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ABSTRACT

The Effect of Periodized Strength Training and Periodized Concurrent Training on Running
Performance
by
Nicholas J. Fiolo
The objective of this dissertation was to evaluate the changes in preparedness over the course of
training for a marathon in two well-trained runners. The athletes completed periodized strength
training or a periodized concurrent training. This dissertation consisted of two separate
investigations:

Study 1 – The purpose of this study was to monitor changes in force production ability and
running performance in one sub-elite marathon runner before, during, and after undertaking a
short-term block periodized strength training program. The athlete ceased strength training
during the off-seasons and resumed testing after 10. The athlete experienced likely true,
meaningful changes in force production characteristics during the taper after the training program.
Improvements in force production characteristics coincided with improvements in running
economy. Both force production characteristics and running economy reversed after the
withdraw from strength training. However, both measures remained improved from initial
baseline. The improvement in running economy and force production likely coincided with a
cardiovascular de-training period, due to a reduction in aerobic training during the off-season.
Therefore, strength training may have independent effects on running economy and running
performance. These results indicate that endurance runners may better optimize performance by
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improving force production characteristics via periodized strength training program, and should
avoid prolonged periods without strength training.

Study 2 – The purpose of this study was to monitor the concurrent and divergent changes in
athlete preparedness and performance over a competitive training cycle in two marathon athletes.
One athlete added a block periodized strength training program to a non-periodized endurance
training program (NBP Athlete). The other athlete (BP Athlete) completed an integrated,
concurrent block periodized program using HIT over-reach endurance training. Both athlete
displayed improvements in running performance and running economy over the duration of the
monitoring program. The BP Athlete displayed earlier and greater magnitudes of performance
improvements. These results indicate that strength training can enhance running economy in
marathon athletes, performance may be better optimized through periodized integration of
strength and endurance training, and the use of HIT over-reach blocks may improve marathon
relevant fitness characteristic within the ecologically valid context of an athlete’s training cycle.
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CHAPTER 1
INTRODUCTION
The goal of a competitive endurance athlete in the marathon is to complete the given
distance (26.2 miles; 42.195 kilometers) as fast as possible. Factors such as the athlete’s maximal
oxygen consumption (V̇O2max), fractional utilization of V̇O2max, and running economy (RE)
influence the potential race pace, and ultimately marathon completion time (Zinner & Sperlich,
2016). Each of these factors can be enhanced through training (Foster & Lucia, 2007; Midgley,
McNaughton, & Jones, 2007; Midgley, McNaughton, & Wilkinson, 2006). Therefore, the
potential ability of the athlete to be successful is highly dependent on the specific training and
physiological preparation preceding the event. Yet, the best practices to prepare the athlete are
still speculative. Three issues regarding best training practices for the endurance runner include
strength training (Karp, 2007; Rønnestad & Mujika, 2014; Stone et al., 2006), the manipulation of
training duration or intensity to elicit relevant physiological adaptions (Laursen, 2010; Midgley et
al., 2007; Seiler, 2012), and the use of periodization or specific periodization schemes to structure
training (Kiely, 2012; Midgley et al., 2007; Sylta et al., 2016). How these issues influence athlete
development and performance in isolation and concurrently over a training cycle for a marathon
runner has not been systematically examined in the research.
An additional consideration for the evaluation of training practices is the application of the
research-based best practices to the real-world realties of training an athlete. Although training
may enhance the primary determinants of performance, in general, the ultimate goal for the coach
is to optimize performance for the athlete within the specific training context (DeWeese, Hornsby,
Stone, & Stone, 2015a). Therefore, the coach must mindfully evaluate, adapt, and implement
these best practices around the unique consideration imposed by the specific athlete and the
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specific training context. Thus, sport science and the practice of training an athlete for
competition are highly ideographic in nature (Barker, McCarthy, Jones, & Moran, 2011; Stone,
Stone, & Sands, 2007). The nomothetic approach of traditional exercise science experimental
designs may fail to capture these ecological considerations of the long-term training process for
athletes. Single case research (SCR) provides a methodology in sport science research that allows
very detailed examination of the impact of a training intervention under experimental conditions,
while maintaining ecological validity of the training process for competition (Barker et al., 2011;
Kinugasa, Cerin, & Hooper, 2004).
Athlete monitoring has been cited as a critical component to the training process
(DeWeese, Gray, Sams, Scruggs, & Serrano, 2013; DeWeese, Hornsby, Stone, & Stone, 2015b).
With athlete monitoring the training process is quantified and the athlete periodically performs
tests to evaluate the changes in relevant fitness characteristics and sport performance. If done
properly, the monitoring program will provide relevant information to the coach and sport
scientist to objectively evaluate the training, assess the training’s efficacy, and make evidencebased decisions for training modification or progression (DeWeese et al., 2015b). Further,
comprehensive athlete monitoring allows for the possibility to accurately link changes in
performance to their fitness and physiological underpinnings, and link how these underpinnings
changed in response to the training completed (DeWeese et al., 2015b; Hornsby et al., 2016).
Therefore, the use of comprehensive athlete monitoring can serve as the framework to conduct
SCR in athletes (Stone et al., 2007).
The purpose of this dissertation is to employ the use of a SCR to evaluate the impact of
periodized strength training, concurrently periodized strength and endurance training, and an
over-reach based endurance training model on athlete preparedness and performance within the
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ecologically valid context of long-term training in two marathon athletes. Specifically, these
purposes will be achieved through three separate SCR investigations. The purpose of Study 1 is
to examine the relationships between strength characteristics, running performance, and athlete
preparedness in a marathon athlete after beginning and stopping a periodized strength training
program. The purpose of Study 2 is to examine the convergent and divergent changes between
two marathon athletes after beginning either a periodized strength training program with a nonperiodized endurance program or a periodized strength training program with a high intensity
over-reach based periodized endurance program.
Operational Definitions
Acute:Chonric Ratio – The 7-day moving average divided by the 28-day moving average of a
specific training load metric
Allometrically Scaled Peak Force (PFa) – PF scaled to the athlete’s body mass (kg) raised to the
2/3 power
Counter Movement Jump (CMJ) – A maximal effort vertical jump in which a freely-chosen
counter movement is utilized
Descending Periodization/Programming: The use of different HIT concentrated load
programming that decreases in absolute intensity but increases in overall duration by training
block
High Intensity Training (HIT) – Endurance training completed at a running velocity greater than
that corresponding to VT2
Isometric Mid-Thigh Pull Peak Force (PF) – The maximal vertical force (N) exerted during the
isometric mid-thigh pull test
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Lactate Threshold (LT) – specific exercise intensity that corresponds to a change in blood lactate
levels collected from steady state exercise, which represents a transition in homeostasis challenge;
LT is commonly reported in relation to two transitions: LT1, transition from low intensity to
moderate intensity, which is marked by increase in blood lactate by 1 mmol∙L-1 above resting
levels, and LT2, transition from moderate intensity to high intensity, which is marked by an
exponential increase in blood lactate levels
Low Intensity Training (LIT) – Endurance training completed at a running velocity lower than
that corresponding to VT1
Maximal Oxygen Consumption (V̇O2max) – the physiological maximal rate of aerobic energy
production
Moderate Intensity Training (MIT) – Endurance training completed at a running velocity between
those corresponding to VT 1 and VT2
Net Impulse (NI) – The total force produced during the isometric mid-thigh pull test from
initiation to a specific time point; expressed as N∙s
Peak Oxygen Consumption (V̇O2peak) – the maximal rate of aerobic energy production elicited
during a testing procedure
Planned Functional Over-Reach – The planned, short-term increase in training load, which leads
to high level of fatigue accumulation and temporary decrement in performance capabilities
Rate of Force Development (RFD) – The rate (slope) of force production during the isometric
mid-thigh pull test from initiation to a specific time point; expressed as N∙s-1
Rating of Perceived Exertion (RPE) – The subjective rating of the difficulty of a training or
testing session utilizing a standardized 10 or 20-point scale
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Running Economy (RE) – the oxygen consumption demand elicited by steady state running at a
specific running velocity; commonly expressed in absolutes units per rate (L∙min-1), relative units
per rate (ml∙kg-1∙min-1), or relative units per distance (ml∙kg-1∙km-1)
Session RPE (RPEs) – Training load quantified as the product of time (minutes) and reported
RPE
Static Jump (SJ) – A maximal effort vertical jump initiated from a static starting position of 90° of
knee flexion
Training Impulse (TRIMP) – Arbitrary unit (a.u.) quantification of an external endurance training
load; quantified as the product of time (minutes) and intensity zone multiplier
Training Load – The standardized quantification of training volume; can be expressed as an
internal training load, which scales the volume based on the intensity of training, or as an external
training load, which presents the volume in absolute units
Ventilatory Threshold (VT) – specific point in the change in relationships between gas exchange
variables collected from a continuous graded exercise test, which corresponds to a transition in
homeostasis challenge due to exercise intensity; VT is commonly reported in relation to two
transitions: VT1, transition from low intensity to moderate intensity, and VT2, transition from
moderate intensity to high intensity
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CHAPTER 2
COMPREHENSIVE REVIEW OF THE LITERATURE
Training for Competition in the Marathon
The training process prepares the athlete in the specific physical, technical, tactical, and
psychological aspects of the sport in an attempt to optimize performance at the time of
competition (DeWeese et al., 2015a; Stone et al., 2007). The specificity of the demands of
competition and determinants of performance greatly influence the conceptual and practical
aspects of the training process. Success in the marathon is largely determined by the athlete’s
ability to run at the highest velocity and corresponding oxygen uptake (V̇O2) that is tolerable
without excessive fatigue (Coyle, 2007). Fatigue is broadly defined as the sensations of
tiredness and associated decrements in muscular performance and function and can result from
numerous independent and interrelated factors (Abbiss & Laursen, 2005). Therefore, the
marathon athlete must have the physical capability to perform high rates of aerobic work and the
ability to efficiently transfer that work into running velocity, the technical, tactical, and volitional
competence to self-regulate these work rates during the event, and the physical and motivational
preparation to minimize the deleterious effects of fatigue. Thus, the training process must
consider both the practices to improve the determinants of marathon performance and the
practices that will allow the athlete to utilize and express those improvements in the race-specific
contexts.
This literature review is organized into two parts. Part one will review the determinants
and limiters of marathon performance and evaluate how these issues may influence the
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conceptual and practical aspects of the training process. Part two will apply the conclusions
from part one into a specific periodization framework for the marathon.
Part One: Marathon Performance Determinants and Demands
Primary Performance Determinants
Completing a marathon at the individual athlete’s maximal ability is largely influenced
by three primary factors: the maximal rate of oxygen consumption (V̇O2max), the lactate threshold
(LT), running economy (RE) (Joyner, 1991; Zinner & Sperlich, 2016). The LT represents a
magnitude of homeostasis challenge during exercise and influences the percentage of the V̇O2max
that can be sustained for the marathon duration (Coyle, 2007). This interaction dictates the
athlete’s race V̇O2, or the highest sustainable rate of ATP resynthesis for the event (Midgley et
al., 2007). If paced properly, the race V̇O2 is the highest rate of oxidative energy production
possible for the marathon distance (Coyle, 2007). The athlete’s RE represents the conversion of
the race V̇O2 energy consumption to the actual physical task of running, determining the running
velocity, and ultimately completion time. These primary determinants have been reported to
account for approximately 70% of the variance between endurance runners (Di Prampero,
Atchou, Brückner, & Moia, 1986), in general, and are highly explanatory to the variation in
marathon performance (Sjodin & Svedenhag, 1985).

V̇O2max. The maximal rate at which oxygen can be absorbed and utilized to regenerate
ATP during exercise is one of the most commonly used metrics to evaluate cardiorespiratory
fitness and to predict endurance sport performance (Bassett & Howley, 2000; Hausswirth & Le
Meur, 2012). V̇O2max is largely limited by four factors: 1) pulmonary diffusion capacity, 2)
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maximal cardiac output, 3) oxygen carrying capacity of the circulatory system, 4) capacity of
working muscle to uptake and utilize oxygen (Hausswirth & Le Meur, 2012). Of these factors,
the rate of oxygen delivery via the heart’s maximal cardiac output is the primary limiting factor
to the magnitude of achievable V̇O2max in well trained endurance athletes (Bassett & Howley,
2000).
The physiological mechanisms for improving V̇O2max may be highly dependent on the
current fitness level and training history of the athlete. Further, the training practices to elicit
such improvements are still debated among coaches and sport scientists (Midgley et al., 2007).
Although the training stimulus can be modified in numerous ways, increasing total training
volume through more low and moderate intensity training (LIT; MIT) or increasing average
training intensity through high intensity training (HIT) have been the two methods commonly
investigated. The combination of training duration and training intensity may improve V̇O2max
through morphological changes influencing pulmonary diffusion, oxygen delivery, and oxygen
extraction and utilization in less advanced endurance runners (Bassett & Howley, 2000; Midgley
et al., 2006). Increasing training volume may be an effective strategy for improving V̇O2max in
athletes of lesser fitness or of shorter training history (Midgley et al., 2006), for whom many of
these adaptations have not been fully realized. In contrast, the potential avenues of improvement
are more limited in well trained endurance athletes, and those obtained from a volume-driven
stimulus may be near genetic potential (Laursen & Jenkins, 2002). Thus, increasing volume may
improve V̇O2max in well trained endurance athletes (Ingham, Carter, Whyte, & Doust, 2008;
Seiler & Tønnessen, 2009; Tanaka et al., 1986), but most research indicates that it is unlikely to
be an effective short or moderate-term strategy for those with an already high V̇O2max, high
training volumes, and/or extensive training history (Laursen, 2010; Laursen & Jenkins, 2002).
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Well trained endurance athletes with a history of low volume, HIT may improve V̇O2max over a
long-term period (e.g. 1 year) by increasing total training volume through emphasized LIT
(Seiler & Tønnessen, 2009). However, most trained runners may need to perform a short-term
concentrated effort of HIT to elicit myocardial adaptations to improve maximal cardiac output to
advance V̇O2max (Helgerud et al., 2007; Midgley et al., 2006).
Training at intensities greater than 90% V̇O2max may be necessary and intensities as close
to V̇O2max as sustainable (≥95% V̇O2max) may be optimal to improve V̇O2max in well trained
endurance athletes (Laursen & Jenkins, 2002; Midgley et al., 2006). The accumulation of time at
intensities near or at V̇O2max has been suggested to more optimally stress the mechanical overload
aspects of myocardial pressure and volume to facilitate stroke volume mediated improvements in
cardiac output and V̇O2max (Midgley et al., 2006). However, the specific programming of
training to elicit and accumulate the training stress at these high intensities is debated and may
depend on the athlete’s fitness characteristics, training history, and training modality (Midgley et
al., 2007; Midgley et al., 2006). An additional concern is the interaction between HIT time and
absolute intensity in influencing the total training stress and ultimate adaptation response (Seiler,
Joranson, Olesen, & Hetlelid, 2013).
It is likely that the training will need to surpass a threshold of accumulated time at or near
V̇O2max to promote the desired adaptation processes (Midgley et al., 2006). Although the
specifics of this threshold are not well established by experimental research (Midgley et al.,
2006), an accumulation of approximately 10 minutes of time near V̇O2max has been suggested to
be a sufficient stress accumulation (Buchheit & Laursen, 2013). Given the rate of V̇O2 kinetics
and the likely time to fatigue at a running velocity at V̇O2max (vV̇O2max), an intermittent or interval
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programming may be necessary to accumulate the approximate 10 minutes (Buchheit & Laursen,
2013; Laursen & Jenkins, 2002). Successful programs may use both long (> 60 second) and
short (<60 second) work durations (Buchheit & Laursen, 2013; Helgerud et al., 2007), but the
overall programming must sufficiently blend intensity, work:relief ratio, and recovery duration in
a manner that supports both the achievement and maintenance of a high working V̇O2 to stress
the cardiovascular and oxidative energy replenishment aspects of V̇O2max relevant to the
endurance athlete (Buchheit & Laursen, 2013; MacDougall & Sale, 1981; Midgley et al., 2006).
A variety of training protocols may be programmed to elicit and stress V̇O2max in
endurance athletes. The time to exhaustion at vV̇O2max (Tmax) has frequently been used as a
method to prescribe training in experimental research (Buchheit & Laursen, 2013; Laursen &
Jenkins, 2002). Work intensities at vV̇O2max with durations of 50% (Billat, Flechet, Petit,
Muriaux, & Koralsztein, 1999); 60% Tmax (Smith, Coombes, & Geraghty, 2003), and 60-75%
Tmax (Smith, McNaughton, & Marshall, 1999) with work:rest durations of 1:1 or 1:2 have been
reported to improve V̇O2max in well trained runners. In contrast to vV̇O2max, Helgerud et al. (2007)
used heart rate to prescribe training (90-95% HRmax) and reported 5.5% and 7.2% improvements
in V̇O2max in response to intermittent (15 seconds, 1:1 work:relief) and continuous (4x4 minute)
training, respectively. Intermittent cycling (30 seconds, 2:1 work:relief) at power associated
with V̇O2max has been reported to allow for a greater accumulation of time at ≥90% V̇O2max than
more continuous training (50 or 80% Tmax) (Rønnestad & Hansen, 2016). The same training
scheme but programmed but with self-regulated maximal effort intensity has been shown to
result in greater improvements in V̇O2max than longer intervals (4x5 minute) of self-regulated
maximal effort in well-trained cyclists (Rønnestad, Hansen, Vegge, Tonnessen, & Slettalokken,
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2015). Likewise, Billat et al. (2000) found greater accumulation of time at V̇O2max with
intermittent runs at V̇O2max than longer duration, continuous intervals. Thus, a variety of
endurance programming methodologies may improve V̇O2max, given an adequate blending of
training intensity and duration.
The success of HIT for V̇O2max improvements also requires additional periodization and
programming considerations. A concentrated training focus on V̇O2max intensities requires a
period of prior conditioning and planned recovery to allow for completion of adaptation
processes (Midgley et al., 2006). The athlete may prematurely fatigue before accumulating the
minimal training stimulus for the desired adaptation, if the prior conditioning is too low
(Midgley et al., 2006). Additionally, the athlete may increase risk of injury if training intensity is
increased too abruptly (Buchheit & Laursen, 2013), or may experience long term maladaptation
(Meeusen & De Pauw, 2012) if training stress is increased too much and/or inadequate recovery
is allowed. Autonomic nervous system recovery (ANS) has been shown to become more
depressed due to training intensity than training volume in well trained endurance athletes
(Seiler, Haugen, & Kuffel, 2007). Further, ANS recovery may be more delayed in endurance
athletes of lower cardiovascular fitness, compared to better trained endurance athletes
completing the same relative intensity training (Seiler et al., 2007). Therefore, the true degree of
physical stress imparted by such high intensities may not be fully reflected in the quantification
of training load. Programming of one to two training sessions at V̇O2max intensity work per week
may allow for intensity overload, recovery from acute fatigue, and adaptation, if balanced by
training of lower physical stress (Midgley et al., 2006). The programming of V̇O2max intensity
HIT that is too dense and too prolonged may elevate the likelihood of nonfunctional overreaching (NFOR) or overtraining syndrome (OTS) (Billat et al., 1999). If the density of training
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and physical stress is high, such as in a “shock microcycle” (Verkhoshansky, 1998) or a planned
over-reach (DeWeese et al., 2015a), the programming of a more aggressive “deload” week or the
inclusion of a taper may be necessary (Midgley et al., 2006).
Although V̇O2max is influential in marathon performance ability and potential (Joyner,
1991; Zinner & Sperlich, 2016), the significance that the magnitude of V̇O2max or changes in
V̇O2max have on marathon performance is still equivocal in the research. Both statistically
significant (Sjodin & Svedenhag, 1985) and non-significant relationships (Costill, 1972) between
V̇O2max and performance time have been reported in sub 2:30:00 male marathon runners.
However, the influence of V̇O2max is more pronounced when comparing less homogenous groups
of athletes. V̇O2max has been found to account for 67% (Foster, Daniels, & Yarbrough, 1977) and
73% (Hagan, Smith, & Gettman, 1981) of the variance in performance for male marathon
runners of wide cardiovascular fitness (V̇O2max rage: 49-73 ml·kg-1·min-1) and wide performance
(completion time range: 139-230 minutes), respectively. Loftin et al. (2007) reported statistically
significant relationships between V̇O2max and performance in both male and female recreational
marathon runners. Hagan, Upton, Duncan, and Gettman (1987) reported a moderate, but
statistically significant relationship between V̇O2max and performance in recreational female
marathon runners. However, V̇O2max was not a significant predictor of performance when
evaluated in a multiple regression model including training and anthropometric variables.
Therefore, the applied significance of V̇O2max may be best evaluated in terms of the athlete’s
current fitness, performance, and training histories.
Billat, Demarle, Slawinski, Paiva, and Koralsztein (2001) examined training
characteristics in top-class and high-level national level marathon runners. V̇O2max was not
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related to performance in females, but was in males, accounting for 59% of the variance in
marathon completion time. However, V̇O2max had a statistically significant, inverse relationship
with RE. A similar counterbalanced profile of V̇O2max movement economy has been reported in
high-level middle and long distance runners (Maldonado, Mujika, & Padilla, 2002) and high
level cyclists (Lucia, Hoyos, Perez, Santalla, & Chicharro, 2002). Such findings have led to
questioning of potential physiological limitations or limitations to training practices to allow for
the simultaneous co-expression of high V̇O2max, RE, and fractional utilization of V̇O2max (Billat et
al., 2001).
Experimental and observational evidence suggests that training practices may partially
influence this co-expression. Two groups of trained 10k runners performed intervals training at
race pace or more intense intervals at 105% vV̇O2max (Munoz, Seiler, Alcocer, Carr, & EsteveLanao, 2015). The more intense training group improved V̇O2max but worsened in race pace RE.
Both groups had similar improvements in 10k time trial performance, yet the less intense training
did not alter V̇O2max or RE. Billat, Demarle, Paiva, and Koralsztein (2002) observed the precompetition training in national level marathon runners. High intensity interval training led to
improvements in V̇O2max, and thus a lowering of fractional utilization of V̇O2max, and no change
to RE. Whether or not this change was conducive to performance outcome is questionable
because it did not influence a change to marathon running velocity. Therefore, coaches may
need to consider the potential short and long-term interactions between training, fitness
characteristic alterations, and athlete performance. The optimal periodization practices for the
marathon as it relates to these factors is still undetermined in the literature.
The impact of strength training on long-term V̇O2max development for an endurance
athlete is unknown (Rønnestad & Mujika, 2014). Experimental evidence indicates that strength
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training is unlikely to directly influence improvements in V̇O2max in trained endurance athletes
(Aagaard & Raastad, 2012; Midgley et al., 2006; Rønnestad & Mujika, 2014). Nonetheless,
improvements in the power or velocity at V̇O2max and Tmax have commonly been reported in
trained endurance athletes after strength training (Aagaard & Raastad, 2012; Rønnestad &
Mujika, 2014). Because training to improve V̇O2max requires the accumulation of prolonged time
at V̇O2max (Buchheit & Laursen, 2013; Midgley et al., 2006), the increased fatigue resistance
resulting from strength training may improve the endurance athlete’s ability to complete high
quality HIT training. Conceptually, the increased strength and exercise capacity developed in
the early stages of a periodized training program may potentiate aerobic HIT and V̇O2max
improvement in a later training stage. Examinations of the systematic effects of concurrent
periodized training for endurance athletes is lacking in the research.
In summary, the attainment of a high or improved V̇O2max has the potential to enhance
performance for the marathon athlete, but this potential must be considered in relation to the
other determinants of marathon performance, the athlete’s fitness and training histories, and the
overall training plan. V̇O2max may improve independently from changes in the race V̇O2 or other
fitness characteristics. Therefore, optimizing V̇O2max to influence marathon performance may
require a periodized approach to training. The periodization must synchronize the performance
potential offered by the improved V̇O2max in consideration with the other physiological and
technical aspects of training, to allow for this potential to be expressed at the time of
competition. Increasing training volume or maintaining a high training volume are likely to
improve V̇O2max in less developed endurance athletes and may serve as a necessary prerequisite
to maintain a high V̇O2max in well-developed endurance athletes. HIT at or near V̇O2max
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intensities may be necessary for well-trained endurance athletes to further improve V̇O2max.
Strength training is unlikely to directly improve V̇O2max, but may potentiate the endurance
athlete’s ability to complete higher quality HIT to improve V̇O2max in a later training stage.

Lactate Threshold and Fractional Utilization of V̇O2max. The LT is broadly defined as
the minimal intensity of exercises that results in the production of lactate that exceeds the
muscle’s oxygenation capacity (Karlsson & Jacobs, 1982). The rate of ATP hydrolysis and
replenishment increases in response to greater exercise work rates (Robergs, Ghiasvand, &
Parker, 2004). The rate of lipolysis is limited and the rates of glycogenolysis and glycolysis
increase to meet ATP production needs, resulting in accelerated pyruvate production (Robergs et
al., 2004). Pyruvate production will surpass mitochondrial oxidation capacity, resulting in the
conversion of pyruvate to lactate, which facilitates the continuation of glycolytic ATP
production. The high rate of ATP hydrolysis supported by these nonmitochondrial sources
results in hydrogen ion accumulation, which may ultimately inhibit or impair exercise
continuation due to several mechanistic pathways (Abbiss & Laursen, 2005; Robergs et al.,
2004). Although the lactate molecule, itself, is not a cause of fatigue, the accumulation of lactate
in the blood is representative of fatiguing processes (Coyle, 2007; Robergs et al., 2004).
Specifically, increases in blood lactate concentrations reflect a transition of exercise intensity
that elicits a greater perturbation to homeostasis (Coyle, 2007). The athlete’s ability to sustain
this perturbation is time-limited. For a marathon athlete, the LT represents a limiting factor to
performance in two primary ways: the attainment of race V̇O2 and the sustainment of race V̇O2.
The LT influences the magnitude of potentially sustainable homeostasis challenge for the time
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frame of the marathon, dictating a reference point for a ceiling of achievable race V̇O2 (Joyner,
1991). The LT also represents a challenge to sustaining the race V̇O2, as reflected in the work
rate’s carbohydrate dependence (Hawley & Leckey, 2015; Rapoport, 2010). The concept of
carbohydrate dependence will be discussed in a later within the nutritional considerations
section.
The LT is usually identified during an incremental, steady state exercise test (Faude,
Kindermann, & Meyer, 2009). With increasing exercise intensity lactate will first rise linearly
above resting levels and eventually increase at an exponential rate (Faude et al., 2009). The
specific criteria and operational definitions used to identify the LT have varied widely in the
research (Faude et al., 2009). However, it is generally advised for a two-threshold model to
monitor performance and assess training intensity for endurance athletes (Faude et al., 2009;
Midgley et al., 2007; Seiler & Kjerland, 2006). In such a model the lowest intensity eliciting a
linear 1 mmolL-1 increase in blood lactate above resting (first threshold; LT1) demarcates the
transition from low intensity exercise to moderate intensity, and the lowest intensity eliciting an
exponential increase in blood (second threshold; LT2; onset of blood lactate accumulation,
OBLA) demarcates the transition from moderate to high exercise intensity (Faude et al., 2009;
Midgley et al., 2007; Seiler & Kjerland, 2006). The ventilatory thresholds (VT1 and VT2) have
also been used as substitutes for these intensity transition markers for testing, monitoring, and
training prescription (Carey, Pliego, & Rohwer, 2010; Seiler & Kjerland, 2006; Wyatt, 1999).
The race V̇O2 for most marathon runners falls between the LT1 and LT2, demarcating a
“moderate” exercise intensity and indicating a high reliance on sustained aerobic energy
production (Joyner, 1991; Zinner & Sperlich, 2016).
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The mechanisms responsible for the LT are regarded as highly adaptable to training,
indicating the ability to improve the fractional utilization of V̇O2max for long duration exercise or
increase tolerance for shorter, more intense work (Abbiss & Laursen, 2005; Midgley et al.,
2007). A variety of mechanisms may result in changes to the blood lactate concentrations,
velocity at the LT (vLT), and endurance performance. These include increasing the body’s
capacity to utilize fatty acids and beta-oxidation enzyme concentrations (Midgley et al., 2007;
Sjödin, Jacobs, & Svedenhag, 1982), increasing mitochondrial number, density, and oxidative
enzyme concentrations (Hoppeler et al., 1985; Midgley et al., 2007; Sjödin et al., 1982), altering
enzymatic concentrations responsible for lactate conversion, removal, and uptake (Dubouchaud,
Butterfield, Wolfel, Bergman, & Brooks, 2000; Midgley et al., 2007; Sjödin et al., 1982),
improving force production characteristics and (Marcinik et al., 1991; Midgley et al., 2007;
Vikmoen, Ellefsen, et al., 2016), and increasing the ratio of type IIA:IIX fiber type (Vikmoen,
Ellefsen, et al., 2016). These changes decreased the reliance on carbohydrate utilization,
increase oxidative energy production capability, and reduce the perturbation to metabolic
homeostasis at a given absolute work rate (Holliday & Jeukendrup, 2012).
Conclusions on the best practices to enhance LT related performance measures are
limited based on the existing experimental literature (Midgley et al., 2007). Evidence suggests
that both LIT of long duration and HIT may improve the vLT (Laursen, 2010; Midgley et al.,
2007; Seiler & Tønnessen, 2009). However, HIT training may produce greater and/or faster
changes to the LT and LT related performance than high volume LIT in well trained endurance
athletes (Laursen, 2010; Londeree, 1997; Midgley et al., 2007). The specific stresses imparted by
the training type, intensity, and duration initiate a cascade of cellular signaling events (Coffey &
Hawley, 2007; Seiler & Tønnessen, 2009). These cellular signaling events ultimately influence
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the protein synthesis rates at the cellular and whole muscle level and subsequent training
adaptation (Coffey & Hawley, 2007; Seiler & Tønnessen, 2009). There may be redundancies in
these signaling pathways and adaptations, resulting in overlap responses between long duration
LIT and HIT (Laursen, 2010; Seiler & Tønnessen, 2009). Therefore, the long-term LT
development of the endurance athletes is likely highly influenced by both periods of volumeemphasized and intensity-emphasized training (Laursen, 2010; Seiler & Tønnessen, 2009). The
periodization aspects of training will be addressed in part two of this review.
The HIT programming to best stimulate the relevant adaptations to the LT is likely
influenced by the same considerations of intensity and duration addressed for V̇O2max training.
Seiler et al. (2013) and Sandbakk, Sandbakk, Ettema, and Welde (2013) investigated the effects
of different HIT intensity-duration combinations. These investigations found superior
adaptations to work rate at OBLA (Seiler et al., 2013) and V̇O2 at the VT (Sandbakk et al., 2013)
in response to longer aerobic intervals than shorter, more intense intervals (8-minutes vs. 4minutes and 5 to 10-mintues vs. 2 to 4 minutes, respectively). Because the higher absolute
intensities may not be as important for LT improvement than for improvements in V̇O2max
(Midgley et al., 2007), programming lower absolute intensities for longer continuous durations to
accumulate 30-60 minutes of HIT time may be preferable (Sandbakk et al., 2013; Seiler et al.,
2013; Seiler & Tønnessen, 2009).
The manipulation of LIT volume on LT changes in well trained endurance athletes has
not been as researched as HIT programming (Midgley et al., 2007). However, evidence suggests
that the influence of LIT may have a delayed effected in well trained athletes and occur only
after longer training time periods (Esteve-Lanao, Foster, Seiler, & Lucia, 2007; Esteve-Lanao,
San Juan, Earnest, Foster, & Lucia, 2005; Seiler & Tønnessen, 2009). Short-term increases in
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LIT and MIT volume may be ineffective for substantial changes to the LT. Lehmann et al.
(1992) reported no performance changes after increased LIT volume by 103% over a one month
period in well trained middle and long-distance runners. However, the increase in volume was
associated with increases in biomarkers of over-training (Lehmann et al., 1992). Costill et al.
(1991) found that the programming of training twice per day for 6 weeks increased Krebs cycle
enzyme activity in well trained swimmers, but this change did not influence performance. In
contrast, 12 weeks of exclusive LIT training resulted in greater improvement in power at LT1
and LT2 in rowers, when compared to a mixed LIT and HIT program (Ingham et al., 2008).
However, other measures of performance were no different between the groups (Ingham et al.,
2008). Observational data over a 6 month period (Esteve-Lanao et al., 2005) and experimental
data over a 5 month period (Esteve-Lanao et al., 2007) have found positive relationships between
LIT training volume and improvements in HIT performance in well trained runners. The
improvement in the experimental study (Esteve-Lanao et al., 2007) were greater than that of a
TRIMP-matched group utilizing a greater volume of moderate intensity training. Such findings
have led to the speculation that the dose-response nature of LIT may unfold at a slow rate and
may require weeks to months of structured training to saturate (Esteve-Lanao et al., 2007).
Therefore, the programming aspects of LIT for the marathon athlete may be less specific than
those for HIT improvement. A gradual increase in training duration and total LIT volume over
the training cycle may allow for adequate overload. As HIT is introduced during the general
preparation period, planning may be necessary to support fatigue management, without
sacrificing the gradual accumulation of LIT volume.
One current limitation in the research of applied LIT is the lack of differentiation between
volume accumulated through denser training (e.g. two bouts of 60 minutes) or more extensive
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(e.g. one bout of 120 minutes) to improve performance (Seiler & Tønnessen, 2009). Research
has not yet linked the specific long-term effects of various LIT volumes and practices to the
resulting cellular adaptation responses. Therefore, it is unknown if the dose-response is most
influenced by total accumulated volume, or if it is influenced by a linear or threshold response to
the duration of the training session (Holliday & Jeukendrup, 2012; Seiler & Tønnessen, 2009).
However, given the extensive duration demand of the marathon and the identification of both
average training volume and the number of runs of greater than 32 km as predictors of
performance in well trained runners (Karp, 2007), emphasizing volume through less frequent,
but progressively longer duration LIT may increase the marathon sport-specificity and efficacy
of LIT.
Strength training also may prove an effective training strategy to improve LT related
performance for endurance athletes (Aagaard & Raastad, 2012; Midgley et al., 2007; Rønnestad
& Mujika, 2014; Vikmoen, Ellefsen, et al., 2016). The direct influence of strength and the
physiological changes from strength training on LT and LT performance is not well identified in
the research (Rønnestad & Mujika, 2014). Conflicting results have been reported for improved
(Vikmoen, Ellefsen, et al., 2016) or unchanged (Paavolainen, Nummela, & Rusko, 1999; Storen,
Helgerud, Stoa, & Hoff, 2008; Vikmoen, Raastad, et al., 2016) fractional utilization of V̇O2max,
and improved (Guglielmo, Greco, & Denadai, 2009; Mikkola, Rusko, Nummela, Pollari, &
Hakkinen, 2007; Mikkola et al., 2011) or unchanged (Aagaard et al., 2011; Sunde et al., 2010)
velocity or power at the LT. Improvements in strength may influence LT performance through
several mechanisms (Aagaard & Raastad, 2012; Rønnestad & Mujika, 2014), depending on the
volume, set-rep scheme, and rest intervals. Strength training has been shown to increase the type
IIA:IIX fiber proportion in trained endurance athletes (Aagaard et al., 2011; Vikmoen, Ellefsen,
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et al., 2016), thus improving the oxidative profile and fatigue resistance of the athlete’s type II
fibers at higher intensities. An additional avenue of LT improvement is through the increase in
force production capability per individual muscle fiber (Aagaard & Raastad, 2012; Rønnestad &
Mujika, 2014). Increased strength results in a reduced relative load per individual muscle fiber
(Aagaard & Raastad, 2012) and less activation of working muscle mass (Bieuzen, Lepers,
Vercruyssen, Hausswirth, & Brisswalter, 2007; Rønnestad & Mujika, 2014). The ability to
generate the same force with less muscle mass activation (stronger individual fibers) may allow
for the greater sharing of sharing of work between muscle fibers, ultimately delaying fatigue,
reducing the demand on mitochondrial strain per muscle fiber, and reducing the rate of
glycogenolysis (Coyle, 2007; Coyle, Coggan, Hopper, & Walters, 1988). Finally, the improved
force-time characteristics, most notably rate of force development (RFD), from strength training
may influence LT performance (Aagaard & Raastad, 2012; Rønnestad & Mujika, 2014). The
improvement in the RFD may lead to shorter contraction and longer relaxation phases, reducing
the degree of occlusion per working muscle and improving the rate of oxygen and substrate
delivery and metabolite efflux (Aagaard & Raastad, 2012; Rønnestad & Mujika, 2014).
Although the LT has been established as a primary determinant of marathon performance
(Coyle, 2007; Joyner, 1991) and velocity at the LT2 has been found to be highly predictive of
performance in well trained marathon runners (Noakes, Myburgh, & Schall, 1990), the precise
influence that the LT or the change in LT have on marathon performance is undetermined in the
research. Improvement in the LT should increase the potential sustainable metabolic demand
(race V̇O2) (Joyner, 1991) for the marathon. Observational data from a world record marathon
runner show improvements in performance coinciding with a rightward shift in the athlete’s
blood lactate profile, indicating improvements in the vLT (Jones, 2006). However, to the
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author’s knowledge, no study has experimentally assessed the systematic changes in LT to
changes in marathon race V̇O2 or performance. Since the LT represents an increase in metabolic
homeostasis challenge for the marathon athlete (Coyle, 2007), an increase in the LT would
theoretically indicate reduced perturbation for the same absolute race V̇O2. Such an alteration
may make completing the marathon at the athlete’s current race V̇O2 physiologically and
perceptually easier. The goal for most athletes, however, is to run faster. Therefore, the increase
in LT must be matched with an increased race V̇O2. Although the relative metabolic perturbation
may remain constant, the ability of the athlete to complete the marathon at this new race V̇O2
may require additional technical and tactical competency (i.e. pacing and self-regulation) and
fatigue-related considerations (i.e. nutrition and thermoregulation) that are unique to that
velocity. Thus, an improvement in the LT may increase the potential to run faster, but the
successful translation of this improvement to race day performance may require the integration
of other factors into the overall training plan.
In summary, the LT represents an important reference point for the potential limitations
to the achievable marathon race intensity (steady state aerobic ATP regeneration). Due to the
close proximity of race intensity and the LT, improvements in the LT (increased V̇O2 or velocity
at similar blood lactate concentrations) may more easily translate to potential improvements in
marathon performance. However, as with the other primary determinants, the influence of the
LT on performance must be considered within the context of the athlete’s unique fitness profile.
The LT is likely to be enhanced through a variety of physiological adaptations resulting from
properly periodized and programmed LIT, HIT, and strength training.
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Running Economy. RE is defined as the steady-state V̇O2 for a given running velocity
(Barnes & Kilding, 2015a). Other terminology to describe this relationship have been used in
the research, including the “oxygen cost,” “energy cost,” or simply the “cost of running”
(Daniels, 1985). Runners with a lower, or more economical, cost of running consume less
oxygen, and thus expend less metabolic energy, for a given velocity than runners with a higher
cost of running. This adaptation may influence marathon performance in two primary ways.
First, improvements in RE may increase the race velocity-race V̇O2 relationship, allowing the
athlete to run faster. Additionally, the decrease in energy expenditure for a given velocity result
in a decreased rate of heat production, lowering the thermal stress placed on the athlete over the
course of the marathon (Noakes, 2000). RE has been cited as influential to performance in
running performance, in general (Daniels, 1985; Morgan, Martin, & Krahenbuhl, 1989), and
specifically to the marathon (Coyle, 2007; Joyner, 1991).
RE can vary greatly within a population of trained runners (Daniels, 1985; Daniels &
Daniels, 1992; Farrell, Wilmore, Coyle, Billing, & Costill, 1979), and may discriminate between
athletes when V̇O2max is similar (Conley & Krahenbuhl, 1980). Additionally, RE may deteriorate
over the course of a marathon (Kyrolainen et al., 2000; Nicol, Komi, & Marconnet, 1991a). RE
has been found to be malleable through short-term training interventions (Balsalobre-Fernandez,
Santos-Concejero, & Grivas, 2016), as well as over long-term athlete development (Jones, 1998).
RE is the result of a complex interaction between metabolic, cardiorespiratory,
biomechanical, and neuromuscular factors that are unique to the runner and the running velocity
(Barnes & Kilding, 2015a). How these factors independently and collectively influence the final
RE outcomes is complex, resulting in large variations in the impact of any of the variables
between individuals (Maldonado et al., 2002). Additionally, there has been conflicting
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conclusions as to intra-individual variability of RE and pace specificity of RE (Daniels &
Daniels, 1992; Helgerud, Storen, & Hoff, 2010; Jones & Carter, 2000; Morgan et al., 1989).
A full evaluation of the potential mechanistic underpinnings of RE is beyond the scope of
this review and have been reviewed in detail elsewhere (Barnes & Kilding, 2015a; Saunders,
Pyne, Telford, & Hawley, 2004). RE may be influenced by a variety of unmodifiable (e.g.
structural biomechanics and anthropometrics) and potentially modifiable (e.g. running gait
physiological adaptations). Briefly, such physiological adaptations include the reduction of the
Type II:I muscle fiber ratio (Dubouchaud et al., 2000), decreased respiration rate for a given
intensity (Franch, Madsen, Djurhuus, & Pedersen, 1998), improved mechanical efficiency and
contractile strength (Arampatzis et al., 2006; Nelson & Gregor, 1976), and musculotendinous
stiffness (Arampatzis et al., 2006; Dumke, Pfaffenroth, McBride, & McCauley, 2010; Spurrs,
Murphy, & Watsford, 2003; G. J. Wilson, Wood, & Elliott, 1991). An important aspect for the
marathon is that RE is not a static characteristic, and may worsen over a marathon (Kyrolainen et
al., 2000; Nicol et al., 1991a). This occurrence may be due to decreases in force production
abilities and tolerance to stretch loading (Nicol et al., 1991a; Nicol, Komi, & Marconnet, 1991b),
changes to substrate usage (Nicol et al., 1991a), thermoregulation (Nicol et al., 1991a), and
muscle damage (Del Coso et al., 2013; Kyrolainen et al., 2000).
Endurance training may enhance RE in trained runners (Barnes & Kilding, 2015b;
Midgley et al., 2007), but the overall effects of type of training and magnitude and rate of
improvement are not fully known. Training history, both in terms of years and months of
continual long distance training may lead to improved RE (Mayhew, 1977; Midgley et al., 2007;
Sjodin & Svedenhag, 1985), potentially elicited from gradual improvement in mechanical
efficiency (Nelson & Gregor, 1976). However, HIT may provide more rapid (4 to 14 weeks)
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improvements in RE. Various effective HIT programs have been reported in the literature.
Prolonged, continuous running at OBLA (Sjödin et al., 1982; Yoshida et al., 1990) and more
intermittent HIT near or at vV̇O2max (Billat et al., 1999; Franch et al., 1998; Laffite, MilleHamard, Koralsztein, & Billat, 2003; Slawinski, Demarle, Koralsztein, & Billat, 2001; Smith et
al., 2003) have both been found effective in moderately to highly trained distance runners.
Therefore, the similar progressive training programs for improvements in V̇O2max and the LT may
also provide a stimulus to improve RE.
The current preponderance of evidence suggests that strength training is an effective
strategy to improve RE in trained runners (Balsalobre-Fernandez et al., 2016; Barnes & Kilding,
2015b). However, not every training study has reported enhanced RE (Ferrauti, Bergermann, &
Fernandez-Fernandez, 2010; Fletcher, Esau, & MacIntosh, 2010; Mikkola et al., 2007; Piacentini
et al., 2013; Taipale, Mikkola, Vesterinen, Nummela, & Hakkinen, 2013; Vikmoen, Raastad, et
al., 2016). Strength training is likely to improve RE through combined neuromuscular and
morphological adaptations allowing the athlete to better absorb and rapidly generate force
against the ground (Beattie, Kenny, Lyons, & Carson, 2014). These adaptations include
increased stiffness of the musculotendinous system and enhanced energy storage and elastic
return, motor unit synchronization and recruitment, rate coding, muscular coactivation, and intraand inter-muscular coordination (Beattie, Carson, Lyons, Rossiter, & Kenny, 2017; Cormie,
McGuigan, & Newton, 2010b; Jung, 2003). Various strength training methodologies have been
reported in the research. The utilization of high force, low velocity resistance training or low
force, high velocity plyometric or explosive resistance training are the two commonly prescribed
training methodologies. Although both may improve RE in trained runners, evidence suggests
that training emphasizing high force, low velocity resistance training may produce superior
48

