIMD and valence. The significant
total effect c (standardised estimate = - 0.68**, p <0.001)
between A AUC in haematological indicators of EIMD and
valence was reduced by a non-trivial amount to a signifi-
cant direct effect ¢’ (standardised estimate = —0.38**, p =
0.001) after controlling for the significant indirect effect
a x b (standardised estimate = — 0.24, p = 0.025). Statistical
details are provided in Fig. 2 and Table 2.

Step 4: Multiple hierarchical regression analyses

None of the control variables (i.e. age, weight, weekly
mileage, other training, VOypeak, and energy cost of run-
ning) significantly predicted any of the main study out-
come variables (i.e. blood cortisol concentration,
perceived physical strain, valence, action crisis, and per-
formance fatigability). More importantly, all direct pre-
dictors (i.e. blood leucocyte count, blood neutrophil
count, blood cortisol concentration, perceived physical
strain, valence, and action crisis) continued to signifi-
cantly predict the respective outcome variable (i.e. blood
cortisol concentration, perceived physical strain, valence,
action crisis, and performance fatigability) after control-
ling for anthropometric and training variables as well as
conventional predictors of endurance performance. The
results of the seven stepwise regression analyses are
summarised in Table 3.
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Fig. 1 Trial-related differences in main study variables in response to running with mild exercise-induced muscle damage. Panels show: a = blood
leucocyte count; b = blood neutrophil count; ¢ = blood cortisol concentration; d = perceived physical strain; e = valence; f = action crisis; g =
performance fatigability Note the differences in x-axes of action crisis and haematological variables due to different sampling times. Abbreviations: % =
treatment X time interaction effect; $ = simple (main) time effect for intervention trials; § = simple (main) time effect for control trials; * = simple (main)
treatment effect; & = main treatment effect; # = main time effect; DJ/CTRL = drop-jump protocol versus control; RE = running economy test; CTT =

Step 5: Structural equation modelling

Details of the full structural equation model are provided in
Fig. 3. The dual-pathway model hypothesised to underpin
increased performance fatigability in response to running
with EIMD entails: (1) debilitative physiological effects
characterised by amplified physiological demand and
non-adaptive endocrinological distress response and (2) de-
bilitative perceptual effects characterised by deterioration in

sensory, affective, and cognitive processes hypothesised to
underpin perceived fatigability.

First, an increase in A AUC in haematological indica-
tors of EIMD significantly predicted non-adaptive endo-
crinological distress response indicated by an excessive
increase in A AUC in blood cortisol concentrations
(standardised estimate = 0.69**; p < 0.01) despite reduced
performance, which in turn significantly predicted
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Table 1 Zero-order correlations between trial-related
differences in area under the curve of main study variables

1 2 3 4 5 6
1. A AUC-leucocytes -
2. A AUC-neutrophils 98** -
3. A AUC-cortisol 56%%  59%%
4. A AUC-perceived 54* 52% 33 -
physical strain
5. A AUC-valence — 65%% — 69** — 58 — 78 -
6. A AUC-action crisis A45* AT* 30 40 -51% -
7. Performance 36 39 S51% 12 -36 57%

fatigability

Abbreviations: A AUC = trial-related difference in area under the curve.
**Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant
at the 0.05 level (2-tailed)

increased performance fatigability (standardised esti-
mate = 0.38% p < 0.05).

Second, besides the significant mediatory role of per-
ceived physical strain in the relationship between haem-
atological indicators of EIMD and valence discussed
previously, an increase in A AUC in haematological indi-
cators of EIMD significantly predicted an increase in A
AUC in perceived physical strain (standardised estimate
=0.52% p<0.05). An increase in A AUC in perceived
physical strain significantly predicted a decrease in A
AUC in valence (standardised estimate =-0.47% p<
0.05). A decrease in A AUC in valence significantly pre-
dicted an increase in A AUC in perceived action crisis
(standardised estimate = - 0.51**; p<0.01), and an in-
crease in A AUC in perceived action crisis significantly
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predicted an increase in performance fatigability (stan-
dardised estimate = 0.46**; p < 0.01).

The observed data fitted the hypothesised dual-pathway
model well with good model fit indices throughout and a
78% probability that the observed data fit the hypothesised
cause-effect relationships: x> = 7.277, p = .776, x*/11 = 662,
NFI=.949, CFI=1.000, RMSEA =.000 (95%CI = [.000,
.156]; PCLOSE =.806), AIC = 55.277, SRMR = .068) [29].