results in most runners (Barnes, Hopkins, McGuigan, Northuis, & Kilding, 2013; Guglielmo et
al., 2009; Sedano, Marin, Cuadrado, & Redondo, 2013; Taipale et al., 2010; Taipale et al., 2013).
As with the other primary determinants of marathon performance, the direct impact of
improved RE on subsequent marathon performance is speculative. To the author’s knowledge,
no study has systematically examined changes in RE to changes in marathon performance.
Additionally, cross-sectional studies provide conflicting information as to how RE may relate to
performance in the marathon. For example, both statistically significant (Farrell et al., 1979) and
nonsignificant (Billat et al., 2001; Foster et al., 1977) relationships between RE and marathon
performance in trained runners have been reported. Further, RE was not found to be a factor to
discriminate between high-level and top class marathon runners of both gender (Billat et al.,
2001).

Additional Performance Determinants
In addition to the specific training modalities targeting modifications to the primary
determinants of endurance performance, factors affecting the recovery/adaption processes
(fitness) and the management of both acute and chronic fatigue are important factors in the
overall training process. These issues may influence both the efficacy of the training program, as
well as the ability of the athlete to optimally express fitness potential during the competition.

Nutrition Considerations for Performance. The physiological demands of marathon
training and competition place unique nutritional considerations on the marathon athlete (Burke,
2007; Jeukendrup, 2011; Stellingwerff, 2013a). These considerations center around the concept
of individual optimization (Stellingwerff, 2013a). Coaches and athletes may deliberately
49

manipulate the acute and chronic diet to better prepare the athlete to engage in the planned
intensities and durations of training, to amplify the recovery-adaptation processes, and to
facilitate the maintenance of high intensity work during competition (Cermak & van Loon, 2013;
Thomas, Erdman, & Burke, 2016). Although general evidence-based, best practices exist, the
specifics of sport nutrition implementation are highly dependent upon the context of the
individual athlete and the individual training plan (Thomas et al., 2016). Therefore, it may
behoove the coach, athlete, and sport scientist to view nutrition from an integrated perspective
within the overall training cycle. As with the details of the physical training, nutrition should
include measures for specific monitoring, specific goal-oriented objectives, and specific
progression for refinement of the race day diet for optimized performance.
From a physiological standpoint, the goal of marathon training is to elicit specific and
systematic biological adaptations that result in enhancement of the physiological determinants of
endurance performance, ultimately manifesting as the ability to sustain a higher average running
velocity over 26.2 miles. Energy expenditure in term of intensive and extensive training drive
the initiation of these adaption processes, resulting in further energy expenditure via specific
protein synthesis during the recovery period that drive the athlete’s phenotype toward enhanced
endurance work capability (Coffey & Hawley, 2007; Holliday & Jeukendrup, 2012). The
accumulation of this goal-directed protein synthesis is a new homoeostatic set-point regarding
the ability to produce and sustain aerobic energy production (Coffey & Hawley, 2007; Holliday
& Jeukendrup, 2012). These relationships highlight the importance of the acute and chronic
energetic state of the marathon athlete, specifically energy availability.
Energy availability is quantified as the difference between an athlete’s total caloric intake
and caloric expenditure for training, representing the dietary energy left “available” to support
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the basic biological process that sustain life and the adaptations to training (Loucks, Kiens, &
Wright, 2011; Mountjoy et al., 2014). Energy availability is expressed in relation to an athlete’s
lean body mass and research indicates that thresholds of energy availability may dictate
variations in optimal, potentially sub-optimal, or impaired recovery-adaptation (Mountjoy et al.,
2014). Chronic low energy availability may lead to a suppression of the individual homeostatic
set point, a condition known as relative energy deficiency in sport (RED-S), resulting in a broad
expressions of impaired physiological functioning (Mountjoy et al., 2014). Given the high
energy demands of marathon training and the goal of performance optimization, the achievement
of adequate energy availability should be a concern for the coach and marathon athlete, as it may
underlie the success of long-term training adaptation. The achievement of energy availability
should ideally be met with the deliberate consumption of the macronutrients in amounts, timings,
and frequencies that support the training goals.
Although all of the macronutrients are important to optimal sport nutrition, the role of
carbohydrates has received extensive evaluation for endurance athletes. Current guidelines
recommend endurance athletes maintain adequate daily carbohydrate availability, which is
defined as the deliberate and planned intake and timing of carbohydrates to support the substrate
needs of skeletal muscle and the central nervous system (Burke, Hawley, Wong, & Jeukendrup,
2011). Carbohydrate availability has been highlighted as both a training and performance
regulator for a marathon athlete (Burke, 2007). Both periods of increased training volume and
training intensity are likely to elicit high magnitudes of reliance on the athlete’s muscle glycogen
stores to support the daily training and recovery demands (Burke, 2007). Performance in the
marathon is highly dependent upon carbohydrate oxidation, regardless of performance ability
(Hawley & Leckey, 2015; Leckey, Burke, Morton, & Hawley, 2016; O'Brien, Viguie, Mazzeo,
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& Brooks, 1993; Rapoport, 2010). Because the distance of the event is fixed, the work rate and
ultimate time to completion are what separates athletes of various abilities. Therefore, the total
energy and carbohydrate expenditure is likely to be similar between faster and slower athletes,
with faster athletes sustaining a higher fractional utilization of V̇O2max, expending a greater rate
of energy expenditure, but for shorter time durations (O'Brien et al., 1993; Rapoport, 2010). The
stoichiometric nature of aerobic skeletal muscle metabolism dictates that the higher the fractional
utilization of V̇O2max, the greater the relative contribution of carbohydrate oxidation to ATP
regeneration (Rapoport, 2010). Thus, faster marathon runners sustain higher absolute rates of
energy expenditure per minute, with near exclusive (>90%) relative reliance on carbohydrate
utilization (Hawley & Leckey, 2015; O'Brien et al., 1993; Rapoport, 2010). Additionally,
sustained higher rates of carbohydrate oxidation are likely to improve the economy of
movement, due to the more efficient ATP regeneration over fat per mole of oxygen utilization
(Nicol et al., 1991a; Rapoport, 2010). However, glycogen stores are limited and carbohydrate
availability is likely to be a limiting factor in sustaining race pace over a marathon (Rapoport,
2010).
As exercise intensity increases, the reliance of intramuscular glycogen as an energy
substrate increases (Tsintzas & Williams, 1998). Given the limitation of glycogen storage,
marathon runners may benefit from nutritional strategies that enhance the availability of energy
substrates during competition. Recent research has investigated the practicality of training in a
state of low carbohydrate availability (LCA), in an attempt to upregulate key aerobic energy
production adaptations, particularly those regulating fat oxidation (Burke et al., 2011; Hawley &
Burke, 2010). Although the upregulation of such physiological adaptations may be enhanced by
LCA training, performance outcomes are equivocal (Burke et al., 2011; Burke et al., 2016;
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Hawley & Burke, 2010). Additionally, prolonged low carbohydrate diets are likely to upregulate
fat oxidation adaptations at the expense of down regulating the capacity to oxidize
carbohydrates, potentially impairing competition intensities and movement economy (Burke et
al., 2017; Hawley & Leckey, 2015). Because marathon intensites are carbohydrate dependent, a
periodized approach of acute LCA training has been proposed (Stellingwerff, 2012), where LCA
training is primarly performed in the low intensity, general prepatory period and gradually
replaced with race day specific, high carbohydrate availibility training during the specific
prepatory period. This training model has been found to be effective in the preparation of three
elite level marathon runners (Stellingwerff, 2012), but experimental evidence is currently lacking
for long term marathon preparation. Nonetheless, these concepts highlight the importance of
integrating nutrition with the specifics of the training plan.
Substantial experimental evidence exists to support the ergogenic effect of consuming
carbohydrates during exercise on endurnce performance (Burke, 2007; Jeukendrup, 2011). It has
been hypothesized that normal glycogen stores cannot sustain race pace for most competitive
marathon runners, highlighting the need for supercompensating glycogen storage and/or
ingesting exogenous carbohydrates during the competition to optimize performance (Rapoport,
2010). In general, there is a linear dose-resposne relationship between exogenous carbohydrate
intake and prolongend endurance events (Jeukendrup, 2011) and there may be a minimum bolus
required to reduce the rate of intramuscular glycogen oxidation (Tsintzas & Williams, 1998).
Results from experimental research indicate that marathon runners should attempt to ingest up to
60 g∙h-1 as a mix of glucose, glucose polymers, and fructose (Jeukendrup, 2011). Nonethless,
develpoing the tolerance to such high ingestion rates and discovering which types of
carbohydrates, rates of ingestion, and boluses of ingestion are ideal to the individual athlete may
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require a gradual and systematic practice of trial and error. Intestinal absorption is a major ratelimiting step in exogenous carbohydrate oxidation and can be improved with exposure to high
carbohydrate availabilty and ingesting carbohydrates in training under race conditions (Cox et
al., 2010; Jeukendrup, 2011; Stellingwerff, 2013a). Therefore, the specific preperation periods
should include gradual and systematic refinement of intra-training carbohydrate ingestion at race
intensities to train the athlete’s GI tract and skeletal muscles to adapt to support higher rates of
carbohydrate transport, uptake, and oxidation. If an effective nutrition strategy is followed
during competition, performance is likely to be positively impacted by attenuating or removing
the fatigue-related reduction in running velocity over the final one-quarter to one-third of the
race (Cade et al., 1992; Hansen, Emanuelsen, Gertsen, & Sorensen, 2014).
Adequate intramuscular glycogen levels for training and supercompensated glycogen
levels for competition are likely to enhance the training process and marathon performance
(Burke, 2007; Rapoport, 2010). Because glyogen can not leave the myocyte, adequate or
supercompensated glycogen levels can only be achieved by preloading the sport-specific
musuclature with carbohydrate before exercise (Rapoport, 2010). This consideration further
reflecting the necessity of integration of nutrition with planned performance. Supercompensated
glyocogen levels may be a prerequisite for optimal marathon performance (Rapoport, 2010) and
can be achieved through a variety of carbohydrate “loading” strategies (Burke, 2007;
Jeukendrup, 2011). Strategies range from the more conservative (10-12 g∙kg-1∙d-1) carbohydrate
ingestion for 36-48 hours prior to the event, combined with a substantial reduction in training
volume) to the more aggressive (two-stage model of glycogen depletion followed by glycogen
repletion over a 7-day period) (Burke, 2007; Jeukendrup, 2011). Identifying the ideal loading
strategy for the individual athlete should be a training consideration incorported into the overall
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training plan. Significant maladies may conincide with glycogen supercompensation, such as
transient weight gain and perceied “heaviness,” gastrointestinal discomfort, and psychological
adversion to a unfamiliar practice (Burke, 2007; Stellingwerff, 2013b). Such issues may be
identified and circumvented through planned nutritional practice with a full or partial
carbohydrate loading protocol for key workouts or scheduled, non-primary races.
The hydration status of the athlete and magnitude of dehydration are likely to impact
performance in training and competition through physical and cognitive/mental mechanisms
(Cheuvront & Haymes, 2001; Jeukendrup, 2011). The capacity to thermoregulate and avoid
hyperthermia during the marathon is a critical limitation to endurance performance (Coyle, 2007;
Gonzalez-Alonso et al., 1999). Thermoregulation is highly influenced by sweat mechanisms,
which become impaired due to dehydration (Coyle & Gonzalez-Alonso, 2001; Gonzalez-Alonso
et al., 1999). Beginning training and competition in a euhydrated state and and minimizing the
magnitude of dehydration that occurs during activity should be prioties for the athlete and coach
(Thomas et al., 2016). Sweat rates may surpass the potential tolerable rate of rehydration
(Thomas et al., 2016). Therefore, establishing and familiarizing a tolerable raceday rehydration
strategy to minimize the degree of dehydration is an important consideration of the training
process.
These considerations highlight that nutritional apects of performance are vital
components to the overall training prcoess. Additionally, these considerations provide evidence
to view marathon running as a distinct skillset, that is more than the act of running at a pace
governed by the three primary factors. This skillset consists of running in a glycogen supercompensated state, while also ingesting fluid and energy according to a pre-determined,
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individualized rate. Therefore, the integration of the basic physical training and training of the
gut for race day to optimize this individualized strategy may be a limiting factor to performance.

Fatigue Resistance and Force Production Characteristics. In addition to the
cardiovascular and metabolic factors of performance, the ability of the endurance athlete to
repeatedly produce high levels of rapid force in an efficient and coordinated manner may dictate
performance outcomes (Green & Patla, 1992; Jung, 2003; Noakes, 1988; Stone et al., 2006).
Muscle contractility characteristics during running have been suggested to differentiate between
time trial performances between trained runners (Noakes, 1988; Nummela et al., 2006;
Paavolainen, Nummela, Rusko, & Hakkinen, 1999; Paavolainen, Nummela, & Rusko, 1999).
Additionally, such neuromuscular characteristics may also limit an athlete’s ability to obtain or
sustain V̇O2max (Green & Patla, 1992). The term “muscle power” factors has been used in the
literature to describe the ability of the athlete’s neuromuscular system to produce force and rates
of force during maximal endurance exercise conditions of high oxidative and glycolytic stress
(Green & Patla, 1992; Jung, 2003; Noakes, 1988; Noakes et al., 1990). Peak treadmill speed
(PTS) in a maximal incremental test, vV̇O2max, and time to exhaustion at vV̇O2max have been used
to reflect the athlete’s sport-specific muscle power factors (Beattie et al., 2014; Billat &
Koralsztein, 1996; Jung, 2003; Noakes, 1988; Noakes et al., 1990). Time trial performance
across a variety of running distances, including the marathon has found to be highly related with
performance in these muscle power factor tests (Billat & Koralsztein, 1996; Noakes et al., 1990).
Prolonged running places stress on the athlete that may impair the neuromuscular aspects
of force production (G. Y. Millet & Lepers, 2004). Neuromuscular fatigue is defined as the
exercise-induced impairment to the athlete’s ability to produce force or power with a muscle or
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muscle group (Abbiss & Laursen, 2005; Taylor, Amann, Duchateau, Meeusen, & Rice, 2016).
This type of fatigue is often dichotomized based on the mechanisms responsible. Fatigue
resulting from alterations in the neural drive from the central nervous system (CNS) is known a
central fatigue (Taylor et al., 2016). Fatigue resulting from mechanisms at or after the
neuromuscular junction is known as peripheral fatigue (Taylor et al., 2016). Central fatigue may
result from a decrement in the recruitment in number of motor units or in frequency of impulses
(Hausswirth & Le Meur, 2012). Peripheral fatigue may result from changes to nerve signaling,
alterations to the excitation-contraction coupling or cross-bridge cycling, and/or through
impairments in the muscle fiber’s basic ability to produce force (Hausswirth & Le Meur, 2012).
Force production abilities have been shown to be substantially impaired due to marathon running
(Nicol et al., 1991b; Ross, Middleton, Shave, George, & Nowicky, 2007), and both central and
peripheral mechanisms of neuromuscular fatigue may influence the decrement in force
production abilities (Ross et al., 2007).
A decline in running velocity in the latter part of a marathon is a common occurrence
(Buckalew, Barlow, Fischer, & Richards, 1985; Del Coso et al., 2013; Nicol et al., 1991a;
Renfree & St Clair Gibson, 2013). However, due to the complex nature of fatigue, the
relationships between the alterations in running velocity and alterations in force production
abilities, and identifying the mediating mechanisms (e.g. altered kinematics, impaired RE, etc.)
are not fully understood and may vary between athletes and conditions (Del Coso et al., 2013;
Kyrolainen et al., 2000; G. Y. Millet & Lepers, 2004; Nicol et al., 1991a, 1991b; Ross et al.,
2007). Nonetheless, running abilities and force production abilities may deteriorate over a
marathon, as reported by Nicol et al. (1991a, 1991b), who found progressive decrements in
sprinting ability, decreases in ground reaction forces, increases in ground contact time, and
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reduced tolerance to stretch loads and loss of recoil characteristics of working muscle in trained
runners. Therefore, improvements in an athlete’s absolute force and rate of force production
through improved central drive and muscle recruitment, and enhanced contractile function may
mitigate the progression of neuromuscular fatigue during prolonged running (Noakes, 2000).
Observational research provides evidence for this hypothesized relationship between
“muscle power” factors and marathon performance. Billat et al. (2001) tested elite level male
and female marathon runners before their Olympics trials race. The athletes completed
standardized assessments of the three primary marathon performance determinants (V̇O2peak,
fractional utilization of V̇O2peak, and RE), as well as a 1000-m all-out time trial after completing a
10-km run at intended marathon race pace. The velocity of the 1000-m time trial was the most
predictive variable of marathon performance, indicating that the ability to run fast in a fatigue
state may highly influence marathon performance.
Improvements in vV̇O2peak, PTS, or TTE are commonly reported for runners after a
strength training program (Table 4) (Beattie et al., 2017; Berryman, Maurel, & Bosquet, 2010;
Damasceno et al., 2015; Guglielmo et al., 2009; Mikkola et al., 2011; G. P. Millet, Jaouen,
Borrani, & Candau, 2002; Paavolainen, Nummela, & Rusko, 1999; Sedano et al., 2013; Taipale
et al., 2010; Taipale et al., 2014; Taipale et al., 2013). A combination of V̇O2max, PTS, and 1-RM
back squat highly was found to be predictive of pacing in a 10 km time trial in trained runners
(Bertuzzi et al., 2014). Additionally, strength training resulted in improved 5 minute all-out
performance after prolonged cycling (1.5 and 3 hours) (Rønnestad, Hansen, & Raastad, 2011;
Vikmoen, Rønnestad, Ellefsen, & Raastad, 2017) and running (1.5 hours) (Vikmoen et al., 2017)
in trained endurance athletes. Therefore, strength may underlie aspects of endurance
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performance and improvements in strength (i.e. magnitude of force and rate of force) may
complement the expression of the primary determinants of marathon performance.
Strength training is likely to induce a variety of neural (motor unit activation,
coordination, synchronization, coactivation, excitation-contraction coupling characteristics,
stretch-shortening cycle activity), morphological (contractile unit characteristics, muscle
architecture, musculotendinous stiffness), and enzymatic adaptations that will enhance runningspecific “muscle power” factors (Cormie et al., 2010b; Jung, 2003; Stone et al., 2006) and likely
directly and indirectly influence marathon performance (Figure 2.1). Recent reviews have
detailed the likely mechanisms responsible for improved endurance performance (Aagaard &
Raastad, 2012; Beattie et al., 2014; Jung, 2003; Rønnestad & Mujika, 2014; Stone et al., 2006).
Briefly, enhanced force production abilities are likely to lower the relative stress for a given
exercise intensity and increase fatigue resistance by lowering the amount of recruited muscle
mass for force production. This reduction in muscle activation will allow for more efficient use
of motor units per force produced, promoting greater sharing of work among working muscle
mass, and reducing the relative stress per fiber. Such adaptations may improve performance by
delaying the use of Type II fibers and reliance on glycogen and reducing the occlusion time
periods during contractions, and promoting more efficient use of the stretch-shortening cycle
(Aagaard & Raastad, 2012; Rønnestad & Mujika, 2014; Stone et al., 2006). The unique stresses
imparted by strength training and the resulting neuromuscular and morphological adaptations are
unlikely to be match by prolonged LIT or HIT running (Beattie et al., 2014). Therefore, strength
training is an important complement to the traditional endurance training for a marathon athlete.

59

Strength Training

↑ Muscle Size and/or
Neuromuscular Function

↑ Musculotendinous Stiffness

↑ % Type IIA Fibers
?

↑ Maximal Voluntary
Contraction

↑ Rate of Force
Development

↑ Running Economy
?

↑ Capillary Mean
Transit Time
?

?
Improved Marathon Performance
Increased Average Running Velocity
Decreased Time to Completion

↑ Sprinting /
Acceleration Abilities

↑ Fatigue Resistance

Figure 2.1. Proposed relationships between strength training and marathon performance; adapted
from (Aagaard & Raastad, 2012). Full lines indicate a stimulatory effect; dotted lines indicated
proposed interactions with limited experimental evidence with concurrent training; question
marks indicate potential effects with limited general experimental evidence.
Central Governor Model, Complex Systems Model, and Pacing Strategies. Noakes
and St Clair Gibson (2004) have highlighted limitations to the explanatory power of the
“catastrophic” termination of exercise or performance decrement relating to the linear peripheral
and central fatigue models. As a result, the central governor model of fatigue has since been
proposed and expanded (E. V. Lambert, Gibson, & Noakes, 2005; Noakes, St Clair Gibson, &
Lambert, 2004) to encompass a complex systems model of fatigue. This model has been
hypothesized to explain performance outcomes and behavior within a marathon (Noakes, 2007).
The complex systems central governor model posits that behavior during the marathon is
largely a result of the subconscious brain-based regulation of intensity (Noakes, 2007). This
regulation ensures the athlete will complete the event without compromising physiological
homeostasis (Noakes, 2007). This relationship results in the athlete’s pacing strategy (Foster et
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al., 2012; Noakes et al., 2004). As a result of pacing strategy, the marathoner will alter the
running intensity moment-to-moment in an attempt to complete the race in the shortest time
possible (highest average running velocity), while controlling for and minimizing the risk of
homeostatic disturbance or compromise in any one of the peripheral systems (Abbiss & Laursen,
2005; Foster et al., 2012).
This regulation is the result of feedback to and feedforward from the brain (Noakes et al.,
2004). The brain (central governor) receives biological feedback from whole-body peripheral
sources and evaluates these signals against memory and teloanticipation of the remaining
exercise demand (Abbiss & Laursen, 2005; E. V. Lambert et al., 2005; Noakes, 2007). The
result of this evaluation is the conscious experience of the degree of homeostatic disturbance, or
the experienced perception of effort (rating of perceived exertion; RPE), and the sub or semiconsciously experienced regulation of work rate (Abbiss & Laursen, 2005; E. V. Lambert et al.,
2005; Noakes, 2007). Thus, peripheral and central factors of fatigue are joined at the brain by an
integrated, complex system. Fatigue is non-linear in this model, and consists of the sensory or
emotional component (RPE), resulting from the integration and evaluation of whole-body
periphery feedback, and the physical component (alteration in force production), which may or
may not accompany the sensory component (Noakes et al., 2004).
The progressive control over RPE is highly predictive in the pacing strategies used during
self-regulated exercise with a known endpoint (Foster et al., 2012). In self-regulated exercise, a
sub or semi-conscious “negotiation” occurs that compares the perceived RPE against the
expected RPE, which influences the resultant modulation of force production (Foster et al., 2003;
Foster et al., 2004). The conscious RPE is variable and is representative of the summation of the
various peripheral feedback (thermal stress, glycogen levels, heart rate, acid-base status, etc.),
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filtered through the competitive context (motivational factors, competitor presence, pre-existing
race strategy, etc.) (Foster et al., 2012). Evidence suggests that RPE increases throughout
maximal effort time trials in relation to the relative percentage of the race completed (Foster et
al., 2012), so that the athlete will use pacing strategy (modulated work rate) to pair the actual
RPE to the expected RPE for that relative distance of the race (De Koning et al., 2011; Foster et
al., 2012). Such findings have been reported in marathon athletes of differing race pacing (Del
Coso et al., 2013). RPE progression was similar between athletes experiencing low or high
reductions in running velocity over the second half of a marathon (Del Coso et al., 2013).
Therefore, the RPE for an athlete in a time trial is largely predictable, based on where the athlete
is in the relative completion of the race (Foster et al., 2012).
As mentioned previously, a drop in average running velocity over the second half of the
race is common in the marathon (Buckalew et al., 1985; Del Coso et al., 2013; Nicol et al.,
1991a, 1991b; Renfree & St Clair Gibson, 2013). However, faster runners, both at the
recreational (Del Coso et al., 2013; Haney Jr & Mercer, 2011) and elite (Renfree & St Clair
Gibson, 2013) levels, tend to have a less variable, more even pacing throughout the race.
Therefore, more successful races tend to be the result of the absence or minimization of slowing
in the later portions of the race.
Training and race day practices may influence the relationship between fatigue
development and more optimal pacing for the marathon. As discussed previously, race day
nutrition and thermoregulation strategies are likely to influence the occurrence or severity of the
decrement in running velocity in the later stages of the marathon (Cade et al., 1992; Cheuvront &
Haymes, 2001; Hansen et al., 2014; Rapoport, 2010). Additionally, since the experienced RPE is
a summation of the experienced degree of homeostatic disturbance, training practices that
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minimize the homeostatic challenge imparted by sustaining the race intensity (e.g. improvement
in V̇O2max, LT, strength, RFD, etc.) are likely to favorable influence the central evaluation of
these stresses through the duration of the race. For example, an 8-week strength training
program was found to positively impact the RPE-pacing relationship in trained runners,
primarily through attenuation of fatigue and more consistent running velocities in the second half
of the race, without altering the RPE progression (Damasceno et al., 2015). However, because
pacing strategy is a balance between the pre-exercise template (prior experience) and the
perceived current context (Foster et al., 2012), the ability of the athlete to better teloanticipate,
assess future homeostatic disturbance, and properly evaluate the magnitude of current
disturbance, exposure to the specificity of the race demands as part of training may be key.
The specificity of training for the marathon can take on several potential formats. Such
training may emphasis marathon running as a distinct skillset. Completing progressive, long
duration LIT over the general preparation period to include distances around 32 km may be
advisable. The long duration training could then transition to include periods of sustained race
pace work and the intended race day nutrition practices to create a favorable pre-exercise
template of the marathon demands. However, the completion of specific race intensity work
does not appear to be common practice among high-level marathon runners (Billat et al., 2001;
Karp, 2007). It has been hypothesized that the accumulation of training stress from prolonged
MIT may be an ineffective training strategy, as it may result in similar accumulated fatigue as
HIT, but without the specificity of intensity to elicit improvements in V̇O2max, LT or high
intensity performance (Seiler et al., 2007; Seiler & Kjerland, 2006). Given that improved pacing
strategies can be learned (Foster et al., 2012) and that elite level marathoners may still
experience teloanticipation or self-regulation failures during the race (Renfree & St Clair Gibson,
63

2013), “practicing” the events in terms of specific intensity, duration, and familiarity may
provide a value to race performance that is separate from the direct physiological improvements
in V̇O2max or LT. Such considerations can be addressed as part of an effective periodization
scheme.
The athlete’s HIT may also be modified in ways that may better enhance the pre-race
template. The progression of interval training to transition from time to distance, and the
inclusion of races or time trials as part of the training process may be effective programming
tactics. Because race distances are fixed, the amount of work to be completed is held constant.
Thus, athletes attempt to minimize time be maximizing average work rate. Conceptually, this
“negotiation” template and skill development may be different from those in which time is held
constant, such as in time-based interval training (e.g. 5 x 5-minute). Races or time trials may
allow for the practicing of prolonged, intense self-regulation within a competitive context. The
inclusion of a half marathon time trial or race may offer an acceptable balance between
prolonged distance, offering specificity, and accumulation of high absolute intensity work,
providing a strong training stimulus.

Athlete Preparedness. Training, through the manipulation of intensity and volume,
results in fitness (i.e. physiological adaptation) and fatigue (i.e. stress response) that is specific
and proportionate to that training and athlete’s conditioning level (Seiler, 2012). The fitnessfatigue paradigm states that an athlete’s state of preparedness, the potential to perform well, is
the sum of the training-induced after effects of fitness and fatigue (Chiu & Barnes, 2003;
DeWeese et al., 2015a; Stone, Plisk, & Collins, 2002). There are likely multiple fitness and
fatigue after effects, each specific to the underlying adaptation mechanisms (DeWeese et al.,
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2015a). Fatigue is inherent to the training process (Plisk & Stone, 2003). However,
accumulative fatigue is a primary factor for low preparedness or inability to express the
accumulative fitness (DeWeese et al., 2015a). Thus, performance is a complex result that is
more than the simple summation of the primary performance determinants. This complexity
stems from the multi-factorial aspect of training and the periodization and programming used to
achieve the fitness. Therefore, the training process should involve deliberate practices to
heighten sport-specific fitness and minimize fatigue at the time of competition.
Heightened fitness results from the long-term lag of the training effect (LLTE), residual
effects of training, and the specific training practices used to develop fitness (Stone et al., 2007;
Verkhoshansky, 2007). The LLTE states that the apparent improvement in fitness is temporally
removed from the training stimulus (Stone et al., 2007; Verkhoshansky, 2007). The athlete must
permit time and appropriate strategies to allow for the recovery/adaptation process to occur, and
the degree of improvement is influenced by the summated after effects of the antecedent training
(DeWeese et al., 2015a; Verkhoshansky, 2007). The residual after effects of training refer to the
retention of the physiological adaptation or motor ability and rate of loss once the training
stimulus decreases (Issurin, 2016). The overlap and summation of individual training residuals
influence the overall fitness state (Issurin, 2016). Residual length varies by fitness characteristic
and is impacted by the half-life of the specific physiological adaptation underpinnings (Plisk &
Stone, 2003). However, training duration and sequencing may also influence the impact of
residuals on fitness state (DeWeese et al., 2015a; Issurin, 2016). Fitness adaptations that occur
over slower rates and longer durations have greater permanency than those developed rapidly
(DeWeese et al., 2015a; Plisk & Stone, 2003) and the extension of the retention is influenced by
the complementary sequencing and revisitation of training stimuli (DeWeese et al., 2015a,
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2015b; Issurin, 2016). Even in periods of substantially reduced training volume, the revisitation
of intense training intensities can maintain (Rønnestad, Askestad, & Hansen, 2014) or reduce
(Garcia-Pallares, Carrasco, Diaz, & Sanchez-Medina, 2009) the loss of relevant fitness
adaptations. Thus, heightened fitness is achieved by a long duration and gradual preparation
period to create the most stable residual training effects (Plisk & Stone, 2003), the sequencing of
training types to promote complementary and goal-directed adaptations, and the organization of
training to account for and facilitate recovery/adaptation.
Fatigue management and fatigue minimization at the time of competition can be achieved
through deliberate organization of training (Plisk & Stone, 2003). Specifically, active rest or
transition periods can be planned after a competition, a recovery or unload week can be planned
as part of a training block, and training stress can be balanced within the week with the
alternation of “hard” and “light” days and adequate temporal separation between training
sessions (Plisk & Stone, 2003; Stone et al., 2007). Although training intensity and volume
interact to create the training stress, training volume may be more influential in the long-term
accumulation of fatigue and the rate of fatigue dissipation (DeWeese et al., 2015a; Stone et al.,
2007). Such considerations serve as the basis for effective tapering strategies of reduced volume
and maintained intensity in the days to weeks preceding a competition (DeWeese et al., 2015a;
Mujika, 2010). For endurance events, the use of a two-week exponential taper, in which training
intensity remains high but volume decreases 40-60%, has been found to be effective at
minimizing fatigue at the time of competition (Bosquet, Montpetit, Arvisais, & Mujika, 2007;
Mujika, 2010).
Factors other than program design can also influence fatigue management and fatigue
minimization (Plisk & Stone, 2003). Considerations such as nutrition, sleep, therapeutic
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techniques, life demands, and outside stressors can all influence accumulative fatigue (Plisk &
Stone, 2003). Consequently, the training process for performance optimization requires
considerations beyond the “what” of the physical training and must consider the “what,” “why,”
and “how” of a multitude of factors that ultimately dictate the preparedness of the athlete at the
time of competition.
Conclusion
The marathon is characterized by a long duration self-regulated effort of moderate
intensity (between LT1 and LT2) aerobic exercise. The success in the marathon is largely a
product of the athlete’s abilities to resupply energy at a sufficient magnitude and rate through the
aerobic energy system, to efficiently transfer the metabolic work into a fast running velocity, and
to be resistant to the many potential manifestations of fatigue. The onset and magnitude of
fatigue during the race is likely lessened if the athlete can maintain high carbohydrate availability
during the race, minimize dehydration and thermal stress, reduce muscle damage, minimize loss
of force production through central and peripheral factors, and follow a pacing strategy based on
a pre-event experience. These sport specific abilities are influenced by a combination of general
and specific fitness and skill components (Table 2.1). The ability of the athlete to perform
optimally is a product of the both the training practices, as well as how those practices were
organized, sequenced, and controlled for accumulated fatigue. A periodized endurance and
strength training program may best develop these fitness and skill characteristics to allow for the
greatest likelihood of optimal performance under the constraints imposed by the context of the
specific athlete and competition.
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Table 2.1
Fitness and Skill Characteristics for the Marathon
General

Fitness
Components







Skill
Components




Specific




VO2peak
LT
RE
Force and force-time
characteristics





Progressive LIT pacing /
self-regulation
Progressive HIT pacing /
self-regulation
Intra-training carbohydrate
and fluid ingestion







Race VO2
Race velocity RE
Race stress neuromuscular fatigue
resistance
Substrate depletion resistance
Race stress thermoregulation
Race velocity application of force and
force-time characteristics
Low accumulated fatigue state
Race intensity and duration pacing /
self-regulation
Carbohydrate loading
Race day carbohydrate ingestion
strategy
Race day fluid ingestion strategy

Part Two: Training for Marathon Performance
The Training Process
Training is the comprehensive process used to prepare an athlete technically, tactically,
psychologically, physiologically, and physically to compete at his or her highest possible level at
the time of competition (DeWeese et al., 2015a; Stone et al., 2007). This process is multifactorial and attempts to systematically and deliberately capitalize on known principles of
physics, physiology, and psychology to elicit the greatest training stimulus and performance
adaptation (DeWeese et al., 2015a). The process should provide three basic components: an
appropriate stimulus, a means of assessing athlete progress (i.e. athlete monitoring), and a means
to facilitate the recovery-adaptation process (DeWeese et al., 2015a). These three components
can be defined, organized, and scheduled in the overall training or annual plan. Periodization
68

serves as the framework for the planned and logical organization of time lines, fitness phases,
and skill development to achieve the goal-oriented objectives of the annual plan (Stone et al.,
2007). The specific methods and means used to achieve these objectives is programming (Stone
et al., 2007). Thus, periodization and programming may be conceptually analogous to the
strategy and tactics of training, respectively, used to achieve the objective of heighted
preparedness at the time of competition. The overall details of the entire plan are organized in
the annual training plan. The annual plan is usually divided into phases with specific goaloriented objectives: general preparation phase, specific preparation phase, competition phase,
peaking phase, and active rest (Stone et al., 2007).

Periodization and Programming
Periodization refers to the planned and logical manipulation of training variables on a
periodic basis to increase the potential of achieving specific fitness goals, capitalize on
complimentary training effects at specific times, manage fatigue, and prevent stagnation and
overtraining (DeWeese et al., 2015a; Plisk & Stone, 2003). These objectives are achieved
through the strategic planning and organization of programming at the macro-, meso-, and
micro-levels, to balance the relationship between fatigue and accommodation and to progress
from general to sport-specific (DeWeese et al., 2013; Plisk & Stone, 2003). This planned
variation removes linearity and monotony from training (DeWeese et al., 2015a). The advanced
planning of training should be based on the athlete’s developmental status, the sport-specific
demands, and the known physiological, biochemical, and psychological principles of human
performance (DeWeese et al., 2013; Plisk & Stone, 2003). The athlete’s preparedness across
training phases can be evaluated against these known principles, expected outcomes, and desired
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outcomes through the use of an integrated monitoring program (DeWeese et al., 2013).
Therefore, periodization is both premeditative and reflective in nature.
The purposeful, systematic, and sequential development of the fitness and skill
characteristics presented in Table 2.1 may be best developed for the marathon athlete through
phasic potentiation and block periodization.

Block Periodization. Block periodization is the strategic organization and sequencing of
specialized training “blocks” (DeWeese et al., 2015a; Issurin & Dreshman, 2012;
Verkhoshansky, 2007). Although variations in terminology and model structure have been
presented (DeWeese et al., 2015a; Issurin & Dreshman, 2012; Verkhoshansky, 2007), the
general tenets of the varying models are conceptually similar. Each block focus on the
development of a minimal number of targeted fitness or skill characteristics, as determined by
the similarity, specificity, intensity, volume, and density of the training type (Issurin &
Dreshman, 2012). This focused training is known as a “concentrated [work]load” (DeWeese et
al., 2015a; Issurin & Dreshman, 2012; Verkhoshansky, 2007). Concentrated loads are
unidirectional, representing the stimulus generated to challenge homoeostasis and elicit the
primary desired physiological adaptation (DeWeese et al., 2015a). Non-emphasized fitness and
skill characteristics are maintained during the block through the use of “retaining” or
“maintenance” loads (DeWeese et al., 2015b). Training blocks are characterized by a distinct
concentrated load and are sequenced in a way to be complementary in nature, where the fitness
and skill developed in one block can enhance (potentiate) the development in a subsequent block
(DeWeese et al., 2015a). Thus, the complimentary training residuals created and maintained by
each sequential training block heightens the summated fitness of the athlete across the training
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plan (DeWeese et al., 2015a). Research has found block periodization to produce superior
performance adaptations in athletes in a variety of disciplines (DeWeese et al., 2015a; Issurin,
2014).
The general sequencing of training blocks progresses from the less sport-specific to the
more sport-specific through the variation in training intensity, volume, and exercise selection, in
an effort to develop desired summated fitness and minimize summated fatigue (DeWeese et al.,
2015a; Issurin & Dreshman, 2012; Verkhoshansky, 2007). Issurin and Dreshman (2012)
describe this process as blocks of “accumulation,” “transmutation,” and “realization,” which
together constitute a training “stage.” A stage develops basic abilities through high volume,
sport-specific abilities through intensity, and competition preparedness through fatigue
restoration, respectively (Issurin & Dreshman, 2012). The juxtaposition of extensive
“accumulation” and intensive “transmutation” has been hypothesized to capitalize on the
homeostatic regulation and stress response mechanisms of human adaptation (Issurin &
Dreshman, 2012).

Evidence Based Endurance Training for Marathon Performance
Empirical research on periodization practices for endurance athletes, in general, and for
marathon athletes, specifically, are lacking in the literature. Although evidence does suggest that
block periodzation is efficacious at promoting superior development for endurance athletes
(Breil, Weber, Koller, Hoppeler, & Vogt, 2010; Issurin & Dreshman, 2012; Rønnestad, Ellefsen,
et al., 2014; Rønnestad, Hansen, & Ellefsen, 2012; Rønnestad, Hansen, Thyli, Bakken, &
Sandbakk, 2016), the training methodologies used can vary. Although what was done over the
course of the entire training cycle will influence performance outcomes, the final outcomes are
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likely to be optimized only if the training variables were manipulated in the ideal sequences and
combinations (Plisk & Stone, 2003). The best practices to utilize block periodization to integrate
the multi-factorial nature of training for the specificity of marathon performance are currently
unknown and under investigated.

Marathon Endurance Training Practices. Most of the basis for the development of the
evidenced based training practices for endurance athletes comes from short-term experimental
studies on athletes of various performance levels and observational studies on high level athletes.
Although the general training practices of marathon athletes has been reported (Billat et al.,
2001; Karp, 2007; Stellingwerff, 2012), long term experimental studies examining how
manipulation of specific training variables influence short and long-term changes in performance
determinants and final marathon competition outcomes are largely absent in the research
The endurance training practice of marathon runners is varied and no variable has been
identified to predict performance across all performance levels and sex. Both training volume
and intensity have been cited as distinguishing factors between faster and slower runners of
various abilities (Billat et al., 2001; Hagan et al., 1987; Karp, 2007; Tanda, 2011), but the nature
of the correlations and variability in outcomes makes it difficult to determine a causational
relationship between distinct training practices and performance outcomes.
Large variation in practices are common even among elite and national-level marathon
runners (Billat et al., 2001; Karp, 2007). In general, high-level runners tend to maintain a high
weekly training volume, heavily weighted by LIT (Billat et al., 2001; Karp, 2007; Stellingwerff,
2012). However, the micro and meso-level organization of training can vary greatly. In
comparison to French and Portuguese elite and national marathon runners (Billat et al., 2001),
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American marathoner runners (Karp, 2007) reported less and more infrequent HIT training (1 or
fewer session per week on average). French and Portuguese (Billat et al., 2001) runners devoted
little training time to marathon specific paces in the 12-week period leading up to a race, while
American runners tended to increase marathon pace training volume (Karp, 2007). Although
such studies give insight into how athletes train, the reporting of average practices over long
periods makes for difficulty in discerning distinct periodization practices common among
athletes.

Endurance Training Intensity Distribution. Three general descriptive models have
been proposed to define common training intensity distribution patterns in endurance athletes:
threshold model, pyramidal model, and polarized model (Seiler & Kjerland, 2006; Stöggl &
Sperlich, 2015). The differences between these models can be conceptualized using the 3-zone
intensity model (LIT, MIT, and HIT). The threshold model consists of a high MIT volume, and
lower volumes in LIT or HIT (Seiler & Kjerland, 2006; Stöggl & Sperlich, 2015). The
pyramidal model is defined as highly emphasized training in LIT, and decreasing volumes in
MIT and HIT (Stöggl & Sperlich, 2015). The polarized model consists of an approximate 75-515% distribution between LIT, MIT, and HIT, respectively (Seiler & Kjerland, 2006). Of these
models, the pyramidal distribution is the most commonly reported in observational or
experimental studies of high-level endurance athletes (Stöggl & Sperlich, 2015).
Stöggl and Sperlich (2015) reviewed the training intensity distribution patterns in highlevel endurance athletes across training periods. Their review concluded with four main
findings. First, although pyramidal distribution is the most commonly reported model, intensity
distributions vary widely between and within sporting disciplines. Second, a large emphasis on
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LIT is common across sporting disciplines and across training periods. Third, the patterns of
alteration in training distribution across a training period are very variable. No substantial
alteration to patterns have been reported, while other reported an increase in absolute intensity,
becoming more pyramidal or becoming polarized. Fourth, results from experimental, quasiexperimental, and observational studies suggest that a polarized distribution promotes superior
physiological adaptations and performance outcomes
Several hypotheses have been proposed to explain the potential efficacy of a polarized
training intensity distribution (Goutianos, 2016; Laursen, 2010; Seiler, 2012; Seiler et al., 2007;
Stöggl & Sperlich, 2015). The balance between high volume LIT and low to moderate volume
HIT may best exploit the cellular signaling cascades that promote aerobic performance
adaptations (Goutianos, 2016; Laursen, 2010). Briefly, proliferator-activated receptor-
coactivator-1 (PGC-1) mRNA transcription is believed to be a primary regulator in the
promotion of aerobic muscle phenotype adaptations (Laursen, 2010). Evidence suggests that
high volume, LIT and HIT emphasize the calcium-calmodulin protein kinase (CaMK) and AMPactivated protein kinase (AMPK) signaling pathways, respectively (Goutianos, 2016; Laursen,
2010). Because these signaling pathways act independently of each other, it is hypothesized that
PGC-1 activity transcription may be heightened by activating both of these pathways
(Goutianos, 2016; Laursen, 2010). Varying the degrees of pathway activation may reduce the
monotony of training, allowing for continued progression of physiological adaptation (Seiler,
2012). Additionally, polarized training may promote better fatigue management (Seiler, 2012;
Seiler et al., 2007). As explained previously, ANS balance is less disrupted due to high volume
LIT than to either MIT or HIT (Seiler et al., 2007). Therefore, minimizing MIT and emphasizing
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HIT and LIT may promote more favorable fitness adaptation, while minimizing unnecessary
accumulated fatigue (Seiler, 2012; Seiler et al., 2007).
Although a polarized model may promote more optimal adaptations for endurance
athletes, training intensity distribution is more reflective of the general programming, and not of
the specific periodization practices. The best periodization practice to incorporate polarized
distribution and how to program the HIT accordingly are still largely speculative (Stöggl &
Sperlich, 2015; Sylta et al., 2016)

HIT Periodization/Programming Models. Research on the mesocycle variation or
progression of HIT concentrated loads is lacking in the literature (Stöggl & Sperlich, 2015; Sylta
et al., 2016). It has been recommended that for HIT training, the absolute work rate or number
of intervals should increase as the athlete becomes more conditioned as part of a periodized
program (Laursen, 2012). However, various permutations of intensity, work duration, and rest
duration can be used to elicit improvements in endurance performance (Buchheit & Laursen,
2013; Midgley et al., 2007). Planned variation and progression to more sport-specific training
are foundational issues of periodization (DeWeese et al., 2015a; Stone et al., 2007). Such
continuity of training by increasing only absolute intensity or the number of intervals in the setrep scheme may lack the variation necessary to negate monotony of training or lack the
replication of sport-specificity.
An additional issue that has not been experimentally researched pertaining to mesocycle
variation and progression of HIT concentrated loads is the potential influence of phasic
potentiation. Most of the recommendations of HIT programming have centered on their efficacy
at improving fitness characteristics and/or endurance performance after a short-term period or
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single training block (Buchheit & Laursen, 2013; Laursen, 2012; Laursen & Jenkins, 2002;
Midgley et al., 2007). Although it may appear logical to program training that elicits the most
robust adaptations, it is possible that long-term development is not optimized by such linear
adaptations. For example, power production may be optimized by first improving muscle crosssectional area, followed by improvements in maximal strength, before initiating the poweremphasized training (DeWeese et al., 2015b; Plisk & Stone, 2003). This relationship highlights
the nature of phasic potentiation. Therefore, it is possible that the athlete’s final race pace may
be optimized through initial indirect pathways, that potentiate the subsequent training, resulting
in a superior final outcome.
Sylta et al. (2016) recently examined the influence of three different models of HIT
mesocycle progression in trained cyclists. The training consisted of three training blocks with a
specific HIT concentrated load, as determined by the specific HIT interval program completed.
Each block consisted of 8 HIT sessions of 4x16 minutes, 4x8 minutes, or 4x4 minutes of selfregulated effort. The athletes completed progression in an increasing (HIT absolute intensity
increased, interval duration decreased; 4x16  4x4), a decreasing (HIT absolute intensity
decreased, interval duration increased; 4x4  4x16), or a mixed model (no variation in
programming between blocks; all three programming types included in each block). Changes in
performance between blocks was not reported. However, all three progression models resulted
in improved performance adaptations at the end of the study. One noteworthy outcome was that
only the decreasing model experienced a statistically significant increase in fractional utilization
of V̇O2max. Although the authors concluded that the evidence does not support the use of rigid
HIT periodization structures, if overall training load is similar, the effect size based inferences
suggest that the increasing and decreasing models may be more effective than the mixed model,
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both in terms of magnitude of improvement and rate of responders to the training stimulus. Since
small variations in athletic performance may have practical importance (Hopkins, 2004), these
findings may have implications for marathon periodization and programming.
In general, models of periodization call for an increase in intensity, reduction in volume,
and progression of more sport-specific training as the athlete transitions across training phases to
the competition (Issurin & Dreshman, 2012; Stone et al., 2007; Verkhoshansky, 2007).
However, the marathon is unique, in that the minimum intensity that is classified as “high”
(>LT2) is above the marathon race intensity. This issue raises practical questions for what
constitutes sport-specific training for the marathon athlete, since race pace is not intense enough
for HIT. Consequently, the utilization of HIT for “training” may be distinct from the utilization
of HIT for “practicing” the lower intensity, continuous effort of marathon time trialing. A
modification of the decreasing periodizaion/programming model, as described by (Sylta et al.,
2016) may allow for sequential fitness development and the transition to sport-specific training
for the marathon athlete.
The decreasing periodizaition/programming model may allow for the establishment of a
new race pace potential for the marathon athlete, while gradually increasing the sport-specificity
of HIT. Marathon race intensity (sustainable level of V̇O2) is a function of fractional utilization
of V̇O2max and LT (fractional utilization of V̇O2max) (Coyle, 2007; Zinner & Sperlich, 2016). An
athlete’s lactate threshold is often an intensity limiter for marathon race pace and V̇O2max sets an
intensity limiter for the LT. Therefore, V̇O2max is the more distal fitness characteristic for
marathon intensity. A focused effort to improve V̇O2max through high intensity (95% V̇O2max),
short duration intervals may potentiate the ability of subsequent less intense (LT2 – 95%
V̇O2max), longer duration intervals to improve the fractional utilization of V̇O2max. Thus, the
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improvement in V̇O2max may potentiate the amount of improvement possible in the fractional
utilization of V̇O2max, which is the most direct fitness characteristic influencing race pace
intensity (Coyle, 2007). Further, given the inverse relationship between time and intensity, the
less intense, longer duration HIT can by modified to be completed less intermittent and more
continuous in nature, allowing for the practicing of conducting a time trial as a skill.

Microcycle and Intra-Block HIT Variation. Besides the progression across subsequent
mesocycles, how HIT sessions are arranged and implemented within a training block may
influence performance outcomes. Several recent investigations have examined the influence of
densely organized HIT training over a limited time frame (Breil et al., 2010; Clark, Costa,
O'Brien, Guglielmo, & Paton, 2014; Rønnestad, Ellefsen, et al., 2014; Rønnestad, Hansen, &
Ellefsen, 2012; Rønnestad, Hansen, Thyli, et al., 2016; Rønnestad, Hansen, Vegge, & Mujika,
2017). These studies demonstrate the potential effectiveness of short-term, dense HIT periods.
Three of these studies (Rønnestad, Ellefsen, et al., 2014; Rønnestad, Hansen, & Ellefsen,
2012; Rønnestad, Hansen, Thyli, et al., 2016) experimentally controlled training volume to
specifically assess the influence of the variation in training organization. The authors
categorized “block” periodization (BP Group) by the high relative contribution of the training
type (concentrated training load) as either HIT overload or LIT. The training programs consisted
of a single 4-week block (Rønnestad, Hansen, & Ellefsen, 2012), a single 5-week block
(Rønnestad, Hansen, Thyli, et al., 2016), or three 4-week blocks (Rønnestad, Ellefsen, et al.,
2014). In the 4-week blocks, the BP Group completed a densely organized low volume, high
intensity period (5 HIT sessions) in in the first training week (HIT overload) and then a 3-week
high volume, LIT (LIT concentrated load) period with 1 HIT maintenance session. In the 578

week block, the BP Group completed 5 and 3 HIT sessions in weeks 1 and 3, respectively. In
contrast, a control groups completed a “traditional” training pattern, consisting of 2 weekly HIT
sessions (3 in week 3 of the 5-week study) and high volume, LIT. Thus, total training volume
and distribution (polarized) was similar between the groups. Despite these similarities, each
study revealed superior outcomes in the BP Group.
A similar protocol was used in a peaking strategy for an elite cyclist (Rønnestad et al.,
2017). This athlete completed a 1-week densely organized HIT overload period (7 HIT sessions
in 7 days) followed by a 5-day step taper, consisting of a 78% reduction in overload volume. As
with the experimental studies, this case study athlete demonstrated meaningful improvements in
a variety of performance tests on day 5 of the taper as a result of the HIT overload.
In a recent review Goutianos (2016) identified potential molecular explanations for the
improvements resulting from the polarized HIT overload in the previously mentioned studies.
Although direct experimental studies have not been performed, Goutianos (2016) aggregated
results from human and rat experimental studies on the molecular responses to provide indirect
evidence for the speculative mechanistic pathways. Such an organization may more optimally
avoid the involution associated with monotonous training. Experimental evidence (Benziane et
al., 2008; Nielsen et al., 2003; Perry et al., 2010; Stepto et al., 2012) suggests the molecular
response to HIT may quickly become attenuated with repeated stimulus exposure (Goutianos,
2016). The rapid (1-week) and large (5 sessions) exposure to a low volume, HIT may saturate
pathways before involution, particularly the phosphorylation of AMPK, allowing for the early
transcription to promote later translation (Goutianos, 2016). The transition to a LIT concentrated
load may then allow for recovery, adaptation through translation of the HIT-induced
transcription, and continuation of the adaptation processes through alternative molecular
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pathways (Goutianos, 2016). Additionally, the dense HIT stimulus may also increase myonuclei
content and provide an epigenetic basis for retention of fitness adaptation through the use of
maintenance sessions or the potentiation of fitness in subsequent training blocks (Goutianos,
2016). Although the mechanisms of action are still speculative, the studies by Rønnestad et al.
(2012, 2014, 2016, and 2017) show that a HIT overload based training model can be effective for
endurance athletes.
One methodological consideration of the studies by Rønnestad et al. (2012, 2014, 2016,
and 2017) is the HIT protocol used. In the 12-week study consisting of 3 4-week blocks
(Rønnestad, Ellefsen, et al., 2014), a similar HIT overload programming was used for each block
(5x6 minute or 6x5minute intervals). Although this study shows that successive HIT overload
blocks may promote positive training adaptations, it is speculative if a more variable and
progressive HIT programming would promote better adaptation, as investigated by Sylta et al.
(2016). The HIT programming by Sylta et al. (2016) was kept consistent across each 4-week
training block. Therefore, the combination of inter-block variation using a descending
periodization/programming model with intra-block variation of HIT overload blocks may prove
an efficacious training strategy for a marathon runner. Such a training strategy has not been
experimentally investigated.
The use of a short-term HIT overload may induce a large and rapid accumulation of
fatigue that may dissipate within two weeks (Rønnestad, Ellefsen, et al., 2014; Rønnestad,
Hansen, & Ellefsen, 2012; Rønnestad, Hansen, Thyli, et al., 2016; Rønnestad et al., 2017).
Conceptually, this training practice is analogous to the use of a planned intensity over-reach.
Over-reaching is the result of an imbalance between the athlete’s acute training and recovery
(Meeusen & De Pauw, 2012). The over-reached state is categorized by an acute performance
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decrement, which may be accompanied by non-severe physical and psychological disturbances
(e.g. perceived muscle soreness, mood disturbances, sleep quality) (Meeusen & De Pauw, 2012).
A planned over-reach is an intentional, substantial, and sudden increase in volume or
intensity that elicits a state of being functionally over-reached (FOR) (DeWeese et al., 2015b). If
the training and recovery is programmed appropriately the use of a planned FOR may allow for a
strong positive adaption of desired fitness characteristics (DeWeese et al., 2015a). The positive
adaptation may be achieved upon return to normal training or preparedness may be heightened
when the planned FOR is paired with a taper (DeWeese et al., 2015b)
However, not all overload training may induce FOR. Over-reaching can be divided into
two categories based on the duration of the necessary recovery period: non-functional over-reach
(NFOR) and FOR (Meeusen & De Pauw, 2012). Recovery and positive adaptation from FOR
may be achieved with several days to two weeks post over-reach period (Meeusen & De Pauw,
2012). In contrast, NFOR may require weeks to months to adequately recovery, ultimately
resulting in no performance improvement or a decrement to performance (Meeusen & De Pauw,
2012). Chronic NFOR may lead to long-term impaired performance, OTS, which may require
months of recovery (Meeusen & De Pauw, 2012). Therefore, appropriate planning and
monitoring is necessary to ensure positive adaptation results from overload training.
A summary of studies using a 1 to 4-week overload period in trained endurance athletes
are presented in Table 2.2 and the results of these studies are presented in Table 2.3. Noteworthy
is that studies utilizing a short-term (7-11 days) overload primarily through HIT and reduced
overall volume (Breil et al., 2010; Rønnestad, Ellefsen, et al., 2014; Rønnestad, Hansen, &
Ellefsen, 2012; Rønnestad, Hansen, Thyli, et al., 2016) tended to report more favorable outcomes
than prolonged (2 weeks or greater) and/or mixed overload (increase in overall volume and
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average intensity) (Aubry, Hausswirth, Louis, Coutts, & Le Meur, 2014; Billat et al., 1999;
Halson et al., 2002; Jeukendrup, Hesselink, Snyder, Kuipers, & Keizer, 1992). Such studies may
fail to saturate the HIT-induced molecular responses before developing excessive accumulated
fatigue. Prolonged (i.e. 7 weeks) very low volume (70% reduction), HIT training may promote
positive physiological adaptations in trained endurance athletes (Thomassen et al., 2016), but
likely lack the volume necessary for marathon specific preparation (Goutianos, 2016). Therefore,
the use of a 1-week period of highly focused HIT, with a controlled volume, and a 3-week period
of high volume, LIT may be more ideal for a marathon athlete (Goutianos, 2016).
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Table 2.2.
Overload studies of 1 to 4-week duration using trained endurance athletes
Reference
Aubry et al.
(2014)

Subjects
40 trained male
and female
triathletes

OL Stimulus
 Total Volume
in OR period

OL Training
30% increase in
overall training
volume; training
distribution
remained same

Control Training
Normal training
volume and
distribution

OL Duration
3 weeks

FOR / NFOR
AF, possible
FOR and NFOR

Recovery
4-week step
taper of 40%
reduction in
normal volume

Billat et al.
(1999)

8 trained male
runners

 HIT
= Volume in OR
period

3 x vVO2peak
1 x vOBLA
2 x LIT
session per week

1 x vVO2peak
1 x vOBLA
4 x LIT
session per week

4 weeks of 6
sessions per
week

Possible FOR
and NFOR

1-week of
normal training

Breil et al.
(2010)

21 elite junior
male and female
alpine skiers

 HIT
 Total Volume
in OR period

HIT 4 x 4 min
with 3 min
recovery; 9095% max heart
rate

High volume,
lower intensity
mixed training of
similar training
load as OR
group

15 HIT sessions
over 11-day
period

Possible FOR

7-day recovery;
intensity NR

Clark et al.
(2014)

28 trained male
cyclists

 HIT
= Total Volume
in OR period

120 min with
intermittent max
effort sprints 1:5
work:rest;
Short (5-20 s) vs.
long (15-45 s)

Self-controlled
LIT volume
matched to OR
group

7 HIT sessions
over 7
consecutive days

Short = possible
FOR
Long = AF

7-day LIT
recovery

Halson et al.
(2002)

8 trained male
cyclists

 HIT
 Total Volume
in OR period

 doubling of
normal weekly
training time
through HIT

N/A

14 training
sessions over 14
consecutive days

Possible FOR
and NFOR

2-week period of
 75% reduction
in OR training
volume
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Table 2.2. Continued
Reference
Jeukendrup et al.
(1992)

Subjects
8 trained male
cyclists

OL Stimulus
 HIT
 Total Volume
in OR period

OL Training
5 h increase in
total training
volume; reduced
LIT and MIT,
increased HIT

Control Training
N/A

OL Duration
2 weeks; number
of sessions or
microcycle
distribution NR

FOR / NFOR
Possible FOR
and NFOR

Recovery
2-week period of
10 h reduction
in HIT training
volume

Rønnestad et al.
(2017)

1 elite male
cyclist

 HIT
 Total Volume
in OR period

HIT 3 sets of 9.5
min with 3 min
recovery;
set = 30s-15s
work:rest
of max effort

1 trained cyclist
of normal
training routine

7 HIT sessions
over 7
consecutive days

Possible FOR

5-day step taper
78% of OR
volume

Rønnestad,
Hansen, Thyli, et
al. (2016)

22 elite male and
female X-C
Skiers and
biathletes

 HIT
 Total Volume
in OR period

HIT 6 x 5 min
with 2.5 min
recovery or 5 x 6
min with 3 min
recovery;
max effort

Same total
training volume
as OR, but 2 HIT
sessions weeks
1, 2, 4, 5; 3 HIT
week 3

5 and 3 HIT
sessions in
weeks 1 and 3,

NR

LIT training and
1 HIT session in
weeks 2, 4, 5

Rønnestad,
Ellefsen, et al.
(2014)

18 trained male
cyclists

 HIT
 Total Volume
in OR period

HIT 6 x 5 min
with 2.5 min
recovery or 5 x 6
min with 3 min
recovery;
max effort

Same total
training volume
as OR, but 2 HIT
sessions per
week

3 x 4-week
blocks; 5 HIT
sessions in week
1 of each block

Possible FOR

LIT training and
1 HIT in weeks
2-4 of each 4week block

Rønnestad,
Hansen, and
Ellefsen (2012)

21 trained male
cyclists

 HIT
 Total Volume
in OR period

HIT 6 x 5 min
with 2.5 min
recovery or 5 x 6
min with 3 min
recovery;
max effort

Same total
training volume
as OR, but 2 HIT
sessions per
week

1 x 4-week
block; 5 HIT
sessions in week
1

Possible FOR

LIT training and
1 HIT in weeks
2-4

NC no change; FOR Functional Over-Reach; NFOR Nonfunctional Over-Reach; AF acute fatigue; NR not reported
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Table 2.3.
Physiological and Performance Outcomes in Overload Studies
Reference
Aubry et al. (2014)

Physiological After Recovery
 0 – 4% VO2peak

Performance After Recovery
 0 – 4% PPO

Billat et al. (1999)

 -0.4% VO2peak
NC VO2 @OBLA

 1.0% vVO2peak
 3.4% vOBLA
 7.7% RE

Breil et al. (2010)

 5.1% VO2peak
 -1.4% HRmax
 7.4% VO2 @VT2
 5.8% VO2 @VT1

 4.4% PPO
 9.6% pVT2
NC pVT1
NC TTE
 -4.1% pSJ
 -4.8% pCMJ

Clark et al. (2014)

 2.3, 3.5% VO2peak

 4.6, 6.8% TTPO (20km)
 -2.9, -4.4% TT (20km)
 3.6, 7.6% PPO
 3.6, 2.9% pOBLA

Halson et al. (2002)

NC HRmax
NC VO2peak
NC HRsubmax

NC TTPO (60 min)
NC PPO
NC Blood Lactate

Jeukendrup et al. (1992)

NC VO2peak
NC HRmax
NC HRsubmax

 1.8% PPO
-2.7% TT (8.5km)
NC Blood Lactate

Rønnestad et al. (2017)

 3% VO2peak
 3% MVC

 3% PPO
 7% SJ
 5% p2La

Rønnestad, Hansen, Thyli, et al. (2016)

 2% VO2peak
NC VO2@4La

 4% PPO
 11% p4La

Rønnestad, Ellefsen, et al. (2014)

 5.6% Hbmass
 8.8% VO2peak

 6.2% PPO
 22% p2La
 8.2% TTPO (40 min)

Rønnestad, Hansen, and Ellefsen (2012)