Discussion
The present research applied SEM to measure the extent
to which the observed data of the preceding companion
article [7] fit the previously outlined psychophysiological
cause-effect relationships hypothesised to shape the
HTW phenomenon by combining causal (i.e. formalising
and implementing testable causal hypotheses in an ex-
perimental design) and statistical (i.e. assessing the ex-
tent to which the experimental data fitted the
hypothesised model) inference. Good model fit indices
confirmed the credibility of the hypothesised model
structure. The main findings were (A) discrete and
poignant event onset, (B) differential responses in haem-
atological indicators of amplified muscular strain and
non-adaptive endocrinological distress response, (C)
sensory-discriminatory,  affective-motivational,  and
cognitive-evaluative processes indicative of deterioration
in perceived fatigability, and (D) unintended alteration of
pacing behaviour and performance fatigability.

First, the muscle lengthening contraction protocol
caused a large 11% decrease in power output generating

-

el

'

Perceived physical strain

R?=.15

AUC
38 - 64
R?=.74
.38
EIMD Valence
AUC (-.68*%) AUC —

Fig. 2 Mediation model of haematological indicators of exercise-induced muscle damage (EIMD), perceived physical strain, and valence. Note: trial-related
differences in area under the curve (A AUC) of blood leucocyte and neutrophil count were used to indicate greater extent of EIMD during intervention
trials. For graphical simplicity, indicators and errors are not shown. A AUC of perceived physical strain was a significant mediating factor in the relationship
between A AUC in haematological indicators of EIMD and valence. Abbreviations: squares represent observed variables; ovals represent latent variables;
single-headed arrows represent regression paths; bold regression paths are significant at *p < 0.05 and **p < 0.01, respectively; EIMD = exercise-induced
muscle damage; AUC = area under the curve; R” = total variance explained; e = residual error
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Table 2 Mediation analysis of perceived physical strain
accounting for relationship between exercise-induced muscle
damage and valence

Effect Standardised CR SE 95%Cl p
estimate

Path c (total effect) —.68 - <.001
416

Path a 38 2.09 036

Path b — 64 - <001
537

ax b (indirect —.24 145 [-.022; 025

effect) —.563]

Path ¢ (direct effect) — .38 - 001
322

Note: Maximum likelihood estimates are provided for paths ¢, a, b, and ¢'. For
the standardised (a x b) indirect effect, bootstrap estimates with Cls are
provided. Abbreviations: CR = critical ratio; C/ = confidence interval;

SE = standard error

capacity of the knee extensors, medium increases in
haematological indicators of EIMD, and large increases
in symptoms of delayed onset of muscular soreness in
highly trained runners; collectively confirming mild
EIMD (for details see preceding companion article) [7].
Still, strength loss was only about half of that observed
in similar studies using moderately trained cyclists [30,
31]. Thus, given that highly trained runners are arguably
better adapted to mechanical strain through the
repeat-bout effect, this might explain why the current
study only observed trends towards significant
zero-order correlations between haematological indica-
tors of EIMD and performance fatigability.

However, the drop-jump protocol did induce medium
increases in absolute cardiovascular, respiratory, and
metabolic demands during the steady-state running
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economy test preceding the time trials, thereby indicat-
ing an increase in relative exercise intensity (for details,
see preceding companion article) [7]. Running with mild
EIMD therefore elicited a stressful physiological milieu
that is not conducive to high-performance. In support,
in the current study, differential responses in haemato-
logical indicators of EIMD predicted non-adaptive endo-
crinological distress response, which in turn predicted
increased performance fatigability. Thus, the escalating
leg-related and generalised fatigue experienced when
HTW [2] are likely associated with greater accumulation
of EIMD, amplified physiological demands, and excessive
endocrinological ~ distress  response  during the
second-half of marathons compared to half-marathons
[32]. This notion is consistent with observational data
showing correlations between greater decreases in mara-
thon running pace after ~25 km and haematological
markers of muscle damage in moderately trained run-
ners who slowed down significantly more than those
who were able to maintain their running speed [9].
Second, the most prevalent cognitions described by run-
ners in response to challenging exercise [13, 14] are per-
ceptions of salient physiological disturbance, and this
particularly holds true under extreme physiological duress
as experienced when HTW [2]. Another sentient charac-
teristic of the phenomenological experience of HTW is
that runners who HT'W perceive these sensations to more
negatively impact on their performance than those who
do not, thereby becoming increasingly frustrated and dis-
couraged [1, 2]. This attachment of valence to homeo-
static disturbance and perceived physical strain eventually
undermines effective goal-striving by promoting an urge
to disengage from further goal-pursuit [33-35]. In sup-
port, in the current study, differential responses in

Table 3 Multiple hierarchical regression analyses of control variables, direct predictor variables, and main study outcome variables

Leucocytes Neutrophils Cortisol Leucocytes Neutrophils Perceived Valence @ Action crisis
@ Cortisol < Cortisol < Performance = Perceived = Perceived physical strain  Action crisis = Performance
fatigability physical strain  physical strain < Valence fatigability