 2.1% VO2peak
NC VO2@lA

 4.6% PPO
 10% p2La

NR not reported; TTE time to exhaustion test; pVT1, VT2 power output at VT 1 or 2; pOBLA Power output
at onset blood lactate accumulation; TTPO average power output in time trial; TT time to complete time trial;
PPO peak power output at VO2peak; p2La, p4La power output at 2, 4 mmolL-1 blood lactate; SJ static jump
height; MVC maximal isometric force; pSJ or CMJ static or counter movement jump peak power; Hbmass

hemoglobin mass; VO2@2La, VT1, VT2 fractional utilization of VO2peak at intensity marker
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Evidence Based Strength Training for Marathon Performance
As discussed in Part 1, strength training is likely to enhance endurance performance
through improvements in maximal force production, force-time characteristics (RFD),
neuromuscular function, musculotendinous stiffness, increased type IIA:IIX ratio, and decreased
reliance on fast-twitch fibers (Aagaard & Raastad, 2012; Rønnestad & Mujika, 2014; Stone et
al., 2006). However, to the author’s knowledge no study has directly examined the influence of
strength training on marathon performance. Two studies (Ferrauti et al., 2010; Piacentini et al.,
2013) have examined short-term strength training (6-8 weeks) and one study (Taipale et al.,
2010) has examined long-term strength training (28 weeks) using recreational marathon runners
(4-4.5-hour marathon completion time). However, these studies only examined determinants of
performance several weeks before the event, and the fact that these recreational athletes were
training for a marathon was incidental to the study design (race performance not reported).
Further, the long term study (Taipale et al., 2010) included a 14-week period of low frequency
strength training (one session or no training per week) before competition. Therefore, the 28week design does not reflect how an athlete may actually train as part of a periodizied program
for competition. Additionally, observational research on the strength training practices of welltrained marathon runners is limited. Only one study (Karp, 2007) has reported on the long-term
(i.e. 1-year) training practices of well-trained marathon runners. In the 2004 US Olympic
Marathon trials, approximately one half performed no strength training, while the majority of
those that performed strength train, did so minimally (Karp, 2007). Therefore, evidence for best
practices must come from shorter-term studies on runners of various fitness levels and event
disciplines.
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Limitations in the Current Research. However, most experimental studies have a
methodological limitation when applying the findings to the periodized long-term training for
competition. Most of the training studies do not use a periodized strength training program
(Table 2.5). The short duration of most studies does not permit enough time focus on distinct
and varied fitness components. Further, a common feature of the experimental strength training
research for runners is the use of flat loading (unchanged set-rep scheme and unchanged absolute
intensity) or linear loading over time (e.g. sets of 10-12 repetitions, followed by 8-10, followed
by 5-8) with little to no variation in exercise selection. Such studies may better reflect practices
in strength training programming, and not of strength training concurrent periodization.
Additionally, many of the studies rely on the use of machines, and isolated, single-joint
movements. Therefore, much of the existing research involving runners may not reflect how an
athlete may actually train for competition (Beattie et al., 2017; Beattie et al., 2014).
Several studies (Barnes et al., 2013; Beattie et al., 2017; Taipale et al., 2010; Taipale et
al., 2014; Taipale et al., 2013) have used a periodized strength training program for runners, but
each also has limitations.
Beattie et al. (2017) performed a 40-week study that was split into a 20-week preseason
and 20-week in season organization for competitive distance runners. The preseason was
organized into 5 4-week blocks that emphasized the development of maximal strength, while the
in season was organized into 5 4-week blocks that emphasized reactive strength and explosive
strength. Preseason training consisted of training twice per week and was organized as a heavylight/moderate day to manage fatigue. However, the 20-week in season strength training
consisted only of a frequency of one session per week. Most of the performance improvement
occurred during the first 20-weeks of the study, therefore the reduced frequency of training in
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season may not have been ideal for performance optimization or peaking for a primary
competition. Additionally, the details of the endurance training were not controlled in the study.
Therefore, how well the strength training was integrated into the overall training cannot be
assessed.
Although the studies by Taipale et al. (2010); Taipale et al. (2014); Taipale et al. (2013)
cited using a periodized strength training program, the actual program used in these studies lack
some of the fundamental components of periodization. Each of these studies included a 6 to 8week preparatory strength training period, followed by an 8-week strength training period
emphasizing maximal strength, explosive strength, or mixed maximal and explosive strength
training. Therefore, the studies were perdiodized in that they transitioned in focus from general
strength and training familiarization to a specific component of fitness (maximal vs. explosive
strength). However, two of the studies (Taipale et al., 2010; Taipale et al., 2013) featured flat
loading (no variation in exercise selection, set-rep scheme, and absolute intensity) across all 6
weeks of the preparatory period and 8 weeks of the specific strength training period. The third
study (Taipale et al., 2014) organized the 8-week specific strength training period into two 4week blocks. However, the blocks featured flat loading across each block. Variation between
blocks was mixed, featuring an increase in both volume and absolute intensity, and retained
exercise selection. Additionally, the programming did not incorporate a heavy-light day design
within the microcycle or a deload week within the block to assist with fatigue management.
Although speculative, a periodized design offering more progression and variation may enhance
preparedness more optimally through greater fitness adaptation and fatigue mitigation.
An additional limitation in the current literature is the ecological validity of the
evaluation of strength training in the competitive context for the athlete. The ultimate goal for
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the competitive athlete is to optimize performance in the competitive event. Multiple studies
have featured a time trial test as part of the performance evaluation (Berryman et al., 2010;
Damasceno et al., 2015; Karsten, Stevens, Colpus, Larumbe-Zabala, & Naclerio, 2016;
Paavolainen, Nummela, & Rusko, 1999; Sedano et al., 2013; Spurrs et al., 2003; Vikmoen et al.,
2017). Although such tests are a valid measure of performance, a lab or field-based time trial
may lack the replication of the competitive experience for the involved athlete. Additionally, the
studies using a time trial either controlled the athlete training or instructed the athletes to
continue their normal training program during the experimental strength training period.
Although this design may better expose the unique effect of the strength training intervention,
the lack of specific manipulation of the endurance training for performance optimization may
further mask the ecological validity of these studies. Several strength training studies
incorporated runners that were currently training for a competition (Beattie et al., 2017; Ferrauti
et al., 2010; Guglielmo et al., 2009; Mikkola et al., 2011; Piacentini et al., 2013; Taipale et al.,
2010; Taipale et al., 2014), but the competition was not part of the study and performance results
were not reported.
Only one experimental study (Barnes et al., 2013) evaluated the impact of strength
training on competitive performance on competitive runners. Barnes et al. (2013) evaluated the
effect of a short-term (7-10 weeks) strength training program on cross-country performance in
collegiate athletes. The results of the study were mixed, reporting evidence for a small
competitive enhancement for women (1.1-1.4%) and a negligible to small competitive decrement
for men (0.1-0.8%). However, this study has limitations when evaluating the efficacy of strength
training on competitive performance. First, the strength training was not periodizied,
simultaneously increased volume and intensity, programmed little variation across the training
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cycle, and did not include deliberate fatigue management programming. Further, the athletes had
no history of strength training and began the strength training program approximately half way
through the competitive season. This consideration raises several potential concerns. First, the
accumulated fatigue from the addition of unaccustomed training may have impeded competitive
performance for these athletes. Second, the influence of strength training on endurance
performance may have a lagged effect, in which the transfer of enhance performance capability
to the specific task of running may require a gradual learning process (Stone et al., 2006).
Therefore, beginning the strength training in the middle of the competitive season may not have
given the athletes enough time to develop and transfer the fitness to running performance.
A final limitation of the current research is the lack of concurrent periodization of both
the strength and endurance training for the athlete with the goal of performance optimization at
the time of the post-study testing. Many of the existing studies control the endurance training or
instruct the athletes to continue normal training. Therefore, these studies reflect the additive
effect of strength training, and not necessarily the integrated effect of strength training. Only
two studies involving runners deliberately reduced endurance training volume in an attempt to
manage fatigue (Mikkola et al., 2007; Paavolainen, Nummela, & Rusko, 1999). As mentioned
previously, several studies included athletes training for a competition. However, the details of
the endurance training are often not reported, are given only in terms of volume (time or
distance), or are given as example weekly schedule. Therefore, these studies may not fully
reflect the progressive and multi-factorial nature of the training process or the deliberate
manipulation of training factors representative of a true concurrently periodized program.
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Strength Training Recommendations. Despite the limitations to the current research,
experimental evidence suggests that strength training is likely to enhance running performance or
relevant fitness components (Table 2.6 and Table 2.7), allowing for practical conclusions to be
drawn (Aagaard & Raastad, 2012; Balsalobre-Fernandez et al., 2016; Beattie et al., 2014;
Rønnestad & Mujika, 2014). Recent reviews (Aagaard & Raastad, 2012; Rønnestad & Mujika,
2014) have recommended training to improve maximal strength, force-time characteristics, and
musculotendinous stiffness through the use of progressive and periodizied strength training
involving basic muscle groups relevant to running with 2-3 sets of intensities in the 4-10 RM
range. Many of the existing studies have found positive adaptations with a frequency of 2
sessions per week, however strength training for 30% of weekly training time has also been
suggested (Balsalobre-Fernandez et al., 2016). Although both high force (approximately >70%
1-RM) and low force, high velocity and explosive (plyometric training, jumping, bounding) have
shown to enhance performance, evidence for runners (Table 2.6) and other endurance disciplines
(Bazyler, Abbott, Bellon, Taber, & Stone, 2015; Beattie et al., 2014) suggests a superior
performance improvement and similar “explosive” development effects for training emphasizing
high forces over low force, high velocity or explosive training. These findings may be due to the
weak and relatively untrained state of the athletes in most studies, as high force training may
improve power to a similar or greater degree than power-based training in weak and untrained
individuals (Bazyler et al., 2015; Beattie et al., 2014; Cormie, McGuigan, & Newton, 2010a;
Stone et al., 2006).
Evaluation of various strength training periodization schemes for endurance runners is
largely absent in the research. However, an initial emphasis on basic strength competencies has
been recommended (Bazyler et al., 2015; Beattie et al., 2014). Bazyler et al. (2015) have
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recently proposed that phasic potentiation periodizaion (block periodization) model proposed by
Stone, O'Bryant, and Garhammer (1981) may more optimally develop strength and power
capabilities for the endurance athlete to enhance average power output for the competitive
distance. In this model strength training progresses from blocks emphasizing strengthendurance, to basic strength, maximal strength, and power. Training volume is high and
intensity is initially low, but volume is gradually decreased and intensity increased as strength
and power are subsequently emphasized and competition nears. The early enhancement of
muscle cross-sectional area and work capacity will potentiate the ability to develop enhanced
maximal strength, which in turn potentiate the ability to develop higher power outputs. Such a
progression has further been empirically supported (Minetti, 2002; Zamparo, Minetti, & di
Prampero, 2002) to promote optimal long-term strength and power development. Programming
the phasic potentiation model with emphasizing closed-chain exercises using large muscle mass
(i.e. back squat) and weightlifting derivatives have been suggested to best develop the
neuromuscular and morphological aspects of strength and power to transfer to athletic
performance (Bazyler et al., 2015; Suchomel, Comfort, & Stone, 2015; Suchomel, Nimphius, &
Stone, 2016). The application of this model to concurrent periodized training for a competitive
marathon runner has not been presented in the research.
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Table 2.4.
Strength Training Study Design Using Runners
Study

Participants in ST Group

VO2max

ST
History

ST
Type

HF
Barnes et al.
(2013)

42 M & F Collegiate
Cross-Country Runners

63.8

Modality

FW

None to
Minimal

Beattie et al.
(2017)

11 M Trained Distance
Runners

61.3

None to
Minimal

Berryman et al.
(2010)

23 M Trained Distance
Runners

57.5

None

Damasceno et
al. (2015)

10 M Trained Distance
Runners

54.3

Ferrauti et al.
(2010)

11 M & F Recreational
Marathon Runners

NR

HF, EX

FW,
BW

HF, EX

FW,
BW

Program
2-4 x 6-15 RM;
4 x 5-20 RM;
4 x 4-15 RM;
2 x 3-15 RM
1-4 x 6-15 RM;
3-4 x 5-20 RM;
3-4 x 4-12 RM;
2 x 3-10 RM
1-3 x 3-12 (HF);
Jumps 1-3 x 3-6

Frequency

2 sessions
per week

1 -2 sessions
per week

Duration
(weeks)

7-10

40

EX

Concentric
Only RME
BW

None

HF

RME

3 x 8-10 to 2 x 3-5

2 sessions
per week

8

None

HF, LF

RME

4 x 3-5 RM (HF);
3 x 20-25 RM (LF)

2 sessions
per week

8

LFHV
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3-6 x 8 RM 95% PP
DJ NR

1 session
per week

8

Table 2.4. Continued
Study

Participants in ST
Group

VO2max

Fletcher et al.
(2010)

6 M Trained
Distance Runners

Guglielmo et al.
(2009)

17 M Trained
Distance Runners

Johnston, Quinn,
Kertzer, and
Vroman (1997)

6 F Recreational
Runners

Karsten et al.
(2016)

Mikkola et al.
(2007)

Mikkola et al.
(2011)

8M&F
Recreational
Runners

10 M & F Young
Distance Runners

21 M Recreational
Distance Runners

ST
Type

Modality

Program

Frequency

67.3

ST
History
None to
Minimal

Isometric

Isometric
RME

4 x 20s 80% MVC
plantarflexion only

3 sessions
per week

8

61.2

None

HF

FW,
RME

3 x 6 RM (failure)

2 sessions
per week

4

50.5

None to
Minimal

HF,
LFHV

FW,
RME

2-3 x 6-20 RM

3 sessions
per week

10

47.3

NR

HF

FW

2 sessions
per week

6

62.4

51

None

None to
Minimal

SP, EX,
HF

RME,
BW

HF

RME

EX,
LFHV

RME,
BW
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4 x 4 RM 80% 1RM

5-10 x 30-150m
(SP);
Jumps NR (EX);
2-3 x 6-10 RM
(HF)

3 sessions
per week
(1 of each type)

Duration
(weeks)

8

3 x 4-6 RM
Jumps 2 x 5-10
(EX);
3 x 6 0-40% 1-RM
(LFHV)

2 sessions
per week

8

Table 2.4. Continued
Study
G. P. Millet et al.
(2002)

Paavolainen,
Nummela, and
Rusko (1999)

Participants in
ST Group
7 M trained
Triathletes

10 M Trained
Cross-Country
Runners

VO2max

ST
History

ST
Type

Modality

69.7

NR

HF

RME

NR

EX, SP,
LF

RME,
BW

Jumps (EX);
5-10 x 20-100m (SP);
30-200 contractions <40%
1-RM (LF)

HF

FW,
RME

4 x 3-4 85-90% 1-RM

LF/HF

FW,
RME

3 x 10 70% 1-RM

RME,
BW

Jumps 1-5 x 6-20 (EX);
2-5 x 6-8 60% 1-RM (LF)

FW,
BW
FW,
BW

3 x 7-10 70% 1-RM (HF);
Jumps 2-3 x 10 (EX)

63.7

Piacentini et al.
(2013)

11 M & F
Recreational
Master Age
Marathon
Runners

NR

Saunders,
Telford, Pyne,
and Peltola
(2006)

7 M Trained
Middle and
Long-Distance
Runners

71.1

Sedano et al.
(2013)

12 M Trained
Distance
Runners
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Spurrs et al.
(2003)

8 M Trained
Distance

57.6

NR

None to
Minimal

NR

EX, LF

HF,
EX
LFHV

None

EX

BW
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Program

Frequency

3-5 x 3-5 RM (failure)

2 sessions
per week

NR

Duration
(weeks)
14

9

2 sessions
per week

6

2-3 sessions
per week

9

2 sessions per week

12

3 x 20 40%1-RM
Jumps 2 x 10-12 to
3 x 10-15,
80-180 contacts (EX)

2-3 sessions per
week

6

Table 2.4. Continued
Study
Storen et al.
(2008)

Participants in
ST Group
8 M & F Trained
Distance
Runners

VO2max

ST
History

ST
Type

Modality

Program

Frequency

61.4

None

HF

FW

4 x 4 RM

3 sessions per week

2-3 x 10-15 50-70% 1-RM
(Gen. Prep);
3 x 4-6 80-85% 1-RM;
3 x 6-8 75-85%1-RM
2-3 x 10-15 50-70% 1-RM
(Gen. Prep);
2-3 x 10-15 50-70% 1RM;
3 x 6 30-40% 1-RM;
BW and weighted jumps

2 sessions per week;
≤1 session per week

14 + 14
weeks
of
reduced

2 sessions per week

14

HF
Taipale et al.
(2010)

Taipale et al.
(2013)

28 M
Recreational
Marathon
Runners

30 M
Recreational
Runners

50

51.7

RMW

NR
EX,
LFHV

RMW,
BW

HF

RME

EX

RME,
BW

None

HF, EX

RME,
BW
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Duration
(weeks)
8

2-3 x 10-15 50-70% 1-RM
(Gen. Prep);
2-3 x 4-15 50-85% 1-RM
2-3 x 10-15 50-70% 1-RM
(Gen. Prep);
3 x 6 30-40% 1-RM,
BW and Weighted Jumps
2-3 x 10-15 50-70% 1-RM
(Gen. Prep);
2-3 x 4-6 80-85% 1-RM;
2-3 x 8-10 Jumps

Table 2.4. Continued
Study

Participants in
ST Group

Taipale et al.
(2014)

18 M & F
Recreational
Runners

VO2max

ST
History

ST
Type

Modality

Program

Frequency

Duration
(weeks)

47.5

None to
Minimal

HF,
EX

RME,
BW

2-3 x 10-15 50-70% 1-RM
(Gen. Prep);
2-3 x 4-6 RM (HF);
Jumps 2-3 x 8-10 (EX)

2 sessions per week

16

Vikmoen,
11 F Trained
None to
Raastad, et al.
Distance
52.2
HF
RME
3 x 4-10 RM
2 sessions per week
11
Minimal
(2016)
Runners
ST strength training; END endurance training; COMP study was incorporated into a training for a competitive event; NR not reported; HF high force
(approx. >75% 1-RM); LF low force (approx.. <70% 1-RM); LFHV low force high velocity; EX explosive (plyometric, jumping, bounding, etc.); SP
sprinting; FW free weight; RME resistance machine; BW body weight
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Table 2.5.
Ecological Validity of Strength Training Studies
Study

Periodizied
Endurance Training?
NR

Competition?

Barnes et al. (2013)

Periodized Strength
Training?
Yes

Beattie et al. (2017)

Yes

NR

Yes, but not part of study

Berryman et al. (2010)

No

No

No

Damasceno et al. (2015)

No

No

No

Ferrauti et al. (2010)

No

No

Yes, but not part of study

Fletcher et al. (2010)

No

NR

Yes, but not part of study

Guglielmo et al. (2009)

No

No

Yes, but not part of study

Johnston et al. (1997)

No

No

No

Karsten et al. (2016)

No

No

No

Mikkola et al. (2007)

No

No

No

Mikkola et al. (2011)

No

No

Yes, but not part of study

G. P. Millet et al. (2002)

No

No

No

Paavolainen, Nummela,
and Rusko (1999)

No

No

No

Piacentini et al. (2013)

No

NR

Yes, but not part of study
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Yes

Table 2.5. Continued
Study

Periodized Strength
Training?
No

Periodizied
Endurance Training?
No

Competition?

Sedano et al. (2013)

No

No

No

Spurrs et al. (2003)

No

No

No

Storen et al. (2008)

No

No

No

Taipale et al. (2010)

Yes

NR

Yes, but not part of study

Taipale et al. (2013)

Yes

No

No

Taipale et al. (2014)

Yes

NR

Yes, but not part of study

Vikmoen, Raastad, et al.
(2016)

No

No

No

Saunders, Telford, Pyne,
and Peltola (2006)

NR not reported
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No

Table 2.6.
Strength Training Study Run Performance Outcomes
vVO2peak, PTS,
or O2 Demand
↑1.6% vVO2peak
↑4.5% PTS
NC - ↑2.3%
vVO2peak
↑1-2.2% PTS

BL, LT,
or vLT

NC

↑4.0%

NC

LFHV
EX

↓-2.5%
NC

↑4.2%
↑4.2%

↑-3.9%
↑-6.9%

↑-4.1% 3km
↑-4.8% 3km

Damasceno et al.
(2015)

HF

NC

↑2.9%

↑-1.4%

↑-2.5%
10km

Ferrauti et al.
(2010)

HF, LF

NC

NR

Fletcher et al.
(2010)

Isometric

Guglielmo et al.
(2009)

HF
LFHV

↓-3%
NC

↑1.7%
↑1.1%

Johnston et al.
(1997)

HF,
LFHV

↓-4.9%

NR

Karsten et al.
(2016)

HF

Mikkola et al.
(2007)

SP, EX, HF

NC

NC

↑-11%

Mikkola et al.
(2011)

HF
EX,LFHV

NC
NC

↑1.31%
↑1.9%

↑-4-11%
↑-5-15%

G. P. Millet et al.
(2002)

HF

↓-3.6%

↑2.6%

NC

Paavolainen,
Nummela, and
Rusko (1999)

EX, SP,
LF

↓-1.3%

↑3.7%

NC

Study

Group

VO2peak

HF

↑1.2-4.4%

HF, EX

NC - ↑4.7%

Beattie et al.
(2017)

HF, EX

Berryman et al.
(2010)

Barnes et al.
(2013)

NC

↑-1.7 –
3.4%

TT or
TTE
↑↓-1.4
- +0.1%

NC –
↑-1.5%

↑↓-1.1
- +0.8%

RE

↑-3.5%

NC

NC
↑6%
↑4%

↑-6.3%
↑-2%
↑-4%

↑-3.6% 5km
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↑-3%

Table 2.6. Continued
VO2peak

vVO2peak, PTS,
or O2 Demand

BL, LT,
or vLT

Study

Group

Piacentini et al.
(2013)

HF

NC –
↑-6.1%

LF/HF

NC

Saunders et al.
(2006)

EX, LFHV

NC

NR

Sedano et al.
(2013)

HF, EX
LFHV

NC
NC

↑3.8%
↑4.7%

Spurrs et al.
(2003)

EX

NC

NR

Storen et al.
(2008)

HF

NC

NR

HF

NC

EX, LFHV

NC

Taipale et al.
(2013)

HF
EX
HF, EX

↑2%
↑2%
↑2%

Taipale et al.
(2014)

HF,
EX

NC

Taipale et al.
(2010)

NC

RE

TT or
TTE

↑-0.4 –
- 4.1%
↑- 5.2%
↑- 2.4%

↑-0.6% 3km
NC 3km

NC

↑- 4.1 —
6.7%

↑-2.7% 3km

NC

↑5%

↑26% TTE

↑6.5%

↑-4%

↑6.5%

↑-2.5%

NC
NC
NC
↑3.5%

NC

Vikmoen, Raastad,
HF
NC
NC
NC
NC
NC
et al. (2016)
NC no change; ↑ improvement; ↓ decrement; NR not reported; PTS peak treadmill speed; TT time trial; TTE time
to exhaustion
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Table 2.7.
Strength Training Study Force Production Performance Outcomes
Study
Barnes et al.
(2013)

Group

MS

GCT

HF

↑11-15%

↓0.8-4.2%

HF, EX

NC - ↑4.5%

↑-1.1-2.6%

Jump
↑7.5-10% PF
NC - ↑5.3% PO
↑1.1-3.5% PF
NC- ↓-6.3% PO

Beattie et al.
(2017)

HF, EX

↑14.DJ Ht

Berryman et al.
(2010)

LFHV
EX

↑4.5% CMJ Ht
↑6% CMJ Ht

Damasceno et al.
(2015)

HF

Ferrauti et al.
(2010)

HF, LF

Fletcher et al.
(2010)

Isometric

Guglielmo et al.
(2009)

HF
LFHV

Johnston et al.
(1997)

HF,
LFHV

Karsten et al.
(2016)

HF

Mikkola et al.
(2007)

SP, EX, HF

Mikkola et al.
(2011)

HF
EX,LFHV

G. P. Millet et al.
(2002)

HF

Paavolainen,
Nummela, and
Rusko (1999)

EX, SP,
LF

↑-12.5%

RFD

↑13.2% DJ Ht

EMG

↑29%

↑13%
↑6.6% CMJ Ht
↑12.8% CMJ Ht

NC CMJ Ht
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↑31%

NC

Table 2.7. Continued
Study
Piacentini et al.
(2013)

Group

MS

GCT

HF
LF/HF

Jump
↑3% CMJ Ht;
↑11% SJ Ht;
↑3% CMJ Ht;
↑6% SJ Ht;

RFD

↑15.5%

Saunders et al.
(2006)

EX, LFHV

↑14.7% PO

Sedano et al.
(2013)

HF, EX
LFHV

↑10% CMJ Ht
NC

Spurrs et al.
(2003)

EX

Storen et al.
(2008)

HF

↑1.6-15%

↑13.2% CMJ Ht

↑14-15%

↑26%

HF

↑13% CMJ Ht

EX, LFHV

↑11% CMJ Ht

Taipale et al.
(2013)

HF
EX
HF, EX

↑7% CMJ Ht
↑7% CMJ Ht
↑6% CMJ Ht

Taipale et al.
(2014)

HF,
EX

↑12% CMJ Ht

Taipale et al.
(2010)

EMG

↑14%
↑20%

NC
NC
NC

↑11.8%
NC
NC
↑25-35%

Vikmoen,
↑5.9% CMJ Ht;
Raastad, et al.
HF
NC
↑8.9% SJ Ht;
(2016)
NC no change; MS muscle stiffness; GCT ground contact time; RFD rate of force development; PO power
output; PF peak force; CMJ counter movement jump; SJ static jump; 5J five jump test; DJ drop jump
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Monitoring
Athlete monitoring is the process by which the athlete is systematically assessed to
evaluate the current state of training, the level of fatigue, and the progression of fitness and skill
development in response to the completed training (DeWeese et al., 2015b). The aspects of the
monitoring program should be integrated into the annual plan, to provide relevant information to
the coach and sport scientist to objectively evaluate the training, assess the training’s efficacy,
and make evidence-based decisions for training modification or progression (DeWeese et al.,
2015b). Such a system begins the possibility to accurately link changes in performance to fitness
and physiological underpinnings, and link how these underpinnings changed in response to the
training completed (DeWeese et al., 2015b; Hornsby et al., 2016). The efficacy of the integrated
monitoring program to provide such information to the coach and sport scientist is of
fundamental importance to assuring that the ongoing training program will be successful
(DeWeese et al., 2015b).
Athlete monitoring provides the framework for the separation of the “black box” and
“white box” evaluations of the training process and performance outcomes (Hornsby et al.,
2016). The “black box” approach is performance based, where the efficacy of the training
program is assessed in reference to the final performance outcomes (e.g. win/loss record, athlete
ranking, etc.) (Hornsby et al., 2016). Although performance outcomes are important, such an
evaluation does not evaluate the training process itself and its efficacy in promoting positive and
relevant athlete development. In contrast, the “white box” evaluates the intermediates between
the pre/post season or year-to-year performance outcomes (Hornsby et al., 2016). Thus, the
“white box” provides multifaceted explanations for the athlete’s performance outcomes, relating
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from the environmental, physical, psychological, and psychological aspects of the training and
competition context (Hornsby et al., 2016).
Although the specifics of the monitoring program can vary between sports and training
contexts, all monitoring programs must contend with the fact that no single variable can
accurately measure the sport-specific fitness/fatigue and predicted performance capability of the
athlete (Mujika, 2017). Therefore, a monitoring program should include a variety of measures
that are broad enough to reflect the global capacity of the athlete to respond and adapt to the
training, are specific enough to reflect high relevancy to the sport needs, and practical enough to
not impede the basics of the training process (Borresen & Lambert, 2009; DeWeese et al., 2015b;
Mujika, 2017). The metrics included should reflect what the athlete has done and how the
athlete is responding, both objectively and subjectively (Mujika, 2017). Athletes may experience
dissociations between the objective and subjective responses to training, and subjective
measurements of well-being may be more indicative of the acute fatigue state of the athlete
(Saw, Main, & Gastin, 2016).
Importantly, the responses to training must be mindfully interpreted within the context of
the overall training plan, the expected and desired outcomes, and the known physiological
principles of training (DeWeese et al., 2013; Stone et al., 2007). The systematic use of statistical
process control, magnitude-based inferential statistics, trend-based inferential statistics, and
descriptive statistics can assist with more accurate data interpretation (Barker et al., 2011;
Hopkins, 2004; Kinugasa et al., 2004; Stone et al., 2007).
Training Load
A valid categorization of training intensity and quantification of training stress is
fundamental to the training process. The basic training processes of implementing an
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appropriate stimulus, assessing progress, and facilitating recover-adaptation (DeWeese et al.,
2015a) are all dependent upon the successful organization and manipulation of “what” an athlete
does in order to manage the acute and chronic stress adaptations (Halson, 2014). This
relationship can be summarized by the “dose and response” principle (M. I. Lambert, 2012;
Stone et al., 2007). The training “dose” is the specific training stimulus, i.e. training load, as
defined by the interaction of duration, and intensity of training (M. I. Lambert, 2012; Stone et al.,
2007). The “response” is both the acute and chronic physiological and performance changes to
the specific dose (M. I. Lambert, 2012; Stone et al., 2007).
The training “dose,” or training load, consists of four main components: volume,
intensity, frequency, and density (Stone et al., 2007). Training load can be conceptually
dichotomized as either external or internal training loads (Halson, 2014; M. I. Lambert, 2012).
External training loads represent objective measures of work accomplished, independent of the
individualized physiological stress such work imparts on the athlete (Halson, 2014; M. I.
Lambert, 2012). In comparison, internal training loads factor relative intensity of work, in
attempt to frame the external work in terms of the homeostasis challenge imparted on the athlete
(Halson, 2014; M. I. Lambert, 2012). Simultaneous monitoring of both external and internal
training loads may be most appropriate for assessing the athlete’s response to training and for
evaluation of the fitness/fatigue balance (Halson, 2014; Mujika, 2017).

Endurance Training Load. Currently, there exists no gold standard methodology for
quantifying training load for endurance athletes (M. I. Lambert, 2012). For a marathon athlete,
the most typical external training loads are measurements of training volumes (e.g. distance per
week or training session; hours per week or training session, etc.) or non-specific intensities (e.g.
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3:00 minute per kilometer average pace) completed. The calculation of internal training loads
tends to be more complex.
Internal training loads can be further divided based on the specific operationalization of
intensity. Common methodologies of intensity operationalization include subjective evaluation
of work completed (e.g. RPE based), the pairing of a physiological response (e.g. heart rate,
oxygen consumption, blood lactate concentrations) to changes in incremental exercise work rate
(e.g. running velocity), or the pairing of exercise work to changes in incremental physiological
responses (Halson, 2014; M. I. Lambert, 2012). The physiological responses may be
standardized (e.g. heart rate percentages) or individualized to the athlete (e.g. individual lactate
profiles). Ultimately, the goal is to link meaningful representations of homeostasis challenge to
the exercise task.
Three specific methodologies common in endurance research include session RPE
TRIMP (RPEs; training time multiplied by 10-scale RPE) (Foster et al., 2001), Edward’s TRIMP
(training impulse) (Edwards, 1994), and Lucia’s TRIMP (Lucia, Hoyos, Perez, & Chicharro,
2000). Edward’s and Lucia’s TRIMP assess time in either 5 or 3 intensity zones, respectively.
Time in each zone is multiplied by the corresponding intensity factor, and summated for a total
TRIMP score. The original models demarcated intensity zones by 10-point percentage brackets
of maximal heart rate (Edward’s TRIMP) or by the heart rate at VT1 and VT2 (Lucia’s TRIMP).
However, numerous variants of these intensity demarcations have been reported in the literature.
One potential limitation of these three methods is the assumption of the linear relationship
between homeostatic disturbance and intensity.
Improper, varied, or inaccurate training intensity classification and quantification pose a
significant problem for both the coach and sport science researcher. It is the specificity,
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magnitude, and distribution of training stresses that elicits the physiological adaptation processes
to training. Without a clear method to understand “what” was done, the relationships between
training methodology, physiological adaptations, and performance optimization is hindered.
Therefore, the planning, implementation, and evaluation of training becomes shadowed by the
“black box” of training input and output if such quantification are invalid.

Strength Training Load. Strength training external load is traditionally quantified by the
number of sets, repetitions, and the weight lifted per exercise (Stone et al., 2007). The inclusion
of barbell displacement allows for a more complete measure of objective work completed in the
volume load calculation (Hornsby, 2013; Stone et al., 2007). Internal training load can be
conceptualized by both the absolute and relative intensity of the weight lifted (DeWeese et al.,
2015b). Absolute intensity is scaled to the training 1 RM, while relative loading is scaled to the
set-rep best for the specific exercise (DeWeese et al., 2015b). It has been suggested that
programming based on relative intensities may better manage fatigue and expose the athlete to a
greater range of power outputs with more accurate heavy-light day variations (DeWeese et al.,
2015b). A subjective measure of internal training load may also be quantified with the session
RPE method (Day, Mcguigan, Brice, & Foster, 2004).

Subjective Responses
In addition to the objective and personalized training loads, systematic measurements of
subjective evaluations are recommended for endurance athletes (M. I. Lambert & Borresen,
2006; Mujika, 2017; Saw et al., 2016). The Daily Analysis of Life Demands for Athletes
(DALDA) (Rushall, 1990) has been found to be predictive of fatigue and recovery state (Coutts,
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Slattery, & Wallace, 2007) and over-reaching (Halson et al., 2002) in trained endurance athletes.
Daily use of the DALDA has been suggested for a monitoring program for endurance athletes
(M. I. Lambert & Borresen, 2006).

Fitness Characteristics and Performance
Due to the specificity of running as training, it is possible to naturally integrate running
tests as part of the monitoring program and training program. Periodic assessment of V̇O2peak,
PTS, and TTE during an incremental test may give insight into changes to maximal aerobic
capacity, “muscle power” factors, and changes in performance capability (Noakes et al., 1990).
Assessment of RE in relevant running velocities may also allow for the assessment of changes in
blood lactate values. Additionally, scheduling races or time trial training sessions may allow for
simultaneous training and monitoring. Race performance at other distances have been found to
be predictive of performance in other distances, including the marathon (Noakes et al., 1990;
Tanaka & Matsuura, 1984). Performance in the half marathon (Karp, 2007; Noakes et al.,
1990),10-km (Karp, 2007; Tanaka & Matsuura, 1984), and 5-km (Karp, 2007) have been found
predictive for the marathon. Incorporating races or times trials into training has also been
proposed as a strategy to enhance pacing abilities (Foster et al., 2012), and may contribute to
more effective specific preparatory training for competition.
Weighted and unweighted jump testing (Halson, 2014; Kraska et al., 2009) and the
isometric mid-thigh pull test (Beckham et al., 2013) are common tests to assess strength, forcetime characteristics (RFD), and neuromuscular performance. Jump testing is commonly
conducted as monitoring for a variety of athletes (Halson, 2014), including distance runners
(Balsalobre-Fernandez, Tejero-Gonzalez, & Del Campo-Vecino, 2015; Hollins, 2015).
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Statistically significant relationships between jump performance and running performance over
distances of 800 to 5000 m have been reported for trained runners (Hudgins, Scharfenberg,
Triplett, & McBride, 2013). The isometric mid-thigh pull test has previously been reported as
part of a monitoring program for collegiate distance runners (Hollins, 2015). The predictive
value of jump testing and isometric mid-thigh pull testing on marathon preparedness has not
been previously reported.
In addition to performance capabilities, changes in anthropometric (e.g. body
composition and circumference measures) throughout the training process may be important for
monitoring purposes. Because distance running is a weight-bearing activity, attempts to
optimize the power to body mass relationship of the athlete may be a desired training goal
(Goutianos, 2016). Anthropometric measurements may impact RE (Saunders et al., 2004).
Therefore, systematic monitoring of anthropometric changes may minimize the risk of
detrimental effects of indiscriminate hypertrophy or indiscriminate gain of fat mass, which may
be predictive of marathon performance (Hagan et al., 1981; Hagan et al., 1987).

Summary and Conclusion
Training for the marathon is a complex process that involves the development multiple
fitness and skill components. The optimal training periodization and programming
methodologies to enhance marathon performance and promote long-term marathon athlete
development are largely under researched. Although the primary determents of marathon
performance are V̇O2max, LT, and RE, examination of the marathon demands indicate that
multiple secondary components relating to physical development, skill development, and the
training process are likely highly influential in the optimization of performance on race day. A
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combination of high volume, LIT and HIT training is likely necessary to achieve optimal aerobic
development over the training cycle. Although the best practices of endurance training have not
been fully elucidated due to research, evidence indicated that a “polarized” approach may be
ideal for endurance athletes. HIT variation and progression across the training cycle for
endurance athletes is an under researched topic. A small sample of research studies indicates
that organizing HIT training in short-term, concentrated time periods may promote superior
adaptations to more evenly spread HIT over a training block. However, this organization has not
been experimentally applied to the marathon. Periodized strength training, with an emphasis on
the gradual and systematic development of maximal strength and power characteristics is likely
to offer numerous advantageous training adaptations to complement the endurance training for a
marathon athlete. However, there is a dearth of research that examines the relationships between
strength training and marathon competitive performance. Additionally, there is a scarcity of
research involving the integration of strength training into the actual training cycle for a
competitive distance runner. The inclusion of a comprehensive monitoring program is an
integral aspect of the training process.
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Abstract

The purpose of this study was to monitor changes in force production ability and running
performance in one sub-elite marathon runner before, during, and after undertaking a short-term
block periodized strength training program. The athlete ceased strength training during the offseasons and resumed testing after weeks 10 and 11 weeks. The athlete experienced likely true,
meaningful changes in force production characteristics during the taper after the training
program. Improvements in force production characteristics coincided with improvements in
running economy. Both force production characteristics and running economy reversed after the
strength training cessation. However, both measures remained improved from initial baseline.
The improvement in running economy and force production likely coincided with a
cardiovascular de-training period, due to a substantial reduction in aerobic training load during
the athlete’s off-season. Therefore, strength training may have independent effects on running
economy and running performance. Additionally, the athlete displayed the fastest relative
acceleration in the final 0.2 miles of the race, compared to his historical performances. These
results indicate that endurance athletes may better optimize running performance by improving
force production characteristics with a periodized strength training program, and should avoid
prolonged periods without strength training.
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Introduction
The marathon is a running distance event of 26.2 miles (42.195 kilometers). Performance
during the marathon is highly related to the interplay between the athlete’s maximal oxygen
consumption (V̇O2max), fractional utilization of V̇O2max, and running economy (RE) (Coyle, 2007;
Zinner & Sperlich, 2016). Each of these factors can be enhanced through training (Foster &
Lucia, 2007; Midgley et al., 2007; Midgley et al., 2006). Therefore, the periodization and
programming aspects of the training plan are of utmost importance to determining the successful
optimization of relevant fitness characteristics at the time of competition (DeWeese et al.,
2015a). Despite this importance, the preparation practices of marathon runners are varied (Billat
et al., 2001; Karp, 2007), which may have consequences on the athlete’s final fitness
characteristics before the marathon competition (Billat et al., 2002).
One of the varied potential training practices for marathon runners is strength training.
Empirical evidence is mounting for the benefits of strength training on endurance performance,
with particular emphasis placed on improvements on RE (Aagaard & Raastad, 2012; BalsalobreFernandez et al., 2016; Rønnestad & Mujika, 2014). Despite this evidence, participation in
strength training is uncommon in high level marathon runners (Karp, 2007). Additionally, the
optimal methods by which to integrate strength training into marathon preparation are still
speculative.
Ultimately, the goal of strength training for a marathon runner is to have a high degree of
transfer of fitness development to the intended marathon running velocities. One of the pertinent
issues regarding training transfer for endurance athletes is the development of higher poweroutputs and higher rates of force development (RFD) (Bazyler et al., 2015). The ability to
produce greater amounts of force within the time frame of the sporting movement is likely to
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enhance the athlete’s ability to achieve greater external power outputs and improve performance
(Bazyler et al., 2015; Suchomel et al., 2016). Evidence exists to support these relationships, as
concurrent improvements in maximal strength and RFD have been found to positively impact
movement economy (Hoff, Gran, & Helgerud, 2002; Storen et al., 2008). However, such forcetime mechanistic relationships may be problematic for marathon runners, whose criterion task
involves a substantial amount of aerobic work. Concurrent training has been found to
significantly blunt RFD adaptations to strength training (Hakkinen et al., 2003; Rønnestad,
Hansen, & Raastad, 2012). Additionally, RFD has been reported to decrease by 30% over the
course of a competitive season in middle and long distance runners (Balsalobre-Fernandez et al.,
2015). Therefore, a detailed examination of the interactions between strength training, expressed
strength characteristics, and running performance over the course of preparing for a marathon
competition in an athlete is warranted.
In order for a strength training program to be successful for an endurance athlete, the
program must allow for high degree of specificity of adaptation to the desired sporting event, be
well integrated to balance the stress and fatigue of concurrent training, and be periodized to
allow for the potential lag-time variations between strength and endurance adaptations (Stone et
al., 2006). Therefore, the overall training model must be examined in contexts relevant to the
specific athlete to allow for the best transfer of training if the strength training is to enhance
running performance (Stone et al., 2007). In contrast to traditional experimental research, where
the emphasis is placed on a nomothetic approach, the practical implementation of the training
process for competitive athlete is highly ideographic in nature (Barker et al., 2011; Stone et al.,
2007). Single case research (SCR) provides a methodology in sport science research that allows
very detailed examination of the impact of a training intervention under quasi experimental
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conditions, while maintaining ecological validity of the training process for competition (Barker
et al., 2011; Kinugasa et al., 2004).
The purpose of this study is to examine the relationships between concurrent training,
strength characteristics, running performance, and athlete preparedness over the course of the inseason and off-season training in a sub-elite, highly trained marathon runner after the initiation
of a block periodized strength training program.

Methods
Training, performance, and physiological data were collected and analyzed over a tenmonth period as part of an athlete monitoring program for one well-trained marathon runner.
Prior to the initiation of the monitoring program, the athlete had no history of strength training.
The athlete completed familiarization trials of the monitoring tests and was given basic
instruction of the strength training exercises before the baseline testing. Baseline data were
collected over a two-month period before the start of the strength training program. The athlete
completed a periodized strength training program during the in-season training and in the early
period of the off-season. The athlete ceased strength training during the later off-season, but
continued a running program, as prescribed by his coach. This cessation of strength training is
hereafter referred to as the withdraw period. The athlete continued an aerobic training plan
during the withdraw. The athlete re-tested on each of the performance measures on weeks 10
and 11 of the withdraw period. The athlete’s lack of strength training history and the systematic
collection of monitoring data before, during, and after the strength training process allowed the
investigators to approach the monitoring program as a single case research study design with a
withdraw, in order to assess the unique effects of the completed block periodized strength
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training program. The university’s Institutional Review Board (IRB) approved the methodology
of the study. Informed consent was obtained from the athlete participating in this study.

Figure 3.1. Timeline of the study design.

Participant
One male, well-trained, sub-elite marathon runner (age: 27 years, body mass: 53.3 kg,
height: 1.65 m, V̇O2peak: 67.43 ml-1·kg-1·min-1) volunteered to participate in a monitoring
program as part of the preparation for a marathon competition. The athlete had 11 years of
competitive running history and was a collegiate division I runner (PR 8k: 26:26, PR 5k: 15:44).
The athlete had no strength training history prior to the study.
Table 3.1. Athlete’s Marathon Performance Progression Prior to the Study
Year
Marathon
Completion Time
2012
Sacramento 2:48:37
2014
Boston
2:39:35
2015
Boston
2:33:13
2015
Chicago
2:34:10

Monitoring Program
In order to maintain the ecological validity of athlete training, the athlete monitoring
program consisted of a series of regular laboratory performance and physiological tests that were
integrated into the natural training schedule of the athlete. The goal of the monitoring program
was to assist in athlete preparation without impeding the athlete’s intended training. A
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secondary goal of the monitoring program was to systematically record the strength and aerobic
training completed by the athlete.

Aerobic Training Program. The aerobic training program was developed and prescribed by the
athlete’s personal running coach. The athlete recorded distance and speed using a GPS watch
(Forerunner 620, Garmin, Olathe KS) of each training session and rated each session using the
10-point rating of perceived exertion (RPE) scale (Borg, 1982). Data were uploaded to an online
training analysis program (www.strava.com). Total distance completed, as well as modified
training load (Session RPE; RPEs; RPE·total time) (Foster et al., 2001) were monitored through
the in-season training.

Strength Training Program. The athlete participated in block periodized strength training
program in preparation for a marathon competition and in the initial stages of the off-season. All
sessions were supervised by a certified strength and conditioning coach (CSCS). The primary
goal of the training program was to enhance the athlete’s maximal force production
characteristics (i.e. maximal force and RFD), with an emphasis on the athlete’s ability to express
these characteristics at the time of competition via higher running power outputs (Bazyler et al.,
2015; Stone, Moir, Glaister, & Sanders, 2002; Stone et al., 2006). The periodized scheme
chosen was based on the phasic potential model (DeWeese et al., 2015a, 2015b; Stone et al.,
1981; Stone et al., 2007), which emphasizes an initial higher volume of work and transitions to
lower volume, higher intensity training as the athlete approaches competition. A planned overreach was programmed into the training before a two-week taper in an attempt to foster
supercompensation of desired fitness characteristics (DeWeese et al., 2015b). The variations in
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strength training volume load and absolute intensity (estimated %1-RM) are presented in Figure
3.2.
Given the athlete’s untrained state and low strength level, programming was based on
maximal effort, high force, low velocity exercises (Bazyler et al., 2015), as such training has
been found to elicit greater improvements in power output than low force, high velocity training
(Cormie et al., 2010b). The details of the in-season and off-season periodization schemes and
programming are presented in Figure 33. and Figure 3.4, respectively. Despite the actual
velocity of the lifting movements, the athlete was instructed to attempt to move the weight as
quickly as possible and with maximal effort for each repetition. Training sessions were
monitored using the 10-point rating of perceived exertion (RPE) scale (Borg, 1982) and
calculated work completed (kgm; sets·repetitions·weight·bar displacement). A subjective
training load for strength training was calculated as the product of work and session RPE (work
RPE; RPEw).
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Figure 3.2. Planned variations in intensity and volume of in-season and off-season strength
training. In-season is designated as weeks 1-12 and off-season as weeks

119

20

Volume Load (Intensity・Repetitions)

12000

70

Table 3.2. Planned Strength Training Details by Week
Sets x
Week
Block
Day 1
Reps
1
3x5
Back Squat,
2
3x5
General
Bench Press,
3
3x5
Strength
Dumbbell Press
4
3x5
5
3x5
Back Squat,
6
3x5
Maximal
Overhead Press,
Strength
7
3x3
Bench Press
8
3x2
9
5x5
Back Squat,
OverMid-Thigh Pull,
Reach
Push Press,
10
3x5
Barbell Row
½ Squat,
11
3x3
Taper
Push Press,
12
3x2
Bench Press
Overhead Squat,
13
3x3
Active
Dumbbell Press,
Recovery
Front Raise,
14
3x3
Assisted Pull Up
15
16

3x5
Return to
Fitness

3x5

17

3x5

18

3x5

19
20

General
Strength

3x5
3x5

Back Squat,
Bench Press,
Dumbbell Press

Back Squat,
Bench Press,
Dumbbell Press
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% 1-RM

Day 2

% 1-RM

60
65
67

Shoulder Shrug
(narrow grip),
Mid-Thigh Pull,
Stiff-leg Deadlift,
Dumbbell Row
Shoulder Shrug
(wide grip),
Mid-Thigh Pull,
Stiff-leg Deadlift,
Barbell Row
Jump Squat,
Mid-Thigh Pull,
Push Press,
Barbell Row
½ Squat,
Mid-Thigh Pull,
Stiff-Leg Deadlift

57
62
65

63
70
72
80
75
60
74.5
79.5
71.5

57
67
70
77
72
57
72
77
70

60
N/A
65
65
67
70
65
70
75

Shoulder Shrug
(narrow grip),
Mid-Thigh Pull,
Stiff-leg Deadlift,
Dumbbell Row
Shoulder Shrug
(narrow grip),
Mid-Thigh Pull,
Stiff-leg Deadlift,
Dumbbell Row

62
65
67
62
67
72

Figure 3.3. In-season block periodized strength training with integrated monitoring tests.
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Figure 3.4. Off-season block periodized strength training and withdraw period with integrated monitoring tests.
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V̇O2peak Testing. A treadmill (Cardiac Science TM55, Cardiac Science Corporation, Bothell,
WA) graded exercise test was performed to assess V̇O2peak. Inspired and expired gases were
analyzed at 15-second interval averages using a metabolic cart (TrueOne 2400, Parvo Medics,
East Sandy, UT). Gas and flowmeter calibration was conducted prior to each testing session.
Testing began at 12.07 km·h-1, 1% inclination and increased by 0.8 km·h-1 every minute
until 15.30 km·h-1 was reached, at which the gradient increased by 1% every minute until
volitional fatigue. V̇O2peak was assessed as the highest average of two consecutive 15-second
measurements. Heart rate was continuously recorded using a Polar RS800cx heart rate monitor
(Polar Electro, Kemple, Finland) to assess peak heart rate (HRpeak).

Running Economy Testing. After a warm-up procedure, the athlete completed a five-minute
steady state treadmill run to measure RE. Inspired and expired gases were analyzed at 15-second
interval averages using a metabolic cart (TrueOne 2400, Parvo Medics, East Sandy, UT) and
heart rate was continuously measured using a Polar RS800cx heart rate monitor (Polar Electro,
Kemple, Finland). Gas and flowmeter calibrations were conducted prior to each testing session.
Treadmill speed was fixed at 15.30 km·h-1, 3% incline for all RE assessments. Due to the
speed limitation of the treadmill, this combination of speed and grade was used to correspond to
the estimated metabolic demand of the athlete’s PR marathon pace. The estimated metabolic
demand was calculated using the ACSM metabolic equation for treadmill running (American
College of Sports Medicine, 2013). Heart rate and V̇O2 data were averaged over the final minute
for each testing session. The athlete subjectively rated the perceived exertion of each session
using the 20-point RPE scale (Borg, 1982).
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Isometric Mid-Thigh Pull Testing. The athlete performed a maximal effort mid-thigh
isometric pull test to assess strength characteristics. Testing was conducted using a custom-built
isometric rack that allows for the height of the bar to be fixed at a desired height using a
combination of pins and hydraulic jacks. The pulls were performed in the rack and on two
parallel force (RoughDeck HP, Rice Lake Weighing Systems, Rice Lake, WI) with a sampling
frequency of 1000 Hz (DAQCard-6063E, National Instruments, Austin, TX). Body positioning
was standardized to a knee angle between 125-135 degrees and a hip angle between 145-155
degrees with an upright torso across all sessions. Force production abilities were defined by
peak force (PF), rate of force production at 200 and 250 milliseconds (RFD 200, RFD 250), and
net impulse at 200 and 250 milliseconds (NI 200, NI 250). The time frames of 200 and 250
milliseconds were chosen due to the athlete’s ground contact time during the running economy
assessment (approximately 230 ms; assessed in pilot testing). The athlete performed at least two
maximal effort pulls per session, with the average calculated of the highest two peak force pulls.

Jump Testing. The athlete performed a series of static (SJ) and counter movement jumps (CMJ)
under both unweighted and weighted (20 kg barbell) conditions. Jumps were completed after a
standardized warm-up procedure. Jumps were performed on two parallel force plates
(RoughDeck HP, Rice Lake Weighing Systems, Rice Lake, WI) with a sampling frequency of
1000 Hz (DAQCard-6063E, National Instruments, Austin, TX). All jump force-time data were
recorded and analyzed using a custom program (LabView 8.5.1, 8.6, and 2010, National
Instruments Co., Austin, TX) to calculate jump height. Starting position of the SJ was
standardized so that the athlete initiated the jump from a still position of 90° of knee flexion. The
athlete performed at least two maximal effort jumps, with the averaged calculated of the highest
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two jumps. Additional jumps were performed if there was greater than a 2 cm difference
between jumps.

Anthropometry. Anthropometric measurements were conducted in accordance of the
International Society for the Advancement of Kineanthropometry (ISAK) guidelines (Stewart,
Marfell-Jones, Olds, & de Ridder, 2011) by a certified anthropometrist. Skinfold measures were
assessed using a calibrated skinfold caliper (Harpenden, Holtain Ltd., UK) at the following sites:
triceps, subscapular, biceps, iliac crest, supraspinale, abdominal, front thigh, and medial calf.
Two measurements to the nearest 0.2 mm were taken at each site and averaged. If the difference
was greater than 5%, a third measurement was taken and the median was determined. Girth
measures were assessed using anthropometric tape at the following sites: upper arm (relaxed),
forearm, chest, gluteal, thigh (1 cm distal to the gluteal fold), mid-thigh, and calf. Two
measurements to the nearest 0.1 cm were taken at each site and averaged. If the difference was
greater than 1%, a third measurement was taken and median was determined. Body mass was
assessed using a calibrated scale and recorded to the nearest 0.1 kg.

Marathon Performance and Weather Conditions. Marathon performance was defined as the
athlete’s official completion time for the race. The athlete’s mile splits were obtained from the
athlete’s online training log. The race’s historical weather conditions and placement results were
obtained from the race’s official website, http://www.baa.org.
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Data Analysis
Two primary time series were analyzed in this study to compare performance changes:
specific time points and specific phases. Comparisons were made to determine if the average
performance change between two specific time points was likely to be true. These specific time
points were baseline, taper, pre-withdraw, and post-withdraw. The baseline time point was
defined as the three testing sessions over the baseline period. The taper time point was defined
as the one testing session on week 12 (running economy and jump testing) or two testing
sessions on weeks 11 and 12 (isometric mid-thigh pull). The pre-withdraw time point was
defined as the two testing sessions on weeks 20 and 21 (running economy and jump testing) or
weeks 16 and 20 (isometric mid-thigh pull testing). To examine the influence of strength on
performance the entire monitoring time series of dichotomized into “weaker” and “stronger”
phases. The weaker phase was defined as the baseline through the over-reach block and the
stronger phase was defined as the taper through the end withdraw testing. This segregation of
time was chosen due to both conceptual and data-driven rationales. Conceptually, the goal of the
training program was to elicit statistical and meaningful changes in force production
characteristics at the time of the competition. Additionally, inspection of the data reveals a trend
for a stable performance of higher peak force production from the taper onward through the
withdraw (Figure 3.15).
The mean observed values at specific time points were compared to determine the
likelihood of a true change using estimates of the precision of change with the typical error and
smallest worthwhile change associated with testing (Hopkins, 2000). The typical error (TE) was
determined from the intra-session trial-to-trial variability in performance during baseline testing
(Hopkins, 2004). The smallest worthwhile change (SWC) was determined as 0.3 times the inter126

session variability in performance (Hopkins, 2004). Percent change was calculated at specific
time points and the percent likelihood and odds ratio of a true, meaningful change were
determined using a customized Microsoft Excel (Microsoft Corp, Redmond, WA) statistical
spreadsheet (Hopkins, 2000) downloaded from http://www.sportsci.org. The qualitative
categories of the likelihood of change were quantified as follows: <1%, almost certainly not; 15%, very unlikely; 5-25%, unlikely; 25-75%, possible; 75-95%, likely; 95-99%, very
likely; >99%, almost certain (Hopkins, 2000).
Phase comparisons were evaluated for statistical significance and magnitude by Tau-U
calculation (Parker, Vannest, Davis, & Sauber, 2011). The Tau-U is a non-parametric analysis
that evaluates the magnitude of non-overlap between two phases, while adjusting for baseline
trend. This statistic was chosen to account for the increases in strength that would occur during
the early phases of a strength training program. Tau-U calculations were completed using the
raw trial-to-trial performances observed for both phases. Tau-U interpretations were defined as
follows: 0.20 – 0.60, moderate change; 0.60 – 0.80, large change; 0.8 – 1.0, very large change
(Vannest & Ninci, 2015). All Tau-U analyses were conducted on a web-based analysis program
from http://singlecaseresearch.org/calculators/tau-u.
For specific time point performance data comparisons without three baseline assessments
and specific time point training data, assessment of change was conducted by visual inspection,
percent change, comparison of central location (i.e. mean), variability (i.e. SD and coefficient of
variation), and trend (Barker et al., 2011) within the context of the overall monitoring program.
Phase comparisons were conducted between in-season and off-season training data using Tau-U
calculations. Both strength and aerobic seasons were defined according to the strength training
blocks. The in-season was defined as the start of the first general strength block through the
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over-reach block. The off-season was defined as the start of the return to fitness block through
the end of the second general strength block (strength training) or the end of the withdraw period
(aerobic training).
Interpretation of changes in anthropometric data was based on error associated with
testing procedures. Meaningful changes were determined if the percent change between
consecutive time series measurements was greater than 5% for skinfolds and greater than 1% for
girth and body mass (Stewart et al., 2011).

Results
Training Integration
Since the training was concurrent, both endurance and strength training loads were
monitored (Figure 3.5). This monitoring was conducted to obviate potential undue fatigue or
non-functional over-reach that may accompany excessive concurrent training and impair sport
performance (Stone et al., 2006). The strength training had greater intra-and inter-block
variation than the aerobic training (Table 3.3). Additionally, the strength training program
progressed in training load over the general strength, maximal strength, and over-reach blocks.
The weekly aerobic training load remained linear and did not progress over the three training
blocks. Only the strength training load increased substantially during the over-reach.
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Strength and Run Training Load by Week
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Figure 3.5. In-season strength and aerobic training loads concurrent integration.

Table 3.3. In-Season Training Load Comparison by Strength Training Block
General Strength
Maximal Strength
Mean
CV%
Mean
CV%
%
%
(± SD)
(± SD)
Aerobic
2322.65
10.58
-2825.54
10.39 -3.32
(RPEs)
(309.21)
(293.49)

Over-Reach
Mean
CV%
(± SD)
2832.45
10.98
(311.18)

Strength
(RPEw)

22989.63
(1781.38)

8398.11
(2280.22)

27.15

--

11066.50
(2673.81)

24.16
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31.77

7.74

%
0.24

107.74

Mean
(± SD)
1382.91
(124.92)
4484.70
(1081.48)

Taper
CV%

%

9.03

-51.18

24.11

-80.49

Weekly Run Training Load (RPEs)

Weekly Strength Training Load (RPEw)

30000

Athlete Endurance Training
The athlete continued a running program through the entire duration of the monitoring program.
The sum of the weekly volume (km) is presented in Figure 3.6. The athlete reduced running
volume by a statistically significant amount during the off-season (Table 3.4). The acute:chronic
ratio, as defined by the 7-day moving average to the 28-day moving average, is presented in
Figure 7. Thresholds of 0.8 and 1.3 ratios are marked, due to their recognition as references for
increased injury risk (Blanch & Gabbett, 2016). The athlete experienced sudden and substantial
decreases in total volume once during the active recovery period and three times during the offseason. These changes were due to work and travel obligations. The athlete’s training volume
became more stable in the end of the withdraw period.
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Figure 3.6. Weekly running distance (km) per week by strength training block and seasonal phase.
Table 3.4. In-Season vs. Off-Season Run Volume Phase Comparison
Phase
Mean (± SD)
CV (%)
Tau-U
In-Season Weekly Distance (km)
118.38 (13.69)
11.56
-0.92‡
Off-Season Weekly Distance (km)
71.12 (21.23)
29.85
‡very large change

p-Value

95% CI

<.01

[-1.0, -0.46]

Figure 3.7. Distance (km) acute to chronic ratio over the full monitoring period. Yellow vertical line indicates marathon competition.
Horizontal lines indicate ratios of 0.8, 1, and 1.3.
131

Athlete Strength Training
The athlete had 100% compliance on all strength training sessions over the training period. The
variation in strength training total weekly work is presented in Figure 8. Analysis indicates that
the in-season work did not statistically differ from the off-season work completed (Table 3.5).
In-season was defined as the start of the training period through the over-reach. Off-season was
defined as the start of the return to fitness through the end of the training program.
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Figure 3.8. Sum of weekly strength training volume load (kg·m) by training block. Dashed vertical line indicated separation of inseason training, competition period, and off-seasons training.

Table 3.5. In-Season vs. Off-Season Strength Training Work Phase Comparison
Phase
Mean (± SD)
CV (%)
Tau-U
In-Season Weekly Work (kg·m)
1523.85 (540.76)
35.49
0.15
Off-Season Weekly Work (kg·m)
1696.56 (146.92)
8.66
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p-Value

95% CI

0.63

[-0.45, 0.75]

𝐕̇O2peak Testing
V̇O2peak. The athlete completed two V̇O2peak testing sessions during the baseline, pre-withdraw,
and post-withdraw phases. The athlete experienced a decrement in time to exhaustion (TTE) and
V̇O2peak from baseline (Figure 3.9). The lower peak oxygen consumption coincided with a higher
max heart rate and lower maximal O2 pulse (Figure 3.10).

Athlete TTE and VO2peak
69
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55
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Pre-Withdraw
TTE

Post-Withdraw

VO2peak

Figure 3.9. Specific time point comparison of time to exhaustion (TTE) and V̇O2peak (ml·kg1
·min-1). Values are expressed as mean ± SD.

Figure 3.10. Specific time point comparison of HRpeak (bpm) and O2Pulse (ml·bpm-1). Values
are expressed as mean ± SD.
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VO2peak (ml·kg-1 ·min -1 )

900

V̇O2peak Segment 13 Comparison. Segment 13 represents the most intense stage of the V̇O2peak
test that was completed across all time points. The one-minute stage absolute and relative
oxygen consumption results are presented in Figure 3.11 and Figure 3.12, respectively. The
athlete’s absolute oxygen consumption decreased by 4% and relative oxygen consumption
decreased by 6% from baseline during the pre-withdraw testing. Absolute and relative oxygen
consumption increased from the pre-withdraw values post-withdraw, but still remained
approximately 3% and 6% lower than baseline, respectively.
Stage 13 Absolute VO2
3.65
3.6

VO2 (L·min-1)

3.55
3.5
3.45
3.4

VO2

3.35
3.3
3.25
3.2

Baseline

Pre-Withdraw

Post-Withdraw

Figure 3.11. Absolute oxygen consumption (L·min-1) over the segment 13 of V̇O2peak testing by
time. Values are expressed as mean ± SD.
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Figure 3.12. Relative oxygen consumption (ml·kg-1·km-1) over segment 13 of V̇O2peak testing by
time. Values are expressed as mean ± SD.
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Baseline Monitoring Descriptives and Reliability
Prior to the initiation of the strength training program, the athlete completed a series of
familiarization trials and three baseline testing sessions of running economy, isometric mid-thigh
pull, and jump testing. The results of the repeat baseline testing sessions are presented in Table
6. Although the reliability of the testing was high, potential signal:noise ratio of detecting a
small, meaningful change was low.

Table 3.6. Baseline Descriptives and Reliability of Routine Monitoring Variables
Variable
Mean (± SD)
CV (%)
TE
SWC
(absolute units) (absolute units)
Running Economy
232.83 (3.96)
1.70
3.44
1.82
-1
-1
(ml·kg ·km )
Peak Force (N)
2113.29 (81.86)
3.87
29.81
46.74
RFD 200 (N/s)
2106.74 (340.30)
16.15
146.43
165.06
RFD 250 (N/s)
2304.08 (333.33)
14.47
181.25
153.75
NI 200 (N·s)
176.59 (14.98)
8.48
9.24
3.77
NI 250 (N·s)
237.06 (20.26)
8.55
12.20
5.60
SJ0 Height (cm)
13.77 (0.06)
0.42
0.06
0.02
SJ20 Height (cm)
7.32 (0.22)
3.00
0.22
0.22
CMJ0 Height (cm)
16.43 (0.47)
2.88
0.38
0.13
CMJ20 Height (cm) 9.48 (0.24)
2.55
0.12
0.15

Running Economy Testing
RE (ml·kg-1·km-1) showed a trend for improvement during the taper. However, this
change was below the magnitude of a likely meaningful change. The trend of improvement
continued through the off-season strength training period, resulting in a likely improvement in
the pre-withdraw period. RE worsened after the withdraw period, but was still likely a
meaningful improvement from baseline levels (Table 3.7). When dichotomized to stronger and
weaker phases of the monitoring program, the athlete exhibited a statistically significant, very
large improvement in RE (Table 3.8) during the stronger phase.
136

Absolute RE (L·min1) remained stable over the entire monitoring program (Table 3.9).
There was a trend for lower oxygen consumption during the stronger phase (Table 3.10), albeit
not statistically significant.
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Figure 3.13. Observed running economy by week, organized by strength training phase. Values are expressed as mean ± TE. Yellow
vertical line indicates week of competition. Horizontal lines indicate SWC from baseline.

Table 3.7. Specific Time Point Comparison of Running Economy (ml·kg-1·km-1)
Baseline
Taper
Baseline
PrePrePostWithdraw
Withdraw
Withdraw
Mean
232.83
227.96
232.83
224.69
224.69
226.19
(± SD)
(5.93)
(2.01)
(5.93)
(2.50)
(2.50)
(8.38)
% Change
-2.09
-3.50
0.67
Prob. % (Odds)
71 (3:1)
88 (7:1)*
48 (1:1)
*likely true meaningful change
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Baseline

PostWithdraw
232.83
226.19
(5.93)
(8.38)
-2.85
82 (5:1) *

Table 3.8. Weaker vs. Stronger Phase Comparison of Running Economy (ml·kg-1·km1)
Phase
Weaker Phase
Stronger Phase
‡very large change

Mean (± SD)
235.25 (7.11)
225.38 (6.00)

CV (%)
3.02
2.66

Tau-U

p-Value

95% CI

-0.89‡

<0.01

[-1.0, -0.56]

Table 3.9. Specific Time Point Comparison of Absolute Running Economy (L·min1)
Baseline
Taper
Baseline
PrePrePostWithdraw
Withdraw
Withdraw
Mean
3.16
3.19
3.16
3.13
3.13
3.15
(± SD)
(0.05)
(0.03)
(0.05)
(0.03)
(0.03)
(0.05)
% Change
0.95
-0.95
0.64
Prob. % (Odds)
50 (1:1)
50 (1:1)
45 (1:1)

Baseline

PostWithdraw
3.16
3.15
(0.05)
(0.05)
-0.32
39 (1:2)

Table 3.10. Weaker vs. Stronger Phase Comparison of Running Economy (L·min1)
Phase
Weaker Phase
Stronger Phase

Mean (± SD)
3.18 (0.09)
3.15 (0.09)
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CV (%)
2.86
2.73

Tau-U

p-Value

95% CI

-0.29

0.10

[-0.64, 0.06]

RE Heart Rate, O2 Pulse, RPE, and Blood Lactate
The athlete displayed a trend for an increase in heart rate in the running economy testing
over the monitoring period (Figure 3.14). This increase in heart rate mirrored a trend of
decreasing O2 Pulse. Rating of Perceived Exertion remained stable over the monitoring period,
whereas blood lactate trended to be higher during the pre-and post-withdraw periods (Figure
3.15).
Running Economy HR and O2Pulse
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Figure 3.14. Heart rate and O2 Pulse over the final minute of running economy testing over by
time. Values are expressed as mean ± SD.
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Figure 3.15. RPE and blood lactate over the final minute of running economy testing over by
time. Values are expressed as mean ± SD.
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Blood Lactate (mmol·L-1)

Running Economy RPE and Blood Lactate
20

Force Production

Peak Force. The athlete displayed an almost certain, true change in peak force production at the
time of the taper (Table 3.11). Peak force continued a trend of improvement over the off-season
up to the withdraw period (Figure 3.16). Peak force very likely worsened after the withdraw, but
still remained almost certainly improved over initial baseline.

Allometric Scaled Peak Force. Allometric scaled peak force increased by 18.22% at the time
of the taper, reflecting an almost certain, true change from baseline levels (Table 3.12).
Allometric scaled peak force continued a trend of improvement over the off-season up to the
withdraw period (Figure 3.17). Allometric scaled peak force very likely worsened after the
withdraw, but still remained almost certainly improved over initial baseline.

RFD 200. Although RFD 200 possibly improved over baseline during the taper, it improved
most substantially during the off-season strength training period (Figure 3.18). RFD 200
possibly decreased after the withdraw, but still remained almost certainly improved over baseline
levels (Table 3.13).

RFD 250. Mean RFD 250 levels increased by 22.60% over baseline during the taper, reflecting
a likely true change over baseline (Table 3.14). RFD 250 increased during the off-season
strength training (Figure 3.19), and experienced a -4.67%, possibly true decline after the
withdraw period. Post-withdraw mean values were still very likely higher than baseline.
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NI 200. Mean NI 200 levels increased by 8.88% over baseline during the taper, reflecting a
likely true change (Table 3.15). NI 200 continued to increase during the off-season strength
training (Figure 3.20). NI 200 likely experienced a true, meaningful decrease after the withdraw
period, but still remained very likely higher than baseline levels.

NI 250. Mean NI 250 levels increased by 10.16% over baseline during the taper, reflecting a
likely true change (Table 3.16). NI 200 continued to increase during the off-season strength
training (Figure 3.21). NI 200 likely experienced a true, meaningful decrease after the withdraw
period, but still remained very likely higher than baseline levels.
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Figure 3.16. Observed peak force (N) by week, organized by strength training phase. Values are expressed as mean ± TE. Yellow
vertical line indicates week of competition. Horizontal lines indicate SWC from baseline.

Table 3.11. Specific Time Point Comparison of Peak Force Production (N)
Baseline
Taper
Baseline
PrePrePostBaseline
PostWithdraw
Withdraw
Withdraw
Withdraw
Mean
2113.29
2543.42
2113.29
2728.84
2728.84
2555.54
2113.29
2555.54
(± SD)
(57.89)
(67.34)
(57.89)
(183.12)
(183.12)
(81.35)
(57.89)
(81.35)
% Change
20.35
29.13
-6.35
20.93
Prob. % (Odds)
99 (142:1) ‡
100 (366:1) ‡
95 (20:1) †
99 (176:1) ‡
*likely true meaningful change, †very likely true meaningful change, ‡almost certain true meaningful change
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Figure 3.17. Observed allometric scaled peak force (Nkg-0.67) by week, organized by strength training phase. Values are expressed as
mean ± TE. Yellow vertical line indicates week of competition. Horizontal lines indicate SWC from baseline.

Table 3.12. Specific Time Point Comparison of Allometric Scaled Peak Force (Nkg-0.67)
Baseline
Taper
Baseline
PrePrePostBaseline
PostWithdraw
Withdraw
Withdraw
Withdraw
Mean
149.21
176.40
149.21
189.26
189.26
177.35
149.21
177.35
(± SD)
(4.83)
(3.29)
(4.83)
(8.98)
(8.98)
(5.65)
(4.83)
(5.65)
% Change
18.22
26.84
-6.29
18.85
Prob. % (Odds)
99 (131:1) ‡
100 (308:1) ‡
95 (19:1)*
99 (142:1) ‡
*likely true meaningful change, †very likely true meaningful change, ‡almost certain true meaningful change
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Figure 3.18. Observed RFD 200 (N·s-1) by week, organized by strength training phase. Values are expressed as mean ± TE. Yellow
vertical line indicates week of competition. Horizontal lines indicate SWC from baseline.