Predictor ARP B AR B AR? B ARP B ARP B AR B AR B AR? B
Step 1 056 056 002 066 066 022 081 002
Age —-.130 —-.130 002 —.255 —.255 035 —-.183 002
Weight 201 201 042 036 036 —.144 211 042
Step 2 196 196 012 01 011 005 094 012
Weekly mileage 172 172 150 058 058 029 —424 150
Other training 538 538 124 —.063 —.063 —.051 161 124
Step 3 004 004 047 220 220 148 015 047
VOspeak —.069 —.069 —-.182 463 463 —-.175 106 —-.182
Economy 067 067 244 - 514 - 514 438 —.140 244
Step 4 372%* .395%% 291% 307 276%% 528** 210% ABT**
Direct predictor 708** 726** 626* 643** 608** — 866** — 504 755%*

**Significant at the 0.01 level (2-tailed). *Significant at the 0.05 level (2-tailed)
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muscle damage

.38*

i 52
Exercise induced >

R2=.28
Perceived physical strain
AUC e
-61% A
2=
- R*=.88
Valence
e5 AUC -— e2
+ R2=.48
Cortisol - 51%*
AUC
R2=.26
Action crisis
AUC <

Performance fatigability -a— e4

Fig. 3 Structural equation model of physiological and perceptual effects on performance fatigability. Note: trial-related differences in area under the curve
of blood leucocyte and neutrophil count were used to indicate greater extent of EIMD during intervention trials. For graphical simplicity indicators and
errors are not shown. Abbreviations: squares represent observed variables; ovals are latent variables; single-headed arrows represent regression paths;

bold regression paths are significant at *p < 005 and **p < 001, respectively; AUC = area under the curve; R = total variance explained; e = residual error;
standardised maximum likelihood measures are used. x> = chi-square; NFI = normed fit index; CFI = comparative fit index; RMSEA = root mean square
error of approximation; PCLOSE = p of close fit; AIC = Akaike information criterion; SRMR = standardised root mean square residual. Model fit indices are:
xz =7277,p=.776, XZ/W 1 =662, NFI =.949, CFI = 1.000, RMSEA = .000 (95%C! = [.000, .156]; PCLOSE = .806), AIC = 55277, SRMR = 068

haematological indicators of EIMD predicted an increase
in perceived physical strain as well as a decrease in
valence. Importantly, perceived physical strain was a sig-
nificant mediator explaining 44% of the relationship be-
tween haematological indicators of EIMD and valence.
Thus, in full agreement with recent proposals of pacing
behaviour and performance regulation, [20, 36-38]
stimulus-driven heuristic processes are hypothesised to
motivate the desire to walk and quit,? thereby necessitat-
ing the opposing recruitment of goal-driven volitional
processes in continued goal-striving.

Third, runners HTW have been found to renegotiate
their initially set performance aspirations and change their
goals to just finishing the race [1, 2]. This closely resem-
bles an intra-psychic conflict between further goal-pursuit
and goal-disengagement resulting from negatively
valenced events in goal-striving—the hallmark of an action
crisis [15, 16]. During an action crisis, the cognitive orien-
tation shifts from an implemental mindset facilitating vol-
itional tasks such as goal-striving in the face of adversity
to a deliberative mindset facilitating motivational tasks

such as deliberating anew the desirability and feasibility of
the focal and alternative goals [39, 40]. More specifically,
the experience of such a mindset-shift during a marathon
predicted and negatively impacted running performance
independently from the detrimental effects of the linearly
developing physiological crisis [5, 16]. In support, in the
current study, a decrease in valence predicted an increase
in action crisis, which in turn predicted an increase in per-
formance fatigability, thereby suggesting heuristic and de-
liberative antecedents in the goal-disengagement process.
In the academic domain, using cross-lagged panel path
analysis, Brandstétter and colleagues [16, 41] provided
convincing evidence that an action crisis temporally an-
tecedes devaluation of goal-desirability and deterioration
in perceived goal-attainability. Similarly, recent neuroe-
conomic research found that in a fatigued state, and
moderated by endurance capacity, anticipated costs of
future efforts are escalated, while the attractiveness of
anticipated rewards are discounted [42]. During psycho-
physiological crises, stimulus-driven reactive control
therefore seems to undermine goal-driven proactive
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control and negatively impact on thinking-action coup-
ling in the self-regulatory control of goal-striving [43].
However, according to Brick et al. [44], endurance ath-
letes can monitor and control their thoughts and actions
in self-regulated endurance performance through meta-
cognitive processes, albeit at the speculated cost of ac-
cruing mental fatigue. Thus, the HT'W phenomenon can
be understood as psychophysiological stress process
draining on fatigable and temporally limited physio-
logical and psychological resources, eventually leading to
the dissolution of the initially aspired performance goal.