Table 3.13. Specific Time Point Comparison of RFD 200 (N·s-1)
Baseline
Taper
Baseline
PreWithdraw
Mean
1128.89
1280.66
1128.89
3798.48
(± SD)
(101.54)
(67.59)
(101.54)
(551.40)
% Change
13.45
236.48
Prob. % (Odds)
48 (1:1)
100 (292:1) ‡
‡almost certain true meaningful change
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PrePostWithdraw
Withdraw
3798.48
3639.09
(551.40)
(707.21)
-4.20
49 (1:1)

Baseline

PostWithdraw
1128.89
3639.09
(101.54)
(707.21)
222.37
100 (258:1) ‡
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Figure 3.19. Observed RFD 250 (N·s-1) by week, organized by strength training phase. Values are expressed as mean ± TE. Yellow
vertical line indicates week of competition. Horizontal lines indicate SWC from baseline.

Table 3.14. Specific Time Point Comparison of RFD 250 (N·s-1)
Baseline
Taper
Baseline
PrePrePostWithdraw
Withdraw
Withdraw
Mean
2304.08
2824.73
2304.08
3702.41
3702.41
3529.37
(± SD)
(333.33)
(134.91)
(333.33)
(476.16)
(476.16)
(541.58)
% Change
22.60
60.70
-4.67
Prob. % (Odds)
84 (5:1)*
98 (49:1) †
53 (1:1)
*likely true meaningful change, †very likely true meaningful change,
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Figure 3.20. Observed NI 200 (N·s) by week, organized by strength training phase. Values are expressed as mean ± TE. Yellow
vertical line indicates week of competition. Horizontal lines indicate SWC from baseline.

Table 3.15. Specific Time Point Comparison of NI 200 (N·s)
Baseline
Taper
Baseline
PrePrePostWithdraw
Withdraw
Withdraw
Mean
176.59
192.27
176.59
257.82
257.82
234.30
(SD)
(14.98)
(6.41)
(14.98)
(17.64)
(17.64)
(5.35)
% Change
8.88
46.00
-9.12
Prob. % (Odds)
77 (3:1) *
99 (72:1) †
87 (6:1) *
*likely true meaningful change, †very likely true meaningful change
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Figure 3.21. Observed NI 250 (N·s) by week, organized by strength training phase. Values are expressed as mean ± TE. Yellow
vertical line indicates week of competition. Horizontal lines indicate SWC from baseline.

Table 3.16. Specific Time Point Comparison of NI 250 (N·s)
Baseline
Taper
Baseline
PreWithdraw
Mean
237.06
261.14
237.06
348.62
(± SD)
(20.26)
(8.16)
(20.26)
(24.55)
% Change
10.16
81.40
Prob. % (Odds)
80 (4:1) *
99 (77:1) †
*likely true meaningful change, †very likely true meaningful change
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PreWithdraw
348.62
(24.55)

PostWithdraw
318.96
(7.51)

-8.51
85 (6:1) *

Baseline

PostWithdraw
237.06
318.96
(20.26)
(7.51)
34.55
98 (41:1) †
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Force Production Phase Changes
All force production variables were statistically higher in the stronger phase than the
weaker phase, except for NI 200, which approached statistical significance (p = 0.06) (Table
3.16). The magnitudes of change ranged from moderate to very large.

Table 3.17. Weaker vs. Stronger Phase Comparison of Force Production Variable
Variable
Phase
Mean
CV (%) Tau-U p-Value
(± SD)
Weaker
2258.63
9.36
Phase
(211.42)
Peak Force (N)
0.58*
0.01
Stronger
2573.84
6.15
Phase
(158.30)

Allometric Peak Force
(Nkg-0.67)

Weaker
Phase
Stronger
Phase

158.69
(14.80)
178.55
(11.34)
1203.45
(163.15)
2845.01
(41.20)

13.58

RFD 200 (N·s-1)

Weaker
Phase
Stronger
Phase

931.64
(498.87)
2715.03
(1186.01)

53.55

RFD 250 (N·s-1)

Weaker
Phase
Stronger
Phase

186.35
(18.47)
223.09
(14.85)

9.91

NI 200 (N·s)

Weaker
Phase
Stronger
Phase

[0.13, 1.0]

9.32
0.55*

0.02

[0.01, 1.0]

0.68†

<0.01

[0.23, 1.0]

0.82‡

<0.01

[0.37, 1.0]

0.44*

0.06

[-0.01, 0.89]

0.48*

0.04

[0.02, 0.93]

6.35

41.20

43.53

14.85

Weaker
250.70
10.65
Phase
(26.70)
NI 250 (N·s)
Stronger
302.29
14.80
Phase
(44.75)
*moderate change, †large change, ‡very large change
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95% CI

Jump Performance

SJ0. The athlete experienced a rapid, substantial increase in SJ0 height at the end of the first
training block (Figure 3.22). SJ0 trended downward during the in-season training, but the
change was still almost certainly a true, meaningful improvement at the time of the taper (Table
3.18). SJ0 height trended upward during the off-season strength training and very likely
decreased after the withdraw. Post-withdraw SJ0 performance was still an almost certain, true,
meaningful improvement over initial baseline.

SJ20. The athlete experienced a rapid, substantial increase in S2J0 height at the end of the first
training block (Figure 3.23). SJ20 trended toward improvement over the in-season strength
training, improving by 59.91% over baseline levels (Table 3.19). SJ20 height performance
fluctuated over the off-season strength training and very likely experienced a true decrease after
the withdraw. Post-withdraw SJ0 performance was still an almost certain, true, meaningful
improvement over initial baseline.

CMJ0. CMJ0 height performance increased during the early stages of in-season strength
training and then decreased through the taper (Figure 3.24). CMJ0 performance was 5.38%
lower than baseline during the taper, reflecting a likely true, meaningful decrement in
performance (Table 3.20). CMJ0 performance showed a trend for improvement over the offseason strength training and very likely decreased by a true, meaningful level after the withdraw
period.
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CMJ20. CMJ20 height performance increased during the early stages of in-season strength
training and then remained stable through the off-season strength training. CMJ20 performance
was 32.34% higher than baseline during the taper, reflecting an almost certain true, meaningful
improvement in performance (Table 3.21). CMJ20 very likely decreased by a true, meaningful
level after the withdraw period.
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Figure 3.22. Observed SJ0 height (cm) by week, organized by strength training phase. Values are expressed as mean ± TE. Yellow
vertical line indicates week of competition. Horizontal lines indicate SWC from baseline.

Table 3.18. Specific Time Point Comparison of SJ0 (cm)
Baseline
Taper
Baseline
PrePrePostWithdraw
Withdraw
Withdraw
Mean
13.77
15.55
13.77
16.70
16.70
16.35
(± SD)
(0.04)
(0.15)
(0.04)
(0.54)
(0.54)
(0.32)
% Change
12.95
21.28
-2.10
Prob. % (Odds)
100 (962:1) ‡
100 (2354:1) ‡
97 (37:1) †
†very likely true meaningful change, ‡almost certain true meaningful change
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Figure 3.23. Observed SJ20 height (cm) by week, organized by strength training phase. Values are expressed as mean ± TE. Yellow
vertical line indicates week of competition. Horizontal lines indicate SWC from baseline.

Table 3.19. Specific Time Point Comparison of SJ20 (cm)
Baseline
Taper
Baseline
PrePrePostWithdraw
Withdraw
Withdraw
Mean
7.32
11.70
7.32
11.95
11.95
10.78
(± SD)
(0.16)
(0.10)
(0.16)
(0.20)
(0.20)
(0.15)
% Change
59.91
63.25
-9.83
Prob. % (Odds)
100 (360:1) ‡
100 (404:1) ‡
95 (21:1) †
†very likely true meaningful change, ‡almost certain true meaningful change
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Figure 3.24. Observed CMJ0 height (cm) by week, organized by strength training phase. Values are expressed as mean ± TE. Yellow
vertical line indicates week of competition. Horizontal lines indicate SWC from baseline.

Table 3.20. Specific Time Point Comparison of CMJ0 (cm)
Baseline
Taper
Baseline
PrePrePostWithdraw
Withdraw
Withdraw
Mean
16.43
15.55
16.43
19.33
19.33
17.48
(± SD)
(0.33)
(0.15)
(0.33)
(0.30)
(0.30)
(0.25)
% Change
-5.38
17.65
-9.51
Prob. % (Odds)
85 (6:1) *
98 (55:1) †
96 (23:1) †
*likely true meaningful change, †very likely true meaningful change
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Figure 3.25. Observed CMJ20 height (cm) by week, organized by strength training phase. Values are expressed as mean ± TE.
Yellow vertical line indicates week of competition. Horizontal lines indicate SWC from baseline.

Table 3.21. Specific Time Point Comparison of CMJ20 (cm)
Baseline
Taper
Baseline
PrePrePostBaseline
PostWithdraw
Withdraw
Withdraw
Withdraw
Mean
9.48
12.55
9.48
13.40
13.40
12.13
9.48
12.13
(± SD)
(0.17)
(0.05)
(0.17)
(0.46)
(0.46)
(0.44)
(0.17)
(0.44)
% Change
32.34
41.35
-9.51
27.86
Prob. % (Odds)
100 (646:1) ‡
100 (989:1) ‡
99 (97:1) †
100 (474:1) ‡
*likely true meaningful change, †very likely true meaningful change, ‡almost certain true meaningful change
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Jump Performance Phase Changes
Jump performance showed low statistical sensitivity to discriminate between stronger and
weaker phases of the monitoring process (Table 3.22). Only SJ20 performance was statistically
higher during the stronger phase.

Table 3.22. Weaker vs. Stronger Phase Comparison of Force Production Variable
Mean
Variable
Phase
CV (%)
Tau-U
p-Value 95% CI
(± SD)
Weaker
14.96
8.34
Phase
(1.25)
SJ0
0.31*
0.18
[-0.14, 0.76]
(cm)
Stronger
16.16
3.78
Phase
(0.61)

SJ20
(cm)

Weaker
Phase
Stronger
Phase

8.88
(1.68)
11.22
(0.67)

CMJ0
(cm)

Weaker
Phase
Stronger
Phase

17.33
(1.38)
17.82
(1.32)

18.94
0.53*

0.02

[0.08, 0.98]

0.17

0.47

[-0.29, 0.62]

0.36*

0.12

[-0.10, 0.81]

6.01

7.95
7.40

Weaker
11.02
15.09
Phase
(1.66)
Stronger
12.79
5.67
Phase
(0.72)
*moderate change, †large change, ‡very large change
CMJ20
(cm)

Anthropometry
The athlete showed a trend for increasing girth measurements of both the upper and lower
body during both the in-season and off-season strength training (Figure 3.26). Both girth
measurements decreased after the withdraw by a magnitude greater than the testing error. Body
mass increased outside of the margin of testing error during the taper and remained stable for the
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remained of testing (Figure 3.27). Skinfold values showed an upward trend during the early offseason through withdraw (Figure 3.27).
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Figure 3.26. Times series comparison of the sum of upper body and lower body girth
measurements. Values are expressed as sum  1% error. *Indicates a change outside of the
normal testing error percentage from the previous testing measurement.
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Figure 3.27. Times series comparison of the skinfold and body mass measurements. Values are
expressed as sum  5% error and average  1% error for skinfolds and body mass, respectively.
*Indicates a change outside of the normal testing error percentage from the previous testing
measurement.

Marathon Performance and Weather Conditions
The athlete completed this marathon 5.26% slower than his PR performance in the
previous year (Table 3.23). This slower performance was the results of a steady decrement in
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running velocity beginning at approximately mile 13 of the race (Figure 3.28). The athlete’s
performance over the final 0.2 miles of the race varied by year (Figure 3.29). When normalized
to the average velocity over mile 26, the athlete increased running pace by 16.48%. In contrast,
the athlete decreased pace over the final 0.2 miles in his PR performance.
Table 3.23. The Athlete’s Marathon Performance and Weather Comparison between Years
Year
2014
2015
2016
Time to Completion (s)
9575
9193
9677
--3.99
5.26
% from Previous Year
% PR
104.15
-105.26
Overall Placement
320
118
156
Gender Placement
294
107
143
16.11
7.78
21.67
Starting Temperature (C)
16.67
7.78
16.11
Finish Temperature (C)

Average Velocity Per Full Mile
Average Velocity (km·h-1)

18
17.5
17
16.5
16
15.5
15
14.5
14
13.5
13
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Figure 3.28. Comparison of mile-to-mile average velocity splits by year.
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Figure 3.29. Comparison of the percent difference between the final 0.2 miles and mile 26 of the
marathon.
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A one-way between subject ANOVA was conducted to compare the mean time to completion in
those placed 136th through 150th place by year (2014, 2015, and 2016). There was a significant
effect of year on time completion [F(2, 42) = 1265.57, p = <0.01] for year. A Bonferoni post
hoc comparison was conducted to compare mean time to completion between years. Time to
completion in 2016 (M = 9643.40.00, SD = 18.74) was significantly greater than 2015 (M =
9299.60, SD = 32.07) and 2014 (M = 9210.13, SD = 21.92). This trend for a slower performance
in 2016 was consistent among the top finishers, as well as those placed 86th through 100th, and
136th through 150th (Figure 3.32 and Figure 3.33).
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Figure 3.30. Comparison time to completion (mean  SD) of those placed 136th-150th and
reported starting temperature by year.
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Figure 3.31. Comparison time to completion (mean  SD) of those placed 136th-150th and
reported starting temperature by year.
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Figure 3.32. Comparison of time to completion (mean  SD) for 1st-15th, 86th-100th, and 136th150th placements by year.
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Figure 3.33. Mean completion time by placement bracket normalized to 2015 mean completion
time.

Discussion
The purpose of this study was to examine the simultaneous changes between concurrent
training, strength characteristics, running performance, and athlete preparedness over the course
of the in-season and off-season training in a sub-elite, highly trained marathon runner after the
initiation of a block periodized strength training program. The main findings of this study are as
follows:


A short-term block periodized strength training program improved strength
characteristics in a previously non-strength trained marathon runner
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Strength characteristic improvements coincided with trends of improvement in
RE



The force-time characteristics of strength showed the greatest magnitude of
improvement during a reduction in endurance training volume



RE showed signs of improvement despite the level of likely cardiovascular
detraining



A prolonged period without of strength training negatively impacted the athlete’s
strength production characteristics



The decline in strength characteristics after the withdraw coincided with a trend of
worsening RE.

Running Performance
RE showed trends of improvement after strength training, but whether the changes
reflected a true, meaningful change remained unclear. Despite the relative cost of running
becoming statistically lower during the stronger phase, the absolute cost of running remained
unchanged throughout the study. Therefore, whether the relative improvement was due to an
actual improvement in movement efficiency or was simply a mathematical reflection of the
increase in body mass is questionable. It may be that the strength training induced enhancements
of RE off-set any potential impairment to running economy that would have occurred to the
increase in body mass, and thus the absolute oxygen consumption remained unchanged.
Although total mass can influence the cost of running, the relative impact of mass on running
economy is complex and may depend on the athlete’s kinematics, anthropometrics, where the
mass is added, and the composition of the mass (e.g. lean body mass) (Maldonado et al., 2002).
Nonetheless, this study provides further evidence that distance runners are unlikely to impair RE
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after strength training, even with a slight increase in body mass. Further, enhancements in
running performance have been found without concurrent improvements in running economy
(Damasceno et al., 2015; Mikkola et al., 2011). Therefore, distance runners may benefit from
such performance enhancements or the injury prevention or aspects of strength training without
fear of compromising RE.
One important consideration for the impact of strength on running performance is relative
strength and relative power output (Bazyler et al., 2015). In this study, the athlete’s relative
strength (allometricaly scaled) was improved approximately 18% during the taper and 27%
during the pre-withdraw period. Body mass changed by approximately 3% over the strengthtraining program. Therefore, it seems likely that the athlete’s preparedness was enhanced at the
time of competition as a result of strength training. However, performance testing reflecting
power output was not performed during the taper and controlled time trials were not performed
in this study. Future research is warranted to examine the relationships between improvement in
relative strength and direct measures of endurance performance.
An additional consideration for strength’s impact on running performance is the change
in force-time characteristics. The ability to express greater levels of strength within the
appropriate time frame of the sporting movement is likely to enhance power output and sport
performance (Bazyler et al., 2015; Suchomel et al., 2016). Therefore, both the magnitude and
rate of force production are important considerations. Research in a variety of endurance
disciplines highlight this relationship. RFD has been found to be highly related to cycling
economy (Sunde et al., 2010), and improvements in mean power output during a 40 minute
cycling time trial were found to relate to earlier peak torque of pedaling after strength training
(Rønnestad, Hansen, Hollan, & Ellefsen, 2015). Although RFD was not directly assessed in that
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study, the authors (Rønnestad, Hansen, Hollan, et al., 2015) hypothesized that enhanced RFD
was likely the mechanism responsible for the earlier peak torque. Hoff et al. (2002) found
improvements in work economy to be highly related to improvements in RFD in cross-country
skiers. In an assessment of trained distance runners, Storen et al. (2008) found a statistically
significant relationship between RFD and running economy. EMG studies have found strong
relationships between a runner’s neuromuscular capacity to produce force and running economy
(Nummela et al., 2006). More rapid force production and shorter ground contact times have
been shown to discriminate between higher and lower performing 10-km runner (Paavolainen,
Nummela, Rusko, et al., 1999). Although causation cannot be derived from this study, the
concurrent changes in maximal strength, force-time characteristics, and RE are worthy of future
investigation. Force-time characteristics are not often reported in the studies finding no
improvement in RE after strength training (Damasceno et al., 2015; Ferrauti et al., 2010;
Mikkola et al., 2011; Vikmoen, Raastad, et al., 2016). Mikkola et al. (2007) did report an
improvement in RFD without enhanced RE after strength training. However, the research
reported peak RFD, not RFD within time frames specific to distance running. A variable such as
net impulse within the sport-specific time frame may be more indicative of improvements in RE.
Improvements in time to exhaustion at vV̇O2peak or increased vV̇O2peak without changes to
V̇O2peak are commonly reported in the literature (Beattie et al., 2017; Damasceno et al., 2015;
Mikkola et al., 2011; Storen et al., 2008). However, not every study has reported such findings
(Guglielmo et al., 2009; Mikkola et al., 2007; Vikmoen, Raastad, et al., 2016). The athlete in
this study did not improve any V̇O2peak performance variable after strength training. This finding
may be confounded by a period of aerobic detraining during the off-season period. Off-season
aerobic training volume was statistically lower than during the athlete’s in-season training.
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Additionally, the athlete’s acute:chronic training volume indicated that off-season was
characterized by three periods of sudden, substantial drops in normalized running volume. The
physical detraining may be reflected in the cardiovascular metrics of the running economy and
V̇O2peak testing. Both tests exhibited trends of higher heart rate and lower O2 pulse during the
off-season tests. O2 pulse is representative of peripheral arteriovenous difference in oxygen and
stroke volume, and has been used as a proxy measure of stroke volume (Neary, 2012).
Cardiovascular changes have been cited as primary mechanisms of early performance
decrements following detraining (Mujika & Padilla, 2001). Specifically, V̇O2peak, stroke volume,
and O2 pulse decrements occur rapidly during detraining (Coyle et al., 1984). Therefore, it is
likely that the substantial reduction in training resulted in centrally-mediated decrements in
aerobic performance that were independent of the strength training adaptions.
Although V̇O2peak outcome performance did not improve for this athlete, the testing
characteristics did change, as reflected in the segment 13 analysis. After strength training the
absolute and relative oxygen consumption for segment 13 decreased. This finding implies
possible enhancement in high intensity running economy and/or improved anaerobic
characteristics during the off-season, despite the occurrence of cardiovascular detraining.
Strength training is likely to positively alter RFD, the synchronization and recruitment of motor
units, reflex activity, and the stretch-shortening cycle (Jung, 2003). These changes may improve
the “muscle power” characteristics influencing an athlete’s ability to generate and sustain the
forces driving the forward momentum of running as a result of the independent or combined
effects elevated motor unit activation patterns, intra-and inter-muscle coordination, and
mechanical efficiency (Green & Patla, 1992; Jung, 2003; Noakes, 1988). The performance
manifestations of such changes are likely to be improved running economy, improved velocity or
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power output per oxygen consumption, and/or greater fatigue resistance at a given intensity
(Nummela et al., 2006; Paavolainen, Nummela, Rusko, et al., 1999; Paavolainen, Nummela, &
Rusko, 1999). The elevated force-time characteristics during the off-season do imply improved
neuromuscular capability during the off-season. The segment 13 changes combined with the
trend of improved running economy during a period of detraining suggest that the
neuromuscular, “muscle power” benefits of strength training may function independently of the
cardiovascular and metabolic determinants of running performance. Nonetheless, as
demonstrated by the impaired time to exhaustion, the improved neuromuscular function cannot
substitute for the cardiovascular determinants of running performance.
The athlete did not achieve a new PR in the marathon competition (approximately 5%
slower). To the author’s knowledge, this study is the first to investigate the effects of strength
training on marathon performance. Other research has documented improved pacing in the later
portions of a 10-km race in runners (Damasceno et al., 2015) and enhanced economy after two
hours of continual cycling , when compared to non-strength trained controls (Rønnestad et al.,
2011). Therefore, if strength training were to impact marathon performance, it seems reasonable
to speculate that the improvement would likely be reflected in improved pacing in the later miles
of the race. However, the athlete’s pacing deteriorated over the second half of the race when
compared to his previous performances. Race-day nutrition was not controlled in this study and
may have impacted this deterioration in race velocity in the later portion of the race.
Additionally, this unexpected performance decrement may be the result of race day weather
conditions. Research has established air temperature as a statistically significant predictor of an
athlete’s finish time anomaly (Ely, Cheuvront, Roberts, & Montain, 2007; Vihma, 2010). Ely et
al. (2007) estimated that weather conditions resulting in a wet-bulb globe temperature of 20C
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would impair a 2:30:00 marathon runner’s completion time by approximately 4%. The official
reported starting temperature of the 2016 race was 21.6C. The athlete’s PR race (2015) had an
official reported starting temperature of 7.78C. The trend of slower completion times was
prevalent across multiple finish place brackets, with a trend around 4% slower than the 2015 race
of the same placements. Therefore, if strength training did enhance the athlete’s preparedness
the day of competition, it is possible that the extraneous weather conditions may have impaired
the athlete’s ability to express his true fitness potential.
Despite having a slower completion time in this race, the athlete did show signs of improvement
in the final 0.2 miles to the finish. The athlete’s 2015 PR race was characterized by a slowing
over the final 0.2 miles, while the 2016 performance was characterized by an acceleration to the
finish line. When expressed relatively to the mile 26 average velocity, the athlete decreased
speed by approximately 2% in 2015 but increased speed by 16.5% in 2016. Other research has
reported improved 5-minute all-out performance following 180 minutes of cycling or 90 minutes
of running following a strength training period (Rønnestad et al., 2011; Vikmoen et al., 2017).
Therefore, it seems possible that the strength training may have preserved or enhanced the
athlete’s ability to accelerate to the finish line. Such an improvement may have significant,
practical ramifications. The coefficient of variation for completion time in athletes placed 138th150th in 2016 was approximately 0.2%. Given such small variability between athletes, small
improvements in the final kilometers of a marathon are likely to influence placement.

Force Production Abilities
The finding of improved maximal strength in a distance runner after a resistance training
program is line with much of the reported literature (Damasceno et al., 2015; Piacentini et al.,
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2013; Storen et al., 2008; Vikmoen, Raastad, et al., 2016). The increases in maximal strength
coincided with enhanced force-time characteristics within time frames relevant to distance
running (200 and 250 ms). However, the enhancement of force-time characteristics during
concurrent training is equivocal in the research. Results of concurrent increases in maximal
strength and RFD have been reported (Aagaard et al., 2011; Mikkola et al., 2007; Storen et al.,
2008), while maximal strength increases without changes to RFD have also been reported
(Hakkinen et al., 2003; Rønnestad, Hansen, & Raastad, 2012). Although both improved in this
study, the majority the improvement in peak force preceded the majority of the improvement in
the force-time characteristics.
The improvement in force-time characteristics took place during the period of reduced
endurance training volume (taper and off-season) in this study. The “interference effect” of
endurance training on strength adaptions has been well documented in the literature (Hickson,
1980; Hoff et al., 2002; J. M. Wilson et al., 2012), with power-based adaptions more suppressed
during concurrent training than that for maximal strength (Hakkinen et al., 2003; J. M. Wilson et
al., 2012). Although some of the improvement in force-time characteristics in the off-season
may have occurred due to the specificity of training, it is likely that the magnitude of
improvement was partially moderated by the reduction in endurance volume. These findings
may have implications for the integration of strength training into the periodization of endurance
training.
Coaches may selectively and deliberately emphasize and de-emphasize certain fitness
characteristics, physiological adaptions, and technical aspects throughout the athlete’s training
year (DeWeese et al., 2015a, 2015b; Stone et al., 2007). The concept of phase potentiation is
that the emphasized quality in one training block may be capitalized on the subsequent block,
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ultimately enhancing the ability to develop the desired improvements in that subsequent block
(Stone et al., 1981). If both the magnitude of force production and the rate of force development
are of importance to distance runners, then athletes may benefit from a period early in the annual
training cycle that de-emphasizes running volume and emphasizes the quality of strength
training. Although the athlete’s sport-specific fitness may initially decrease as a result of the deemphasized endurance training, the improvements in strength characteristics may potentiate the
athlete’s subsequent aerobic training, as well as offer additional beneficial adaptations, such as
rate of force development.

Anthropometrics
The athlete’s body mass increased by approximately 3% at the time of the taper and
remained consistent throughout the remainder of the monitoring program. Other research has
reported 2-3% increases (Aagaard et al., 2011; Rønnestad, Hansen, & Raastad, 2010) in lean
body mass, but minimal changes to total body mass. The trend in increasing girth measurements
indicate that the athlete may have experienced a small degree of muscle hypertrophy as a result
of the strength training. However, the increase in body mass during the taper coincided with a
decrease in training volume. It may be that the athlete’s body mass was at least partially elevated
at this time point from increased glycogen levels and associated water content from the reduction
in training volume (Olsson & Saltin, 1970).
The athlete likely experienced a reduction in upper and lower body lean mass as a result
of the withdraw period. Similar findings have also been reported in cyclists (Rønnestad, Hansen,
Hollan, Spencer, & Ellefsen, 2016) and kayakers (Garcia-Pallares, Sanchez-Medina, Perez,
Izquierdo-Gabarren, & Izquierdo, 2010) after 5 to 8 weeks of cessation of strength training. The
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reduction in lean body mass may have coincided with an increase in fat mass, as demonstrated
by the increase in sum of skinfold measurements post-withdraw. Because the athlete also
reduced aerobic training volume during this time, it is difficult to ascertain the specific effects of
the cessation of strength training on body composition. Nonetheless, these result, when
compared to the existing literature, suggest that favorable body composition maintenance is
likely to be impaired by periods without strength training.

Jump Testing
The rapid improvement in jumping performance in a previously untrained individual after
strength training is in agreement with previous research (Cormie et al., 2010a). However, the
magnitude of improvement is higher than other research involving strength training interventions
for runners (Mikkola et al., 2011; Piacentini et al., 2013; Vikmoen, Raastad, et al., 2016). This
difference may be explained by the athlete’s initial low performance ability in the jump testing at
the start of the study and the type of strength-power training completed. Surprisingly, phasic
changes in jump performance did not correspond well to the phasic changes in strength.
Previous research has highlighted a potential limitation of evaluating jump performance based on
the outcome measure of height (Sole, 2015). Specifically, jump heights were found to remain
relatively stable over a training program in collegiate volleyball players, despite changes to the
jump force-time curves (Sole, 2015). The rapid neuromuscular changes due to strength training
or ballistic training have been shown to elicit similar jump performance outcomes in previously
untrained individuals, but due to different alterations of the force-velocity relationship (Cormie
et al., 2010a). Thus, in previously untrained, low-force athletes (e.g. distance running), changes
in how the athlete jumps may precede outcome variables, after the initial, rapid performance
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outcome improvement. Jump force-time curve characteristics were not assessed in this study.
Additionally, the lack of improvement may be due to a lag-time effect between the acquisition of
neuromuscular acquisitions and the motor learning, skill aspect of jumping in previously
untrained, low-force athletes. Experience and technique have been cited as factors influencing
jump performance outcomes (Cormie, McBride, & McCaulley, 2009). Therefore, the rate at
which the athlete was adapting to the novel training may have been faster than the athlete’s
ability to learn how to express the adaptions in these specific tasks.
The athlete’s performance in all four jump testing conditions decreased after the
withdraw period. This finding is in accordance with the decrement in jump performance
reported for elite cyclists after 8 weeks void of strength training (Rønnestad, Hansen, Hollan, et
al., 2016). This decrement in jump performance in this study coincided with decrements in
maximal strength and force-time characteristics. Jump testing is a common method used in
sports to monitor neuromuscular function (Halson, 2014), and interpretation of changes is
recommended on individualized scores of magnitude (Claudino, Cronin, Amadio, & Serrão,
2017). Although the post-withdraw results support this application, the change in jumps were
less sensitive to the concurrent changes in force production characteristics during the remainder
of the monitoring program. Therefore, interpretation of results from a magnitude assessment on
jump height may not be the most appropriate for weaker and less powerful athletes during the
early stages of a strength training program. Rather, concurrent trends in behavior among
multiple jump conditions, as found in the initial and post-withdraw jump testing, may be more
sensitive for monitoring purposes of weaker, less powerful athletes.
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Withdraw
The cessation of strength training resulted in a decrement in both strength characteristics
and jumping performance in this study. These findings are similar to those reported for
detraining in athletes (Garcia-Pallares et al., 2010; Rønnestad, Hansen, Hollan, et al., 2016). In
contrast to complete cessation of strength training, maintenance programs of one strength
training session per week have been found to be effective at mitigating the performance losses
(Garcia-Pallares et al., 2010; Rønnestad, Hansen, Hollan, et al., 2016). Therefore, these findings
indicate that athletes should avoid prolonged periods without strength training.
The athlete’s performance ability was still greatly enhanced from the initial baseline during the
post-withdraw testing. These findings indicate the initial fitness characteristics gained from
strength training in a previously untrained individual may have a high degree of permanency. If
this interpretation is accurate, an early season emphasis on strength training may be advisable for
endurance athletes. If the magnitude of strength related fitness characteristics is great enough,
the athlete may be able to maintain these characteristics more easily through the sport-specific
training, as opposed to attempting to develop these within the more sport-specific training.
However, as demonstrated by the decline in performance during the withdraw, it is advisable that
runners should continue to strength train during the more sport-specific, run-emphasized training
blocks.
The athlete’s RE showed a trend to worsening after the withdraw, as assessed by both the
steady state testing and the segment 13 analysis. Like the force characteristics and jump testing,
the RE still showed a trend of improvement post-withdraw over initial baseline, despite the
potential decrement from pre-withdraw testing. Future research should investigate the potential
interrelatedness between specific strength characteristics and RE.
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Conclusion
A block periodized strength training program is likely to enhance the strength
characteristics of a previously non-strength trained distance runner. High endurance training
volumes may negatively impact the force-time characteristics of strength during concurrent
training. Changes in both the magnitude and rate of force may be important to the transfer of
training to RE and running performance. Improvements in RE from strength training may act
independently from the cardiovascular aspects of running performance, but performance is likely
to be impaired if the cardiovascular aspects are not maintained. Periods without strength training
are likely to negatively impact an athlete’s strength related fitness and may rescind previous
enhancements of sport-specific fitness and negatively impact aspects of performance, including
RE.
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Abstract
The purpose of this study was to monitor the concurrent and divergent changes in athlete
preparedness and performance over a competitive training cycle in two marathon runners. One
athlete added a block periodized strength training program to a non-periodized endurance
training program (NBP Athlete). The other athlete (BP Athlete) completed an integrated,
concurrent block periodized program using HIT over-reach endurance training. Both athlete
displayed improvements in running performance and running economy over the duration of the
monitoring program. The BP Athlete displayed earlier and greater magnitudes of performance
improvements. These results indicate that strength training can enhance running economy in
marathon athletes, performance may be better optimized through periodized integration of
strength and endurance training, and the use of HIT over-reach blocks may improve marathon
relevant fitness characteristic within the ecologically valid context of an athlete’s training cycle.
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Introduction

The best training methodologies to enhance endurance athlete performance are still
speculative. Sport science research has progressed in explaining the cause-effect relationship
between training duration and intensity on subsequent physiological changes that influence
performance capabilities (Coffey & Hawley, 2007). The actual implementation of training is
dependent upon a myriad of factors specific both to the event, i.e. performance goal and training
time frame until competition, and the athlete, i.e. training history, free time available to train,
fitness level, genetic predisposition, and short and long-term development goal (DeWeese et al.,
2015a; Stone et al., 2007). Thus, the coach must mindfully filter and modify evidence-based
best practices to best apply them to the realities imposed by the uniqueness of the individual
athlete and scenario. Three contentious issues regarding the customization of a training plan
with evidence-based best practices for endurance athletes include the implementation of strength
training, the balance between volume and intensity of aerobic training, and the periodization
practices to optimize performance. Therefore, an examination of how these issues influence
athlete development and preparedness over the duration of an ecologically valid competitive
training period are warranted.
Empirical evidence is mounting for the benefits of strength and strength training on
endurance performance. Improvements in strength may underpin a variety of physiological
adaptations that improves an endurance athlete’s ability to produce and sustain the propulsion
forces of the endurance task (Aagaard & Raastad, 2012; Rønnestad & Mujika, 2014). As a result
of these adaptations, an endurance athlete is likely to enhance performance through increasing
time to exhaustion and endurance capacity, as well as improving the movement economy and
efficiency of the endurance task (Aagaard & Raastad, 2012; Balsalobre-Fernandez et al., 2016;
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Rønnestad & Mujika, 2014). Nonetheless, what constitutes as strength training can take on
numerous permutations of exercise selections, intensities, and volumes. Additionally, high
volumes of endurance training may attenuate the molecular bases for certain strength training
adaptations (Hawley, 2009) and reduce performance adaptations (Hakkinen et al., 2003).
Therefore, the success of a strength training program for an endurance athlete is likely dependent
upon what the athlete does to achieve specific physiological and fitness outcomes throughout the
training cycle and how the strength training is integrated into the overall training program
(Bazyler et al., 2015; Stone et al., 2006). These considerations highlight the potential importance
of periodized strength training. However, examinations of long-term, concurrent periodized
programs for endurance athletes are lacking in the current research.
Although strength training may augment an endurance athlete’s performance abilities, the
endurance athlete’s success is largely dependent upon the athlete’s genetics and the sportspecific endurance training. The intensity and volume of training are the primary variables
manipulated to improve fitness. Although emphasis of volume or intensity may elicit different
adaptions, research suggests that both are important over the course of an entire training plan to
optimize performance at time of competition (Esteve-Lanao et al., 2007; Laursen, 2010; Seiler &
Kjerland, 2006). High level endurance athletes often implement a “polarized” model of training,
with an approximate 80-20% relative distribution of low (LIT) and high intensity training (HIT)
over the training year (Seiler & Kjerland, 2006). Nonetheless, this relative distribution does not
consider how the training stress was accumulated over the training cycle. Experimental evidence
suggests that endurance athlete’s may better optimize adaptations through the use of a HIT
functional over-reach and block periodization (Rønnestad, Ellefsen, et al., 2014; Rønnestad,
Hansen, & Ellefsen, 2012; Rønnestad, Hansen, Thyli, et al., 2016; Rønnestad et al., 2017). In
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this model, the athlete completes a one-week functional over-reach through a substantial increase
in HIT volume. Overall training volume is reduced during the over-reach week. The over-reach
week is then followed by several weeks of emphasized LIT and greater overall training volume.
A maintenance session of HIT is completed only once per week during these weeks. Research
has not yet examined the efficacy of this model in runners and in long duration endurance events
(i.e. marathon).
The long-term sequencing of fitness phases and subsequent training type, intensity, and
volume are key components of periodization (Stone et al., 2007). The conceptual basis of this
organization is to allow subsequent training to capitalize on the fitness development from an
earlier phase, resulting in superior preparedness at the time of competition (Stone et al., 2007).
Although different models for periodization exist (Issurin, 2010; Stone et al., 2007;
Verkhoshansky, 2007), the common themes involve the organization of compatible, goaloriented training into logical time series clusters at both the micro-level (e.g. training week),
meso-level (e.g. multi-week training block), and macro-level (e.g. multi-block training phase).
This series of training progress from the less-specific to the more-specific, with intensity
increasing over time and volume generally decreasing over time. However, the application of
such principles may become more nuanced in practice, especially in long duration events, such
as the marathon.
The marathon is characterized by a long duration, continuous effort of submaximal
aerobic intensity. The race distance is 26.2 miles (42.195 kilometers) and race pace is largely a
product of maximal oxygen consumption (V̇O2max) fractional utilization of V̇O2max, and running
economy (RE) (Coyle, 2007; Zinner & Sperlich, 2016). For most athletes, race pace is below
intensities that cause large perturbations to homeostasis (e.g. lactate threshold) (Coyle, 2007;
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Zinner & Sperlich, 2016). Therefore, the framing of intensity and volume in relation to the
marathon deserves consideration for the sequencing of training. For a marathon athlete to run
faster, training may need to first reduce the perturbation to homeostasis elicited by intensities
greater than the current race pace. Aerobic homeostasis regulation is largely linked to V̇O2max
and fractional utilization of V̇O2max. After establishing the potential for a new race pace, the
athlete may need to improve endurance tolerance to the new intensity and improve the
relationship of that intensity to running velocity (RE). Thus, the specificity of marathon training
may be viewed as increasing the ability to sustain long, continuous efforts of subjectively and
physiologically difficult work. This framework suggests that a decreasing high intensity
approach may be more sport-specific for the marathon. In this model, the absolute intensity of
HIT decreases over the training year, but the duration of each continuous HIT bout increases.
Currently, only one study has examined the sequencing of endurance HIT periodization models
on performance (Sylta et al., 2016) and no study has applied the functional over-reach block
periodization to the model to the marathon.
The purpose of this investigation is to conduct a double baseline single case study on two
marathon athletes within the ecologically valid context of a competitive training cycle. One
athlete (BP Athlete) will complete a concurrent, integrated block periodized strength and
endurance program. The endurance periodization model will employ a functional over-reach
block periodization design, utilizing a decreasing HIT model. The other athlete (NBP) will
perform a non-periodized endurance training program, emphasizing high volume, low intensity
training. Both athletes will perform similar block periodized strength training. However, the
overall training for the BP Athlete will be designed to be integrative and complementary. The
NBP Athlete will add the strength training independently to the coach-directed endurance
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training. The double baseline design will allow for the assessment of concurrent and divergent
changes between athletes to evaluate:
1) The influence of a block periodized strength training program on running performance
and force production abilities over a full competitive training cycle
2) The influence of a concurrent, integrated periodized strength and endurance training
program on performance measures and athlete preparedness, compared to a nonintegrated training program
3) The efficacy of a functional over-reach, block periodized endurance program on
measures of running performance and athlete preparedness, compared to a nonperiodized endurance program
Methods

Overview
Training, performance, and physiological data were collected from two athletes as part of
two independent athlete monitoring programs. Both athletes were in preparation for the same
marathon competition. The monitoring program began with repeat baseline testing for each
athlete. Prior to the initiation of baseline testing, both athlete completed familiarization of the
monitoring tests to be performed. Baseline performance and physiological data were collected
over a span of one month (BP Athlete) and six weeks (NBP Athlete). After the baseline period
both athletes began similar strength training programs and were supervised by the same certified
strength and conditioning coach (CSCS). The initiation of the strength training program was
staggered by one-week between athletes, as part of the double baseline design. The two athletes
received instructions for their aerobic training from their respective running coach.
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The concurrent and systematic monitoring of two athletes of similar fitness in preparation
for the same competition allowed the investigators to approach the monitoring program as a
double baseline single case research study design. The university’s Institutional Review Board
(IRB) approved the methodology of the study. Informed consent was obtained from both
athletes participating in this study.
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Figure 4.1. Timeline of training and monitoring by week for each athlete.
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Participants
Two male, well-trained, sub-elite marathon runners participated in a monitoring program
as part of the preparation for the same marathon. One athlete completed an integrated,
concurrent block periodized training program (BP Athlete; age: 24 years, body mass: 70.0 kg,
height, 1.75 m, V̇O2peak: 65.41 ml-1·kg-1·min-1), while the other athlete completed a nonintegrated, non-periodized aerobic training program (NBP Athlete; age 28 years, body mass:
53.3 kg, height 1.65 m, V̇O2peak: 66.90 ml-1·kg-1·min-1). Both athletes were former collegiate
division I runners. The NBP athlete completed 20 weeks of periodized strength training as part
of separate training cycle, but did not perform strength training for the 12 week prior to the
baseline testing and the 15 weeks prior to the initiation of strength training for this training cycle.
The BP athlete had no history of periodized strength training, nor any history of heavy strength
training (<10 RM) prior to this study.

Table 4.1. BP Athlete’s marathon performance progression prior to the study
Year
Marathon
Completion Time
2016
Knoxville
2:36:29
Table 4.2. NBP Athlete’s marathon performance progression prior to the study
Year Marathon
Completion Time
2012
Sacramento
2:48:37
2014
Boston
2:39:35
2015
Boston
2:33:13
2015
Chicago
2:34:10
2016
Boston
2:41:17
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Table 4.3. Running Performance Characteristics Pre-Training
Low – Moderate
Moderate – High
Intensity Transition
Intensity Transition
Velocity
Velocity
% V̇O2peak
% V̇O2peak
(kmh-1)
(kmh-1)
BP
76.60
15.1
88.40
17.40
Athlete
NBP
Athlete

79.02

16.00

89.66

17.80

Marathon PR Performance
% V̇O2peak

Velocity
(kmh-1)

83.22

16.18

83.32

16.52

Monitoring Program
The structure of the monitoring program was identical between athletes. The monitoring
program consisted of training load quantification and a series of performance and physiological
assessments that were integrated into the athlete’s natural training schedule. The goal of the
monitoring program was to assist with athlete preparation while maintaining ecological validity
of training, by not impeding the coach-driven, intended training. The integration of the
monitoring testing sessions is presented in Figure 4.1.

Strength Training Program
The athletes participated in a similar block periodized strength training program in
preparation for competition. Both athletes received instruction and supervision from a certified
strength and conditioning coach (CSCS). The primary goal of the training program was to
enhance the athlete’s maximal force production characteristics, with an emphasis on the athlete’s
ability to express these characteristics at the time of competition via higher running power
outputs (Bazyler et al., 2015; Stone, Moir, et al., 2002; Stone et al., 2006). The periodized
scheme chosen was based on the phasic potential model (DeWeese et al., 2015a, 2015b; Stone et
al., 1981; Stone et al., 2007), which emphasizes an initial higher volume of work and transitions
to lower volume, higher intensity training as the athlete approaches competition. A planned over193

reach was programmed into the training before a two-week taper in an attempt to foster super
compensation of desired fitness characteristics (DeWeese et al., 2015b). The specific exercise
programming for the block periodized training are presented in Table 4.4 and Table 4.5.
Given the untrained state and low strength level of both athletes, programming was based
on maximal effort, high force, low velocity exercises (Bazyler et al., 2015), as such training has
been found to elicit greater improvements in power output than low force, high velocity training
(Cormie et al., 2010b). Despite the actual velocity of the lifting movements, the athlete was
instructed to attempt to move the weight as quickly as possible and with maximal effort for each
repetition.
Although the periodization scheme was similar between athletes, several intentional
differences were implemented to reflect the needs of the individual athlete and the constraints of
their training schedule. In Block 3 the NBP athlete performed hypertrophy oriented training
(sets of 10), while the BP athlete performed a high weekly volume of strength training (sets of 5
with three training sessions per week) to emphasize strength development. The attempt to elicit
discriminate hypertrophy in the NBP athlete was due to the athlete’s starting low lean body mass
in the running-specific musculature. The higher lean body mass of the BP Athlete negated the
need to induce further hypertrophy of the running-specific musculature.
Additional differences in the program included the presence of a strength training active
rest block for the NBP Athlete and the use of partial squat movements by the BP Athlete. It was
known that the NBP Athlete would have travel obligations during that week and would not have
access to a strength training facility. This consideration was planned into the training program
and the athlete was encouraged to perform body weight calisthenics during the active rest week.
In order to compensate for the increased physical stress during the three functional over-reach
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HIT weeks, the BP athlete performed substituted the full back squat with ¼ squats partial
movements. This modification was implemented to minimize the possibility of strength training
related fatigue impairing the athlete’s ability to perform the necessary endurance HIT.

Strength Training Monitoring. Training sessions were monitored using the 10-point rating of
perceived exertion (RPE) scale (Borg, 1982) and calculated volume load
(sets·repetitions·weight·bar displacement).
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Table 4.4. Planned BP Athlete Strength Training Programming by Block
Week
-28
-27
-26
-25
-24

Block

Return to
Fitness

General
Strength 1

-23
-22
-21
-20
-19
-18
-17
-16

Sets x
Reps

Day 1
Exercises

Day 2
Exercises

Day 3
Exercises

3x5

Back Squat,
Bench Press,
Overhead Press

Shoulder Shrug,
Mid-Thigh Pull,
Stiff-leg Deadlift,
Dumbbell Row

--

Back Squat,
Mid-Thigh Pull,
Overhead Press,
Stiff-leg
Deadlift

Back Squat,
Mid-Thigh Pull,
Overhead Press,
Stiff-leg Deadlift

--

Back Squat,
Bench Press,
Overhead Press

Lunge,
Mid-Thigh Pull,
Barbell Row,
Stiff-leg Deadlift

Back Squat,
Bench Press,
Overhead Press

Front Squat,
Pull from Knee,
Push Press,
Stiff-leg Deadlift

--

3x5
3x5
3x5
3x5
3x5

General
Strength 2

General
Strength 3

3x5
3x5
3x5
3x5
3x5
3x5
3x5

-15

3x5

-14
-13
-12

3x5
3x5
3x5

General
Strength 4

-11

3x5

-10

3x3

-9

Maximal
Strength

-8
-7
-6
-5
-4
-3
-2
-1

3x3
3x2

Strength
Power

OverReach

Taper

3x3
3x3
3x2
5x3
3x3
3x2
3x2

Front Squat,
Pull from Knee,
Push Press,
Stiff-leg
Deadlift
Back Squat,
Bench Press,
Overhead Press,
Stiff-leg
Deadlift
Back Squat,
Push Press,
Pull from Knee,
Stiff-leg
Deadlift
Back Squat,
Pull from Floor,
Jump Shrug,
Stiff-leg
Deadlift
Back Squat,
Mid-Thigh Pull,
Push Press,
Barbell Row
½ Back Squat,
Push Press,
Bench Press

Back Squat,
Mid-Thigh Pull,
Barbell Row,
Stiff-leg Deadlift
Back Squat,
Push Press,
Pull from Knee,
Stiff-leg Deadlift
Back Squat,
Pull from Floor,
Jump Shrug,
Stiff-leg Deadlift
Jump Squat,
Mid-Thigh Pull,
Push Press,
Barbell Row
¼ Back Squat,
Mid-Thigh Pull,
Stiff-leg Deadlift
--

--

--

--

Day1

Day 2

Day 3

62

57

--

65

62

--

67
70
75

62
65
70

----

65

62

--

70
72
75
67*
70
75
77

67
70
72
65
65
70
75

65
67
70
-----

67*

62

--

70
75
77

67
70
72

----

67*

65

--

75

72

--

82

77

--

85

80

--

75
82

70
77

---

74

72

--

70

67

--

75

70

--

82

77

--

72

--

--

--

--

*Back/front squat substituted with ¼ squat during run over-reach week
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% 1-RM

Table 4.5. Planned NBP Athlete Strength Training Programming by Block
Week
-29
-28

Block

Back Squat,
Mid-Thigh Pull,
Overhead Press,
Stiff-leg Deadlift

Front Squat,
Pull from Knee,
Push Press,
Stiff-leg Deadlift

Active
Recovery

--

--

--

General
Strength 3

3x5
3x5
3x5

Back Squat,
Bench Press,
Overhead Press,
Stiff-leg Deadlift
Back Squat,
Push Press,
Pull from Knee,
Stiff-leg Deadlift
Back Squat,
Pull from Floor,
Push Jerk,
Stiff-leg Deadlift
Back Squat,
Mid-Thigh Pull,
Push Press,
Barbell Row

Back Squat,
Mid-Thigh Pull,
Barbell Row,
Stiff-leg Deadlift
Back Squat,
Push Press,
Pull from Knee,
Stiff-leg Deadlift
Back Squat,
Pull from Floor,
Push Jerk,
Stiff-leg Deadlift
Jump Squat,
Mid-Thigh Pull,
Push Press,
Barbell Row
¼ Back Squat,
Mid-Thigh Pull,
Stiff-leg Deadlift
--

-16
-15
-14
-13

-2
-1

Day 2
Exercises

3x5
3x5
3x5
3x5
3 x 10
3 x 10
3 x 10
3 x 10
3x5
3x5
3x5

Return to
Fitness

Strength
Endurance

-3

Day 1
Exercises

Shoulder Shrug,
Mid-Thigh Pull,
Stiff-leg Deadlift,
Dumbbell Row
Back Squat,
Mid-Thigh Pull,
Overhead Press,
Stiff-leg Deadlift
Lunge,
Mid-Thigh Pull,
Barbell Row,
Stiff-leg Deadlift
Front Squat,
Pull from Knee,
Push Press,
Stiff-leg Deadlift

-27
-26
-25
-24
-23
-22
-21
-20
-19
-18
-17

-12
-11
-10
-9
-8
-7
-6
-5
-4

Sets x
Reps

General
Strength 1

General
Strength 2

Maximal
Strength

Strength
Power

OverReach

Taper

3x5
3x5

3x5
3x5
3x3
3x2
3x3
3x3
3x3
3x2
5x3
3x3

3x2
3x2

Back Squat,
Bench Press,
Overhead Press

Back Squat,
Bench Press,
Overhead Press

½ Back Squat,
Push Press,
Bench Press
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Day 3
Exercises

% 1-RM
Day1

Day 2

Day 3

62

57

--

65

62

--

67
70
75
65
52
57
60
52
70
75
77

62
65
70
62
50
52
52
50
65
70
75

----50
52
54
50
----

--

--

--

--

--

67
70
75

62
65
72

----

67
72
80
74
75
80
82
74
70

62
67
75
70
70
75
77
70
67

----------

75

70

--

--

82

77

--

--

72

--

--

--

-Back Squat,
Bench Press,
Overhead
Press
--

--

--

--

Endurance Training Program
The two athletes completed two different aerobic training programs in preparation for the
marathon. The NBP Athlete received endurance training direction from his personal coach.
Although this training was designed with the intention of optimizing athletic performance for the
specific marathon competition, the training was not periodized and was not organized into
specific training phases or training blocks. The NBP Athlete’s training program emphasized
high volume, LIT running.
In contrast, the BP Athlete’s endurance training was planned using a block periodized
model and programmed accordingly to attempt to achieve the fitness goals of each phase and
training block. The block periodized model was modified from the models employed with
cyclists and cross-country skiers (Rønnestad, Ellefsen, et al., 2014; Rønnestad, Hansen, &
Ellefsen, 2012; Rønnestad, Hansen, Thyli, et al., 2016; Rønnestad et al., 2017) to reflect the
periodization considerations of this specific athlete for the marathon. This periodization design
used three consecutive blocks featuring a functional over-reach during the general preparation
period. Each block featured a one-week HIT functional over-reach. Each HIT over-reach week
consisted of five HIT sessions. The HIT blocks were periodized/programmed in a descending
manner to attempt to first emphasize improvements in the BP Athlete’s 𝑉̇ O2peak, followed by the
athlete’s fractional utilization of 𝑉̇ O2peak (lactate threshold). The remaining three weeks of the
training block emphasized high volume, lower intensity running and contained only one HIT
maintenance session each.
The conceptual basis of this descending periodization/programming model was to attempt
to systematically change the physiologically determinants of the athlete’s race pace during the
late general preparation period, thereby allowing for the “practicing” of the faster race pace
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during the specific preparation period. An athlete’s race pace is a factor V̇O2max, fractional
utilization of V̇O2max (lactate threshold), and RE (Coyle, 2007; Zinner & Sperlich, 2016). An
athlete’s lactate threshold is often an intensity limiter for marathon race pace and V̇O2max sets the
upper intensity limiter for the lactate threshold. Therefore, V̇O2max is the more distal fitness
characteristic to marathon intensity. An additional consideration is that the minimum aerobic
intensity for HIT is generally recognized as that corresponding to OBLA, the second ventilatory
threshold, or approximately 88% V̇O2max in trained endurance athletes (Goutianos, 2016; Seiler
& Kjerland, 2006). Therefore, the minimal HIT intensities are supra-marathon intensities. Thus,
the utilization of HIT for “training” may be distinct from the utilization of HIT for “practicing”
the lower intensity, continuous effort of marathon time trialing.
A descending HIT periodization/programming model was chosen to better integrate the
various forms of HIT and transition from the less-specific to the more-specific. With this model,
the absolute intensity of each the training decreases per block. However, due to the inverse
relationship between time and intensity, the overall volume of HIT completed per training
session and the overall duration of continuous HIT running increases per block. Thus, training
becomes less intermittent and more continuous in nature, allowing for the practicing of time
trialing, as a skill. The conceptual organization of the late general preparation and specific
periods is presented in Table 6.
The programming of each block was selected in order to achieve the desired
physiological adaptations and sport-specific training. The BP Athlete was instructed to obtain the
highest possible average running velocity for all HIT interval sessions. The athlete also received
running velocity goals for the interval training for each session. The V̇O2max Block was
programmed based on interval intensities and durations expecting to elicit and sustain oxygen
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uptake between 95-100% V̇O2max (Buchheit & Laursen, 2013; Rønnestad, Hansen, Vegge, et al.,
2015), thus creating a strong stimulus for central-mediated improvements in V̇O2max (Buchheit &
Laursen, 2013; Midgley et al., 2006). The following LT1, LT2, and Race Pace Blocks featured
at least one V̇O2max Block style workout, in order to revisit the higher absolute intensities and
maintain these adaptations. During the V̇O2max and LT1 Blocks, programming was based on time
intervals, in order to emphasize work capacity. Programming was based on distance in the LT2
and Race Pace Blocks, in order to allow the athlete to practice pacing regulation to maintain the
highest achievable average power output per distance, mimicking the nature of a time trial. The
specific programming completed by the athlete are presented in Tables 7 through 11.
Prior to the initial of the over-reach blocks, the BP Athlete completed three blocks of
“base” training. The goals of these blocks were to acclimate the athlete to concurrent training
(Return to Fitness), to emphasize lower intensity training time (Base Block 2), and to gradually
increase HIT training time (Base Block 3), to prepare for the following HIT over-reach training.
The BP Athlete completed a final endurance over-reach before the start of the taper. This
final over-reach used fewer HIT session (three) and less HIT volume than the previous overreach weeks. This difference was programmed in order to minimize the risk of maladaptation to
super compensation imposed by a too excessive functional over-reach (Aubry et al., 2014). A
two-week exponential taper was programmed following the over-reach to allow for the
dissipation of fatigue and expression of fitness at the time of competition. A maintenance of
intensity and a reduction in volume was programmed as part of the taper.
The BP Athlete completed two forms of cross-training over the training cycle: indoor
cycling and pool running. The indoor cycling was originally programmed as part of the HIT
over-reach blocks. The pool running was added in the late specific preparation period and taper
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due to the occurrence of minor, but persistent medial tibia soreness. The NBP Athlete did not
complete any form of cross-training.

Table 4.6. Conceptual HIT Progression of Late GPP and SPP Blocks
VO2max OR
LT1 OR
LT2 OR
Longest
4-minutes
8-minutes
8 km (approx.
Continual Effort
(approx. 1.3 km) (approx. 2.3 km)
28 minutes)
HIT Interval

Race Pace
21.08 km (approx.
72 minutes)

Accumulated
HIT Volume
per Session

Very Low

Moderate

High

Very High

Absolute HIT
Intensity

Very High

High

Moderate

Low

Fitness
Characteristic

Work Capacity

Work Capacity

Highest
Average
Power Output

Highest Average
Power Output

Physiological
Characteristic

Central

Central and
Peripheral

Peripheral and
Central

Peripheral

Marathon Time
Trial Specificity

Very Low

Low

Moderate

High
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Table 4.7. BP Athlete Completed V̇O2max Over-Reach Block Training*
Week 1:
Week 2
Week 3
HIT O-R
LSD
Sunday
Rest
Rest
(28 km)

Week 4:
Regeneration
Rest

HIT - Run
4 x 4-minute
2-minute rest

Short, LIT
(7 km)

Short, LIT
(10 km) ‡

Short, LIT
(6.6 km)

1) HIT - Run
4 x 3-minute
2-minute rest

1) Short, LIT
(10 km)

1) Short, LIT
(13 km)

1) Short, LIT
(14.5 km)

2) Strength Train

2) Strength Train

2) Strength Train

HIT – Cycle XT
12 x 30:15 second
work:relief
2 sets
6-minute rest

LSD
(19.3 km) †

LSD
(17.7 km) ‡

LSD
(17.9 km)

Thursday

Strength Train

HIT – Run‡
12 x 30:15 second
work:relief
2 sets
6-minute rest

HIT – Run
12 x 30:15 second
work:relief
3 sets
6-minute rest

HIT – Run
8 x 30:15 second
work:relief
3 sets
6-minute rest

Friday

HIT – Run
12 x 30:15 second
work:relief
3 sets
6-minute rest

Monday

Tuesday

2) Strength Train

Wednesday

1) Strength Train
2) Active Recovery
(5.5 km)

Strength Train

1) Short, LIT
(6.4 km)
2) Strength Train

HIT – Run
12 x 30:15 second
LSD
LSD
Saturday
work:relief
Rest
(26.7 km) ‡
(21 km)
2 sets
6-minute rest
*training does not include warm-up or cool-down activity; ‡completed daily training was reduced
from intended volume; †completed daily training was increased from intended volume
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Table 4.8. BP Athlete Completed LT1 Over-Reach Block Training*
Week 1:
Week 2
Week 3
HIT O-R
Sunday
Rest
Rest
Rest
Monday

Short, LIT (10 km)

Tuesday

HIT - Testing
RE Testing
̇VO2peak Testing

Wednesday

1) HIT – Run
5 x 8-minute
4-minute rest

Week 4:
Regeneration
Rest

Short, LIT
(11 km)

LSD
(19.3 km)

Short, LIT
(9.6 km)

1) Short, LIT
(10.1 km)

1) Short, LIT
(9.6 km)

2) Strength Train

2) Strength Train

2) Strength
Train

LSD
(22.5 km)

LSD
(21.1 km)

Long, Slow
Distance (20.1
km)

HIT – Run‡
4 x 8-minute
4-minute rest

HIT – Run‡
4 x 8-minute
4-minute rest

HIT – Test and
Run
RE Testing
3 x 1-mile
3-minute rest

1) Short, LIT
(9.6 km)

2) Strength Training

Thursday

HIT – Cycle XT
6 x 5-minute
3-minute rest

Friday

HIT – Run
12 x 30:15 second
work:relief
3 sets
6-minute rest

Saturday

1) HIT – Run
5 x 6-minute
3-minute rest

1) Short, LIT
(6.4 km)
Strength Train

Strength Train
2) Strength
Train

LSD
(29 km)

LSD
(33 km)

LSD
(25.7 km)

2) Strength Training
*training does not include warm-up or cool-down activity; ‡completed daily training was
reduced from intended volume; †completed daily training was increased from intended volume
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Table 4.9. BP Athlete Completed LT2 Over-Reach Block Training*
Week 1:
Week 2
Week 3
HIT O-R
Sunday
Rest
Rest
Rest

Monday

1) HIT - Testing
RE Testing
V̇O2peak Testing

Short, LIT
(9.6 km)

LSD
(19.3 km)

Week 4:
Regeneration
Rest

Short, LIT
(9.5 km)

2) Strength Train

Tuesday

HIT - Run
2 x 8 km
1 km recovery

1) Short, LIT
(11.6 km)

1) Short, LIT
(9.6 km)
Strength Train
2) Strength Train

2) Strength
Train

Wednesday

Strength Train

LSD
(20.1 km)

LSD
(24.1 km)

LSD (19.3 km)

Thursday

HIT – Cycle XT
6 x 5-minute
3-minute rest

HIT - Run
2 x 8 km
1 km recovery

HIT - Run
2 x 6 km‡
1 km recovery

HIT – Testing
RE Testing
Short, LIT

Friday

HIT – Run
12 x 30:15 second
work:relief
3 sets
6-minute rest

Strength Train

1) Short, LIT
(9.6 km)

Strength Train

2) Strength Train

HIT - Run
LSD
LSD
LSD
Saturday
2 x 8 km
(26.2 km)
(32.4)
(24 km)
1 km recovery
*training does not include warm-up or cool-down activity; ‡completed daily training was
reduced from intended volume; †completed daily training was increased from intended volume
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Table 4.10. BP Athlete Completed Race Pace Block Training*
Week 1
Week 2
Sunday
Rest
Rest

Week 3
Rest

1) Short, LIT (10 km)
Monday

Short, LIT (10.1 km)

Short, LIT (13.4 km)

1) Short, LIT (12.9 km)

1) LIT Pool Runx

2) Strength Train

2) Strength Train

LSD with Race Pace
Efforts (19.2 km)

LSD with Race Pace
Efforts (20.9 km)

HIT – Run
12 x 30:15 second
work:relief
3 sets
6-minute rest

HIT – Run
12 x 30:15 second
work:relief
3 sets
6-minute rest

Strength Train

Strength Train

2) Strength Train

Tuesday

Testing
Full RE Testing

Wednesday

LSD (16.3 km)

Thursday

HIT – Testing
V̇O2peak Testing

Friday

Strength Train

HIT – Time Trial
LSD with Race Pace
LSD with Race Pace
½ Marathon
Efforts (25.9 km)
Efforts (25.9 km)
Maximal Effort
*training does not include warm-up or cool-down activity; ‡completed daily training was
reduced from intended volume; †completed daily training was increased from intended
volume; xcompleted exercise modality was different from originally planned modality
Saturday
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Table 4.11. BP Athlete Completed Final Over-Reach and Taper Blocks*
Week 1:
Week 2:
Taper 1
5x3 O-R
HIT O-R
Sunday
Rest
LIT Pool Runx
Rest

Monday

Short, LIT
(12.9 km)

Taper 2
Rest

Short, Tempo with
LIT and Race Pace
(12.9 km)

Short, Tempo
with LIT and
Race Pace (5.3
km)

Strength Train

Strength Train

HIT – Run
5 x 8-minute
4-minute rest

RE Testing and
Short, LIT

RE Testing

HIT – Cycle XTx
6 x 5-minute
3-minute rest

HIT – Run
4 x 8-minute
4-minute rest

HIT – Run
2 x 8-minute
4-minute rest

Strength Train

Strength Train

Rest

HIT – Run
5 x 8-minute
4-minute rest
1) LIT Pool Runx

Tuesday

Strength Train
2) Strength Train

Wednesday

LIT Pool Runx

Thursday

1) Short, Tempo with
LIT and Race Pace
(10 km)
2) Strength Train

Friday

HIT – Run‡
2 x 8-minute;
2 X 6-minute
4-minute rest

LSD with Race
LSD with Race Pace
Short, LIT
Saturday
Pace Efforts (27.4
Efforts (21 km)
(6.6 km)
km)
*training does not include warm-up or cool-down activity; ‡completed daily training was reduced
from intended volume; †completed daily training was increased from intended volume; xcompleted
exercise modality was different from originally planned modality
LSD with Race Pace
Efforts (21 km)
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Endurance Training Zone Classification. Training intensity zones were classified by the
results of the V̇O2peak testing and ventilatory threshold assessment. A 3-zone intensity model was
defined based on the V̇O2 at the physiological transition markers of the first and second
ventilatory threshold (Seiler & Kjerland, 2006). Low intensity (zone 1) was defined as running
intensities below the first ventilatory threshold. High intensity (zone 3) was defined as the
running intensities above the second ventilatory threshold. Moderate intensity (zone 2) was
defined as the intensities between zones 1 and 3. The V̇O2 corresponding to first and second
ventilatory thresholds was identified for each baseline testing session and were averaged for the
final individual intensity-V̇O2 pairings. Ventilatory thresholds were determined from V̇O2peak
testing and were based on the criteria described by Meyer, Lucia, Earnest, and Kindermann
(2005) and Bentley, Newell, and Bishop (2007).
Individual RE values were calculated for athlete per running velocity of the RE test.
These values were used to create a linear regression model of the running velocity-V̇O2
relationship per athlete over the individual aerobic fitness spectrum. This relationship allowed
for the prescription of running intensities relevant to both general training zone and percentage of
V̇O2peak.

Endurance Training Monitoring. Training load was quantified by both internal and external
training loads. Training loads were quantified by total training time, TRIMP, and session RPE.
A modified version of Lucia’s TRIMP was employed to create a 3-zone intensity model based on
time (minutes) spent at running velocities for individualized “low,” “moderate,” and “high”
intensities (M. I. Lambert, 2012; Seiler & Kjerland, 2006). Time within the velocity-based
training zone was multiplied by factors of 1, 2, and 3 for the respective intensity zones to
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calculate TRIMP values (arbitrary units). Session RPE TRIMP values (RPEs) was calculated as
the product of total training session time (minutes) and the 10-scale RPE (Borg, 1982; Foster et
al., 2001). RPE was used to categorize training subjective difficulty of each training sessions
based on the following criteria: “low” (RPE >5), “moderate” (RPE 5-7), and “difficult” (RPE 710) (Seiler & Kjerland, 2006).
Running distance, time, and velocity were monitored and recorded using a GPS watch
(Forerunner 620, Garmin, Olathe KS), with a sampling frequency of 1 Hz. Data were uploaded
to an online analysis program (www.strava.com), where training time was segregated based on
the individualized velocity-based intensity zones to calculate TRIMP.
Because velocity-based TRIMP could not be calculated for the BP Athlete’s crosstraining, intensity was estimated for cross-training sessions. All pool running sessions were
recorded as low intensity (zone 1). Indoor cycling training HIT was matched to the
corresponding run HIT session to estimate time in each intensity zone.

Nutritional Considerations
Both athletes received nutritional guidance during the late general preparation period,
specific preparation period, and taper. Athletes were assisted in determining a daily diet that
supported adequate energy availability (Mountjoy et al., 2014) and carbohydrate availability
(Burke et al., 2011) in relation to their training demands. Weekly long runs were used as
nutritional practice sessions to individualized intra-training nutritional strategies to minimize
dehydration and maintain carbohydrate availability (50-60 gh-1) during the marathon
(Jeukendrup, 2011). Additionally, both athletes completed a “carbohydrate loading” protocol to
super compensate muscle glycogen storage (Rapoport, 2010) before the marathon. This protocol
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consisted of consuming 10-12 gkg-1d-1 of carbohydrate in the 48 hours prior to the marathon
(Burke, 2007).

Performance Testing and Monitoring
V̇O2peak Testing. A treadmill (HS-Pro, TuffTread, Conroe, TX) graded exercise test was
performed to assess V̇O2peak. Inspired and expired gases were analyzed at 15-second interval
averages using a metabolic cart (TrueOne 2400, Parvo Medics, East Sandy, UT). Gas and
flowmeter calibrations were conducted prior to each testing session.
The test began at 11 km∙h-1, 1% and increase by 0.5 km∙h-1 every minute until volitional
exhaustion. If the athlete indicated that high intensity could be sustained but could not increase
running velocity, the gradient was instead increased 1% every minute until volitional exhaustion.
V̇O2peak was assessed as the highest average of one-minute average (four consecutive 15-second
measurements). Estimated V̇O2peak demand was calculated for each testing session based on the
final one-minute running velocity and gradient using the ACSM metabolic equation for treadmill
running (American College of Sports Medicine, 2013).

Running Economy and Blood Lactate. Individual RE and blood lactate levels were
determined through a series of 7-minute stages of steady state treadmill (HS-Pro, TuffTread,
Conroe, TX) running. Inspired and expired gases were analyzed at 15-second interval averages
using a metabolic cart (TrueOne 2400, Parvo Medics, East Sandy, UT). Gas and flowmeter
calibration was conducted prior to each testing session. Blood lactate was assessed within 30
seconds of finishing each stage via a finger capillary sample using a handheld blood lactate
analyzer (Lactate Plus, Nova Biomedical, Waltham, MA). Each stage was separated by
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approximately two to three minutes. RPE-20 was assessed before beginning the subsequent
stage. Metabolic data were averaged over the final two minutes of each state. Two blood lactate
samples were taken and averaged per stage.
A shortened running economy and blood lactate protocol was employed for athlete
monitoring purposes throughout the training process. The data collection procedure was
identical to that described above, but consisted only of stage 5 or stage 5 and 6.

Table 4.12. RE Testing Protocol
Stage
Treadmill
Treadmill
Velocity (km∙h-1) Gradient (%)
1
12.5
1
2
13.5
1
3
14.5
1
4
15.5
1
5*
16.5
1
6*
17.5
1
* Stages were performed regular athlete monitoring

Jump Performance. Athletes performed a series of static (SJ) and counter movement jumps
(CMJ) under both unweighted and weighted (20 kg barbell) conditions. Jumps were completed
after a standardized warm-up procedure. Jumps were performed on two parallel force plates
(RoughDeck HP, Rice Lake Weighing Systems, Rice Lake, WI) with a sampling frequency of
1000 Hz (DAQCard-6063E, National Instruments, Austin, TX). All jump force-time data were
recorded and analyzed using a custom program (LabView 8.5.1, 8.6, and 2010, National
Instruments Co., Austin, TX) to calculate jump height. Starting position of the SJ was
standardized so that the athlete initiated the jump from a still position of 90° of knee flexion.
Athletes performed at least two maximal effort jumps, with the averaged calculated of the
highest two jumps. Additional jumps were performed if there was greater than a 2-cm difference
between jumps.
210

Isometric Mid-Thigh Pull Testing. Athletes performed a maximal effort mid-thigh isometric
pull test to assess force production characteristics. Testing was conducted using a custom-built
isometric rack that allows for the height of the bar to be fixed at a desired height using a
combination of pins and hydraulic jacks. The pulls were performed in the rack and on two
parallel force (RoughDeck HP, Rice Lake Weighing Systems, Rice Lake, WI) with a sampling
frequency of 1000 Hz (DAQCard-6063E, National Instruments, Austin, TX). Body positioning
was standardized to a knee angle between 125-135 degrees and a hip angle between 145-155
degrees with an upright torso across all sessions. Force production abilities were defined by
peak force (PF), rate of force production at 250 ms (RFD 250), and net impulse 250 milliseconds
(NI 250). The time frame of 250 ms was chosen due to the athlete’s ground contact time during
the running economy assessment (approximately 230 ms; assessed in pilot testing). The athletes
performed at least two maximal effort pulls per session, with the average calculated of the
highest two peak force pulls.