Last, intriguing neurofunctional evidence for the above
outlined hypothesised dual-pathway model has been
provided by Maier et al. [45], who showed that acute
stress biased decision-making and self-regulatory control
via two parallel but distinguishable neuroanatomical
pathways: (1) endocrinological distress (indicated by sal-
ivary cortisol concentration) increased connectivity with
limbic system structures suggestive of augmented salient
motivating stimuli (e.g. thereby facilitating the motiv-
ational desire to slow down) and (2) perceived stress
levels decreased connectivity with prefrontal cortex
structures  suggestive  of  attenuated  volitional
goal-maintenance (e.g. thereby debilitating the volitional
drive to attain the initially set performance goal).

Limitations and future directions

First, a limitation of the current study is the sample size.
The current findings therefore prevent the generalisation
of findings beyond the specific context in which this
study was conducted. However, the findings do lend
credibility to the hypothesised cause-effect relationships
and provide researchers with valuable information to
drive further theory development and research design in
strain-perception-thinking-action coupling during pro-
longed endurance exercise.

Second, to reduce data volume and simplify the model-
ling process, we focussed on action crisis to indicate the
shift from an implemental to a deliberative mindset. How-
ever, the preceding companion article also showed
mirror-like responses in flow state [7]. Thus, although
model fit indices throughout were slightly better for action
crisis compared to flow state (A AIC=2.755), both
measures seem valid indicators of a shift from an imple-
mental mindset cognitively tuned towards the “how” of be-
haviour to a deliberative mindset cognitively tuned towards
the “why” of behaviour (for statistical details see
Additional file 1). This may provide the opportunity to also
investigate facilitative effects of cognitive-evaluative pro-
cesses in the regulation of pacing behaviour and endurance
performance.

Third, given the significant zero-order correlation be-
tween blood cortisol concentration and valence, the fit
of a theoretically equally feasible model with an
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additional unidirectional pathway from valence to blood
cortisol concentration was explored. The alternative and
more restrictive model showed slightly worse model fit
indices (statistical results are not shown, but available
from the first author upon request). Given the observed
data, the initially hypothesised model is more parsimoni-
ous and therefore it is to be preferred based on this
model comparison.

Conclusions

By combining causal and statistical inference, the
present article demonstrates that dynamic and complex
interdependencies in physiological and perceptual effects
determine the phenomenological experience of HTW
and the behavioural outcome of observed pacing behav-
iour and performance fatigability during long-distance
running with EIMD. More specifically, it contributes to
a better understanding of how relationships come to be
and how strain-perception-thinking-action coupling un-
derpins observed pacing behaviour and performance fat-
igability. Differential responses in haematological
indicators of EIMD predicted (1) amplified physiological
strain and a non-adaptive endocrinological distress re-
sponse and (2) increase in perceived physical strain,
which in turn mediated a decrease in valence, which in
turn predicted an increase in action crisis; and both
physiological and perceptual effects predicted perform-
ance fatigability. The findings are in full agreement with
recent theoretical developments in centrally regulated
and goal-directed exercise behaviour and provide novel
insights into the psychophysiological processes that (A)
shape the phenomenological experience of HTW and
(B) determine the poignant and unintended alterations
in pacing behaviour and performance fatigability.

Endnotes

To reflect the lag period in haematological indicators
of EIMD and endocrinological strain, areas under the
curve of haematological variables were integrated
from pre-time trial to post-recovery period.

*The direct predictive effects of blood leucocyte and
neutrophil count on blood cortisol concentration and
perceived physical strain were assessed separately due
to multi-collinearity.

3Critically, the desire to walk and quit must be under-
stood as a motivational drive as the vast majority of
recreational runners HTW do not actually quit. [2]
Similarly, the experience of an action crisis is not a
binary event inevitably leading to self-regulatory
failure, but constitutes an antecedent in the
goal-disengagement process and does not necessarily
imply that athletes let go of their goals entirely. [46]
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Additional file

Additional file 1: Supplementary material contains graphical and
tabular information on the 5-step structural equation modelling proced-
ure using differential responses in flow state instead of action crisis: (1)
trial-related differences in main study variables in response to running
with exercise-induced muscle damage, (2) zero-order correlations be-
tween trial-related differences in area under the curve of main study vari-
ables, (3) multiple hierarchical regression analyses of control variables,
direct predictor variables, and main study outcome variables, and (4)
structural equation model of physiological and percpetual effects on per-

formance fatigability. (PDF 452 kb)
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