Back Squat Predicted 1-RM. Estimated back squat 1-RM performance was calculated using
the Epley Equation (LeSuer, McCormick, Mayhew, Wasserstein, & Arnold, 1997). Each athlete
recorded their estimated repetitions to failure per training set in their training log. The estimated
repetitions to failure were added to the actual repetitions completed to calculate the athlete’s
repetition maximum per weight lifted. The weight lifted and the estimated repetition maximum
were entered into the equation to calculate estimated 1-RM performance. Maximal relative
strength was calculated by dividing the athlete’s estimated 1-RM by body mass.
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Daily Well-Being. Athletes completed a daily self-report inventory to assess life stress and
symptoms of life stress specific to athletes, the Daily Analyses of Life Demands for Athletes
(DALDA) (Rushall, 1990). The DALDA has been found to be a valid monitoring tool for
changes in performance, fatigue, and recovery in endurance athletes (Coutts et al., 2007). The
athletes received an electronic copy of the questionnaire and completed it in the evening on a
daily basis. Questions were answered on a 3-point scale: “worse than normal,” “normal,” or
“better than normal.” The following questions were selected for analysis: sleep, muscle pain,
need to rest, and training. The specific wording of the questions is presented in Table 4.13.

Table 4.13. DALDA Questions
DALDA Question
Specific Question
Sleep
Are you getting enough sleep? Are you getting too much? Can you sleep
when you want to?
Muscle Pain

Do you have sore joints and or pains in your muscles?

Need to Rest

Do you feel that you need a rest between training sessions?

Training

How much and how often are you training? Are the levels of effort that are
required easy or hard? Are you able to recover adequately between efforts?
Are you enjoying the sport?

Anthropometry
Anthropometric measurements were conducted in accordance of the International Society
for the Advancement of Kineanthropometry (ISAK) guidelines (Stewart et al., 2011) by a
certified anthropometrist. Skinfold measures were assessed using a calibrated skinfold caliper
(Harpenden, Holtain Ltd., UK) at the following sites: triceps, subscapular, biceps, iliac crest,
supraspinale, abdominal, front thigh, and medial calf. Two measurements to the nearest 0.2 mm
were taken at each site and averaged. If the difference was greater than 5%, a third measurement
was taken and the median was determined. Girth measures were assessed using anthropometric
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tape at the following sites: upper arm (relaxed), forearm, chest, gluteal, thigh (1 cm distal to the
gluteal fold), mid-thigh, and calf. Two measurements to the neatest 0.1 cm were taken at each
site and averaged. If the difference was greater than 1%, a third measurement was taken and
median was determined. Body mass was assessed using a calibrated scale and recorded to the
nearest 0.1 kg.

½ Marathon Time Trial Performance
The BP Athlete completed a ½ marathon time trial as part of the early specific
preparation period training (Week -7). The athlete completed the time trial on an uninterrupted
running path. This training session was used to monitor athlete performance and to practice race
day nutritional strategies. Performance was compared to a PR ½ marathon race completed oneweek before (Week -29) the initiation of the Return to Fitness Block. The NBP Athlete
participated in the pre-training ½ marathon (Week -29), but did not completed a time trial during
the training period.

Marathon Performance
Marathon performance was defined as the athletes’ official completion time for the 2017
Boston Marathon. The athletes’ mile splits were obtained from the online training log.
Marathon performance was compared between athletes. Because the NBP Athlete completed
this marathon on three previous occasions, the 2017 performance was compared to the athlete’s
performance history. The BP Athlete did not complete this specific marathon before this training
cycle.
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Data Analysis

Data analysis was completed through the following methodologies: descriptive statistics,
visual analysis, time point percent change, time point comparison of likelihood of a meaningful
change, and time point comparison of magnitude of change. Analysis was conducted to reflect
the systematic changes in training, monitoring, and performance data across the training cycle
within and between the two athletes. The specific time points and corresponding weeks are
presented in Table 4.14.
Table 4.14. Specific Time Point Dates
Specific Time Point
Baseline
Middle General Preparation Period (MGPP)
Middle General Preparation Period (LGPP)
Early Special Preparation Period (ESPP)
Pre-Over-Reach
Taper 1
Taper 2
Total Taper

Week of Occurrence
-35 through -29
-15
-11
-7
-5 or -4
-2
-1
-2 and -1

The mean observed values at specific time points were compared to determine the
likelihood of a true, meaningful change using estimates of the precision of change with the
typical error and smallest worthwhile change associated with testing (Hopkins, 2000). The
typical error (TE) was determined from the intra-session trial-to-trial variability in performance
during baseline testing (Hopkins, 2004). A small worthwhile change (SWC), large worthwhile
change (LWC), and very large worthwhile change (VLWC) were determined as 0.3, 1.2, and 2.0
times the inter-session variability in performance, respectively (Hopkins, 2004). Percent change
was calculated at specific time points and the percent likelihood and odds ratio of a true,
meaningful change were determined using a customized Microsoft Excel (Microsoft Corp,
Redmond, WA) statistical spreadsheet (Hopkins, 2000) downloaded from
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http://www.sportsci.org. The qualitative categories of the likelihood of change were quantified as
follows: <1%, almost certainly not; 1-5%, very unlikely; 5-25%, unlikely; 25-75%, possible; 7595%, likely; 95-99%, very likely; >99%, almost certain (Hopkins, 2000).
For specific time points that included three or greater baseline assessments and multiple
measures within a specific time point (i.e. RE), the magnitude of change was assessed using
Cohen’s d effect size. Effect size was calculated using Microsoft Excel (Microsoft Corp,
Redmond, WA) and magnitudes of change were defined by the criteria of Hopkins (2004) as
follows: 0-0.3, trivial; 0.3-0.6, moderate; 0.6-1.2, large; 1.2-2.0; >2.0, very large.
For specific time point performance data comparisons without three baseline assessments
(i.e. V̇O2peak and ventilatory threshold) assessment of change was conducted by visual inspection,
percent change, comparison of central location (i.e. mean), variability (i.e. SD and coefficient of
variation), and trend (Barker et al., 2011) within the context of the overall monitoring program.
Interpretation of changes in anthropometric data was based on error associated with
testing procedures. Meaningful changes were determined if the percent change between
consecutive time series measurements was greater than 5% for skinfolds and greater than 1% for
girth and body mass (Stewart et al., 2011).
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Results
Baseline Performance Descriptives
The baseline performance descriptives from the monitoring tests are presented in Tables
4.15-4.17. The NBP Athlete displayed better running economy than the BP Athlete in all 6
baseline testing stages. The BP Athlete showed greater force production characteristics and
jump performance in all conditions.
Table 4.15. BP and NBP Athlete Running Economy Descriptive by Stage
Stage 1
12.5 km∙h-1
1% Gradient
Stage 2
13.5 km∙h-1
1% Gradient
Stage 3
14.5 km∙h-1
1% Gradient
Stage 4
15.5 km∙h-1
1% Gradient
Stage 5
16.5 km∙h-1
1% Gradient
Stage 6
17.5 km∙h-1
1% Gradient

Variable
RE (mlkg-1km-1)
V̇O2 (Lmin-1)
V̇O2 (mlkg-1km-1)
BLa (mmolL-1)
RPE (20 Scale)
RE (mlkg-1km-1)
V̇O2 (Lmin-1)
V̇O2 (mlkg-1km-1)
BLa (mmolL-1)
RPE (20 Scale)
RE (mlkg-1km-1)
V̇O2 (Lmin-1)
V̇O2 (mlkg-1km-1)
BLa (mmolL-1)
RPE (20 Scale)
RE (mlkg-1km-1)
V̇O2 (Lmin-1)
V̇O2 (mlkg-1km-1)
BLa (mmolL-1)
RPE (20 Scale)
RE (mlkg-1km-1)
V̇O2 (Lmin-1)
V̇O2 (mlkg-1km-1)
BLa (mmolL-1)
RPE (20 Scale)
RE (mlkg-1km-1)
V̇O2 (Lmin-1)
V̇O2 (mlkg-1km-1)
BLa (mmolL-1)
RPE (20 Scale)

BP Athlete
191.65 (10.73)
2.83 (0.15)
39.93 (2.13)
0.64 (0.18)
7.75 (0.50)
194.48 (7.92)
3.10 (0.13)
43.76 (1.78)
0.80 (0.32)
8.75 (0.50)
194.90 (7.31)
3.34 (0.13)
47.10 (1.77)
1.03 (0.26)
10.5 (1.00)
197.03 (6.77)
3.61 (0.12)
50.90 (1.74)
1.47 (0.92)
13.00 (1.41)
200.99 (2.30)
3.92 (0.12)
55.27 (0.63)
2.44 (0.84)
14.25 (0.96)
201.81 (4.34)
4.17 (0.09)
58.86 (1.27)
4.13 (1.01)
15.75 (0.50)
216

NBP Athlete
189.46 (4.06)
2.11 (0.05)
39.47 (0.84)
0.60 (0.27)
6.67 (0.58)
187.24 (2.61)
2.25 (0.03)
42.13 (0.59)
0.72 (0.19)
7.67 (0.58)
186.73 (2.24)
2.41 (0.03)
45.13 (0.54)
0.92 (0.19)
10.00 (1.73)
188.22 (2.38)
2.60 (0.03)
48.62 (0.61)
1.15 (0.16)
12.33 (1.15)
192.55 (1.25)
2.83 (0.02)
52.95 (0.35)
1.92 (0.69)
13.67 (0.58)
196.53 (1.39)
3.07 (0.02)
57.32 (0.40)
3.48 (0.93)
15.67 (0.58)

Table 4.16. Isometric Mid-Thigh Pull Baseline Descriptives
BP Athlete
NBP Athlete
Mean (± SD)
Mean (± SD)
PF (N)
3644.00 (66.72)
2460.00 (84.07)
RFD 250 (N·s-1) 5918.61 (983.27)
3307.86 (433.62)
NI 250 (N·s)
519.55 (39.78)
310.56 (16.42)

Table 4.17. Jump Baseline Performance Descriptives
BP Athlete
NBP Athlete
Mean (± SD)
Mean (± SD)
SJ0 Height (cm)
20.29 (0.19)
16.20 (0.45)
SJ20 Height (cm)
13.94 (0.40)
11.09 (0.54)
CMJ0 Height (cm)
24.72 (0.48)
17.66 (0.33)
CMJ20 Height (cm)
17.24 (0.40)
12.18 (0.48)

Baseline Reliability
Baseline reliability results are presented in Tables 4.18 through 4.24.

V̇O2 RE indices,

isometric force indices, and jump performance showed high reliability. Most RE blood lactate
measures showed low reliability.

TE measurements were greater than the SWC on most tests,

indicating a low signal:noise ratio for detecting a small, meaningful change. Multi-stage tests
showed very high reliability, as determined from intraclass coefficient (ICC) calculations.
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Table 4.18. BP Athlete Running Economy Reliability by Stage
TE
TE
(Absolute Units) (CV %)
Stage 1
9.36
5.22
RE (mlkg-1km-1)
̇VO2 (Lmin-1)
0.14
5.22
12.5 km∙h-1 V̇O2 (mlkg-1km-1)
1.95
5.22

SWC
(Absolute Units)
3.48
0.05
0.72

LWC
(Absolute Units)
13.91
0.20
2.90

BLa (mmolL-1)

0.15

23.64

0.05

0.20

RE (mlkg-1km-1)
V̇O2 (Lmin-1)
V̇O2 (mlkg-1km-1)

6.50
0.10
1.46

3.39
3.39
3.39

4.18
0.07
0.94

16.71
0.26
3.76

BLa (mmolL-1)

0.36

30.51

0.09

0.35

RE (mlkg-1km-1)
V̇O2 (Lmin-1)
V̇O2 (mlkg-1km-1)

6.56
0.11
1.58

3.44
3.44
3.44

3.36
0.06
0.81

13.43
0.23
3.24

BLa (mmolL-1)

0.25

7.33

0.07

0.27

RE (mlkg-1km-1)
V̇O2 (Lmin-1)
V̇O2 (mlkg-1km-1)

6.81
0.12
1.76

3.63
3.63
3.63

3.55
0.06
0.92

14.21
0.26
3.67

BLa (mmolL-1)

0.29

7.81

0.25

0.99

RE (mlkg-1km-1)
V̇O2 (Lmin-1)
V̇O2 (mlkg-1km-1)

6.54
0.13
1.80

3.32
3.32
3.32

2.70
0.05
0.74

10.80
0.21
2.97

BLa (mmolL-1)

0.43

59.50

0.29

1.15

17.5 km∙h-1

RE (mlkg-1km-1)
V̇O2 (Lmin-1)
V̇O2 (mlkg-1km-1)

4.23
0.09
1.23

2.13
2.13
2.13

1.59
0.03
0.46

6.35
0.13
1.85

1% Gradient

BLa (mmolL-1)

0.49

11.35

0.27

1.09

1% Gradient
Stage 2
13.5 km∙h-1
1% Gradient
Stage 3
14.5 km∙h-1
1% Gradient
Stage 4
15.5 km∙h-1
1% Gradient
Stage 5
16.5 km∙h-1
1% Gradient
Stage 6
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Table 4.19. NBP Athlete Running Economy Reliability by Stage
TE
TE
(Absolute Units) (CV %)
Stage 1
11.00
6.19
RE (mlkg-1km-1)
-1
0.12
6.19
V̇O2 (Lmin )
12.5 km∙h-1
̇VO2 (mlkg-1km-1)
2.29
6.19

SWC
(Absolute Units)
2.82
0.03
0.56

LWC
(Absolute Units)
10.73
0.12
2.35

BLa (mmolL-1)

0.31

10.70

0.06

0.24

-1

RE (mlkg km )
V̇O2 (Lmin-1)
V̇O2 (mlkg-1km-1)

5.63
0.07
1.27

3.06
3.06
3.06

1.90
0.03
0.43

7.61
0.10
1.71

BLa (mmolL-1)

0.08

11.66

0.05

0.20

RE (mlkg-1km-1)
V̇O2 (Lmin-1)
V̇O2 (mlkg-1km-1)

6.83
0.09
1.65

3.73
3.73
3.73

1.91
0.03
0.46

7.64
0.12
1.85

BLa (mmolL-1)

0.14

17.27

0.05

0.20

RE (mlkg-1km-1)
V̇O2 (Lmin-1)
V̇O2 (mlkg-1km-1)

5.98
0.08
1.55

3.23
3.23
3.23

2.06
0.03
0.53

8.24
0.14
2.13

BLa (mmolL-1)

0.10

9.59

0.04

0.18

RE (mlkg-1km-1)
V̇O2 (Lmin-1)
V̇O2 (mlkg-1km-1)

2.48
0.04
0.68

1.30
1.30
1.30

1.48
0.02
0.41

5.92
0.07
1.63

BLa (mmolL-1)

0.06

2.44

0.19

0.75

12.5 km∙h-1

RE (mlkg-1km-1)
V̇O2 (Lmin-1)
V̇O2 (mlkg-1km-1)

2.72
0.04
0.79

1.40
1.40
1.40

2.03
0.03
0.59

8.14
0.12
2.37

1% Gradient

BLa (mmolL-1)

0.70

19.00

0.17

0.70

1% Gradient
Stage 2
12.5 km∙h-1
1% Gradient
Stage 3
12.5 km∙h-1
1% Gradient
Stage 4
12.5 km∙h-1
1% Gradient
Stage 5
12.5 km∙h-1
1% Gradient
Stage 6

-1
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Table 4.20. BP Athlete Isometric Mid-Thigh Pull Reliability
TE
TE
SWC
(Absolute Units)
(CV %) (Absolute Units)
PF (N)
36.52
1.00
77.51
-1
RFD 250 (N·s )
210.87
3.47
160.35
NI 250 (N·s)
26.27
5.40
8.91

LWC
(Absolute Units)
310.06
641.39
35.63

Table 4.21. NBP Athlete Isometric Mid-Thigh Pull Reliability
TE
TE
SWC
(Absolute Units)
(CV %) (Absolute Units)
PF (N)
67.83
2.61
35.71
-1
RFD 250 (N·s )
347.79
10.62
99.75
NI 250 (N·s)
13.26
4.81
8.06

LWC
(Absolute Units)
142.82
399.00
32.23

Table 4.22. BP Athlete Jump Performance Reliability
Variable
TE
TE
(Absolute Units)
(CV %)
SJ0 Height (cm)
0.09
0.44
SJ20 Height (cm)
0.32
2.32
CMJ0 Height (cm)
0.32
1.30
CMJ20 Height (cm)
0.38
2.18

SWC
(Absolute Units)
0.06
0.11
0.15
0.14

LWC
(Absolute Units)
0.25
0.42
0.60
0.58

Table 4.23. NBP Athlete Jump Performance Reliability
Variable
TE
TE
(Absolute Units)
(CV %)
SJ0 Height (cm)
0.45
2.79
SJ20 Height (cm)
0.49
4.32
CMJ0 Height (cm)
0.20
1.16
CMJ20 Height (cm)
0.45
3.71

SWC
(Absolute Units)
0.13
0.21
0.12
0.12

LWC
(Absolute Units)
0.50
0.83
0.47
0.48

Table 4.24. Multi-Stage Test Intersession ICC
Running Economy
̇VO2
RPE
V̇O2
-1
(20 Scale)
(Lmin )
(mlkg-1km-1)
BP Athlete
0.99
1.00
1.00
NBP Athlete
0.99
0.99
1.00
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Jump Testing
SJ

CMJ

1.00
0.93

0.98
1.00

Strength Training Load
Both athlete had high compliance of the strength training program (BP Athlete, 100%;
NBP Athlete, 88%). The completed strength training work per training session and weekly
average RPE are presented in Figures 4.2 and 4.3. The completed weekly strength training
volume and intensity (% 1 RM) are presented in Figures 4.4 and 4.5. The lower absolute average
training intensity by the NBP Athlete was a result of the high repetition, low intensity StrengthEndurance Block. The BP Athlete completed a high amount of total work over the training cycle,
which was largely a result of having a higher absolute strength level and lifting greater absolute
loads. The average and maximal perceived exertion of the strength training was greater in the
NBP Athlete.
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Figure 4.2. BP Athlete total strength training work and average RPE by week. xHIT over-reach
week; +strength training over-reach week.
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Figure 4.3. NBP Athlete total strength training work and average RPE by week. *missed training
session; +strength training over-reach week.
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Figure 4.4. BP Athlete total completed strength training intensity and volume by week.
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Figure 4.5. NBP Athlete total completed strength training intensity and volume by week.

Table 4.25. Comparison of Completed Strength Training between Athletes
Variable
BP Athlete
NBP Athlete
Mean (± SD)
1314.11
919.76 (215.68)
Total Daily Work
Max
286.15
1311.87
(kgm)
Min
782.75
417.85
Mean (± SD)
72.68 (5.61)
70.24 (7.17)
Training Intensity
Max
85
82
(%1-RM)
Min
62
52
Mean (± SD)
3.92 (1.02)
5.90 (1.72)
RPE (10-Scale)
Max
6
9
Min
2
2
Planned Sessions
57
59
Compliance
Completed Sessions
57
52
Completion Rate (%)
100
88.16
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Endurance Training Load
Endurance training load was analyzed by three different metrics: time (minutes), TRIMP,
and session RPE. Data are presented as the results over the entire training cycle and by training
week. Weekly time series are organized by training block. Because the NBP Athlete did not
complete a periodized endurance program, training is organized by strength training block.

Training Time within Intensity Zone. The NPB Athlete completed a higher average and
maximal weekly training volume than the BP Athlete. The higher training volume was a result
of greater weekly LIT. The BP Athlete completed greater absolute and relative amounts of
training time in moderate and high intensity training.
The athlete approached the taper differently. The BP Athlete completed larger amounts
of absolute and relative HIT in the two weeks prior to competition. The BP Athlete completed
an exponential taper, where overall volume was reduced relative to previous training (Week -3)
by 40% and 60% during the first and second taper weeks, respectively (Figure 4.15). The NBP
Athlete had less alteration to training volume or distribution during the taper, compared to the BP
Athlete.
BP Athlete Time Distribution

NBP Athlete Time Distribution

14%

11%

19%
67%

5%

<VT1

<VT1

VT1-VT2

VT1-VT2

VT2<

VT2<

84%
Figures 4.6 and 4.7. Total training time distribution over the training cycle by athlete.
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Table 4.26. Weekly training time (excluding taper weeks) in minutes
Time Variable
BP Athlete
NBP Athlete
Mean (± SD) 347.94 (63.32) 393.73 (109.18)
Summated Total Time (min)
Max
480.48
626.03
Min
210.25
125.5
Mean (± SD) 47.43 (32.82)
20.15 (10.76)
High Intensity Time (min)
Max
145.52
40.30
Min
9.15
0.00
Mean (± SD) 65.65 (23.19)
45.94 (19.47)
Moderate Intensity Time (min)
Max
124.12
82.03
Min
15.83
14.55
Mean (± SD) 234.86 (62.16)
327.65 (89.63)
Low Intensity Time (min)
Max
377.53
503.70
Min
114.97
107.50
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Figure 4.8. BP Athlete weekly absolute training time by intensity. xHIT O-R week; +strength training O-R week.
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Figure 4.9. BP Athlete weekly relative training time distribution. xHIT O-R week; +strength training O-R week.
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Figure 4.10. NBP Athlete weekly absolute training time by intensity. +strength training O-R week.
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Figure 4.11. NBP Athlete weekly relative training time distribution. +strength training O-R week.
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Figure 4.12. BP Athlete weekly percent change in training time by week and intensity.
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Figure 4.13. NBP Athlete weekly percent change in training time by week and intensity.
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Figure 4.14. Weekly percent change in total training time by week.
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Figure 4.15. Weekly percent change standardized to Week -3 training time.
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Velocity Based TRIMP. The BP Athlete completed a greater amount of average TRIMP over
the training cycle (509 a.u. vs. 480 a.u.), which was the result of greater average TRIMP from
moderate and high intensity training. The BP Athlete completed a high relative percent of
weekly training in the HIT zone during the GPP HIT over-reach weeks. The pre-competition
over-reach included less absolute and relative HIT TRIMP than the LT1 and LT2 over-reach
weeks, but was similar in total TRIMP.
BP Athlete TRIMP Distribution

NBP Athlete TRIMP Distribution
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28%
46%
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19%
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VT1-VT2
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Figures 4.16 and 4.17. Total TRIMP distribution over the training cycle by athlete.
Table 4.27. Weekly TRIMP (excluding taper weeks) in arbitrary units
TRIMP Variable
BP Athlete
NBP Athlete
Mean (± SD) 508.45 (100.53) 479.97 (140.34)
Summated Total TRIMP
Max
697.87
788.67
(a.u.)
Min
328.07
143.50
Mean (± SD)
142.29 (98.45)
60.44 (32.29)
High Intensity TRIMP
Max
436.55
120.90
(a.u.)
Min
27.45
0.00
Mean (± SD)
131.30 (46.38)
91.87 (38.94)
Moderate Intensity TRIMP
Max
248.23
164.07
(a.u.)
Min
31.67
29.10
Mean (± SD)
234.86 (62.16)
327.65 (89.63)
Low Intensity TRIMP
Max
377.53
503.70
(a.u.)
Min
114.97
107.5
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Figure 4.18. BP Athlete weekly absolute TRIMP by intensity. xHIT O-R week; +strength training O-R week.
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Figure 4.19. BP Athlete weekly relative TRIMP distribution. xHIT O-R week; +strength training O-R week.
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Figure 4.20. NBP Athlete weekly absolute TRIMP by intensity. +strength training O-R week.
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Figure 4.21. NBP Athlete weekly relative TRIMP distribution. +strength training O-R week.
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RPE and Session RPE. The athletes displayed different subject patterns in response to the
endurance training. The BP Athlete rating the majority of the training within the “easy”
category, while the NBP Athlete rated the majority of the training within the “moderate”
category. This difference was despite the BP Athlete completing more HIT and less LIT than the
NBP Athlete. The BP Athlete rated a greater percentage of the training as subjectively “hard.”
Daily RPE data are presented in Figures 4.26 and 4.27. The BP Athlete consistently reported the
training during the over-reach weeks as subjectively “hard” (Figure 4.26). A trend of increasing
RPE over the course of the training cycle is visible for the BP Athlete (Figure 4.27). No distinct
pattern or trend is visible for the NBP Athlete.

BP Athlete RPE Distribution

NBP Athlete RPE Distribution
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37%
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Moderate

Hard
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46%

Figures 4.22 and 4.23. Total RPE categorization over the training cycle.

Table 4.28. Weekly Session RPE (excluding taper weeks) in arbitrary units
BP Athlete
NBP Athlete
Mean (± SD)
1954.89.58 (547.21)
2114.32 (816.72)
Weekly Session
Max
2931.83
4496.62
RPE (a.u.)
Min
1131.33
670.50
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RPEs TRIMP

Figure 4.24. BP Athlete weekly sum of session RPE. xHIT O-R week; +strength training O-R week.
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Figure 4.25. NBP Athlete weekly sum of session RPE. +strength training O-R week.
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Figure 4.26. BP Athlete daily reported RPE-10 per workout.

Figure 4.27. NBP Athlete daily reported RPE-10 per workout.
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Training Daily Time Series. The progression of training was assessed by calculating the daily
acute:chronic ratio of total training time, total TRIMP, and total HIT time. The acute:chronic
ratio was calculated as the 7-day moving average divided by the 28-day moving average. Graphs
are presented with horizontal thresholds of 0.8 and 1.3, due to their recognition as references for
increased injury risk (Blanch & Gabbett, 2016). Daily time series progression was also assessed
by evaluating the daily HIT minutes completed (Figures 4.34 and 4.35).
Training progressed differently between athletes. The total training time and TRIMP
progression was more stable in the BP Athlete, while the NBP Athlete displayed greater and
more prolonged elevation and suppression of time and TRIMP training ratios. The BP Athlete
experienced greater spikes in HIT training time ratios than the NBP Athlete. These spikes
occurred during the over-reach and Race Pace Blocks. The BP Athlete also showed greater
stability and elevation of HIT training time during the taper, compared to the NBP Athlete,
indicating a better maintenance of HIT volume.
The BP Athlete completed HIT minutes in greater volume, quantity, and frequency than
the NBP Athlete (Figures 4.34 and 4.35). The BP Athlete’s accumulated HIT minutes increased
over the duration of the training, peaking with the ½ marathon time trial, as intended by the
decreasing periodized model. The NBP Athlete completed fewer training sessions that
accumulated more than 10 or 20-minutes of HIT time than the BP Athlete.
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Acute:Chronic Ratio – Total Time

Figure 4.28. BP Athlete daily total training time acute:chronic ratio.

Figure 4.29. NBP Athlete daily total training time acute:chronic ratio.
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Acute:Chronic Ratio – Total TRIMP

Figure 4.30. BP Athlete daily total TRIMP acute:chronic ratio.

Figure 4.31. NBP Athlete daily total TRIMP acute:chronic ratio.
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Acute:Chronic Ratio – HIT Time

Figure 4.32. BP Athlete daily HIT time acute:chronic ratio.
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Figure 4.33. NBP Athlete daily HIT time acute:chronic ratio.
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HIT Time – Minutes per Workout

Figure 4.34. BP Athlete daily absolute HIT time.

Figure 4.35. NBP Athlete daily absolute HIT time.
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Wellness Measures
Wellness measures were assessed through the daily completion of the DALDA
questionnaire. Analysis was conducted visually (Figures 36 through 43) and through
descriptives of response distributions of the overall training cycle (Table 4.29) and taper (Table
4.30). Both athletes reported disturbances to wellness measures during the initiation of strength
training in the Return to Fitness Block. These disturbances dissipated after the Return to Fitness
Block. The BP Athlete displayed more a more variable response in wellness measures over the
training cycle (Table 4.29), reporting more frequent subject responses of “better” or “worse”
than average, compared to the NBP Athlete. Frequent variation in the BP Athlete’s responses
began during the V̇O2max over-reach and continued through the duration of training. The BP
Athlete displayed a common trend of suppression of wellness measures during the over-reach
weeks and elevation of measures at the end of the training blocks. No distinct trends were
visible in the NBP Athlete’s responses.
The athletes’ subject ratings of wellness were different during the taper.

The BP Athlete

reported a higher prevalence of “better” responses and a lower prevalence of “average”
responses on all measures during the taper, compared to the NBP Athlete.
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Daily Sleep Subjective Rating

Figure 4.36. BP Athlete daily subjective sleep rating.
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Figure 4.37. NBP Athlete daily subjective sleep rating.
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Figure 4.38. BP Athlete daily subjective muscle pain rating.
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Figure 4.39. NBP Athlete daily subjective muscle pain rating.
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Figure 4.40. BP Athlete daily subjective need to rest rating.
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Figure 4.41. NBP Athlete daily subjective need to rest rating.
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Figure 4.42. BP Athlete daily subjective training rating.
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Figure 4.43. NBP Athlete daily subjective training rating.
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Table 4.29. Relative Distributing of Rating over Total Training Cycle
Total Training Variable
BP Athlete
NBP Athlete
Worse (%)
21.32
22.06
Sleep
Better (%)
32.48
4.90
Average (%)
46.19
73.04
Worse (%)
31.98
23.04
Muscle Pain
Better (%)
19.80
6.86
Average (%)
48.22
69.60
Worse (%)
27.92
19.61
Need to Rest
Better (%)
15.74
8.33
Average (%)
56.34
72.06
Worse (%)
15.73
9.80
Training
Better (%)
34.52
16.67
Average (%)
49.75
73.53
Table 4.30. Relative Distributing of Rating over Taper
Taper Variable
BP Athlete
Worse (%)
6.67
Sleep
Better (%)
73.33
Average (%)
20
Worse (%)
20
Muscle Pain
Better (%)
53.33
Average (%)
26.67
Worse (%)
20
Need to Rest
Better (%)
60
Average (%)
20
Worse (%)
0
Training
Better (%)
80
Average (%)
20
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NBP Athlete
0
0
100
46.16
23.08
30.77
46.15
23.08
30.77
46.15
23.08
30.77

Anthropometry
Changes in anthropometric measurements were assessed visually and in reference to the
typical error of testing measurements. The changes in body mass and sum of skinfold
measurements are presented in Figure 4.44 and 4.45. The BP Athlete’s body mass increased
1.83% by the middle general preparation period and remained stable through the taper. The BP
Athlete’s skinfold measurements showed a decreasing trend over the training cycle, but all
changes were within normal testing measurement error. In contrast, the NBP Athlete’s body
mass remained stable throughout the training cycle and skinfold measurements steadily
decreased throughout the training cycle, exceeding testing measurement error. Changes in girth
measurements are presented in Figure 4.46 and 4.47. The BP Athlete’s upper body birth
measurements showed a slight upward trend over the training cycle, exceeding testing error
during the taper, while lower body girth increased more rapidly and stabilized from the late mid
SPP through taper. The NBP Athlete showed an upward trend in upper body girth
measurements, but changes did not exceed testing error. NBP Athlete lower body girth
increased steadily throughout the training cycle.
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BP Athlete Skinfold and Body Mass
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Figures 4.44 and 4.45. Athlete sum of skinfold and body mass by measurement date. Values are
expressed as sum  5% error and average  1% error for skinfolds and body mass, respectively.
*percent change is outside testing error from previous session; †percent change is outside testing
error from baseline values.
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Figures 4.46 and 4.47. Athlete sum of lower and upper body girth by measurement date. Values
are expressed as sum  1% error. *percent change is outside testing error from previous session;
†percent change is outside testing error from baseline values.

Isometric Force Production
Force production characteristics were assessed through an isometric mid-thigh pull.
Analysis was conducted through visual inspection, percent change, and evaluation of the
likelihood of a practically meaningful change at specific time points.

Peak Force. Both athletes displayed similar patterns of peak force production over the training
cycle (Figure 4.48 and 4.49). Neither athlete displayed trends of improvement from baseline
mean over the training cycle. Both athletes produced less peak force in the late taper, when
compared to baseline mean performance (Table 4.31). Although both performances were lower
in the later taper, only the NBP Athlete’s force production was likely a small, but practically
meaningful decrement in performance. The BP Athlete’s performance was lower following the
final over-reach, but very likely rebounded and improved over the taper by a large, meaningful
magnitude. The NBP Athlete’s performance was stable over the taper.
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RFD250. The athletes displayed different patterns of RFD250 behavior over the training cycle
(Figure 4.50 and 4.51). The BP Athlete showed a downward trend in RFD250 over training,
very likely resulting in a large, meaningful decrease in performance in the late taper, compared
to baseline mean (Table 4.32). The BP Athlete likely showed signs of a large, meaningful
improvement in RFD250 over the taper. In contrast, the NBP Athlete showed stability in
RFD250 performance over the middle of training and likely experienced a small, but meaningful
improvement in the ESPP testing. However, performance trended downward after the ESPP and
returned to baseline levels at the end of the taper. The NBP Athlete’s performance was stable
over the taper.

NI250. The athletes showed similar patterns of behavior for the NI250 variable (Figure 4.52 and
4.53) to that of the RFD250 variable. The BP Athlete showed a downward trend over the
training cycle, suppression after the final over-reach, and a likely small, meaningful
improvement over the taper (Table 4.33). However, final performance was still likely a large
decrement from baseline mean performance. In contrast, the NBP Athlete showed stability over
the middle of the training cycle and trended upward, displaying a likely large, meaningful change
in the ESPP testing. However, performance decreased after the ESPP, returning to baseline
levels at the end of the taper. The NBP Athlete’s performance was stable over the taper.
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Peak Force – Isometric Mid-Thigh Pull

Figure 4.48. BP Athlete observed peak force production. Values are expressed as mean ± TE. Horizontal makers represent thresholds
of SWC, LWC, and VLWC from baseline mean.

Figure 4.49. NBP Athlete observed peak force production. Values are expressed as mean ± TE. Horizontal makers represent
thresholds of SWC, LWC, and VLWC from baseline mean.
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Table 4.31. Specific time point comparison of Peak Force Production (N)
Baseline
ESPP
Baseline Taper 2 Pre-OR
Taper 2
Mean
3644.00 3711.00 3644.00 3572.73 3331.00 3572.73
(± SD)
(66.72)
(76.37)
(66.72)
(91.41)
(69.30)
(91.41)
BP
% Change
1.84
-1.96
7.26
Athlete
SWC Prob. % (Odds)
43 (1:1)
47 (1:1)
96 (24:1) †
LWC Prob. % (Odds)
2 (1:43)
2 (1:41)
16 (1:5)
Mean
2469.00 2389.50 2469.00 2348.82 2382.00 2348.82
(± SD)
(84.07)
(29.00)
(84.07)
(180.25) (14.14) (180.25)
NBP
% Change
-3.22
-4.87
-1.39
Athlete
SWC Probability % (Odds)
68 (2:1)
80 (4:1) *
49 (1:1)
LWC Probability % (Odds)
28 (1:3)
44 (1:1)
16 (1:5)
*likely true meaningful change, †very likely true meaningful change, ‡almost certain true meaningful change
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Taper 1 Taper 2
3092.04 3572.73
(115.17) (91.41)
15.55
99 (151:1) ‡
96 (26:1) †
2402.59 2348.82
(89.01) (180.25)
-2.24
58 (1:1)
20 (1:4)

RFD250 – Isometric Mid-Thigh Pull

Figure 4.50. BP Athlete observed RFD250. Values are expressed as mean ± TE. Horizontal makers represent thresholds of SWC,
LWC, and VLWC from baseline mean.

Figure 4.51. NBP Athlete observed RFD250. Values are expressed as mean ± TE. Horizontal makers represent thresholds of SWC,
LWC, and VLWC from baseline mean.
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Table 4.32. Specific time point comparison of Rate of Force Development 250ms (N·s-1)
Baseline
ESPP
Baseline Taper 2 Pre-OR
Taper 2
Mean
5918.60 4237.00 5918.60 4421.60 5132.00 4421.60
(± SD)
(983.27) (270.11) (983.27) (563.63) (386.08) (563.63)
BP
% Change
-28.41
-25.38
-13.84
Athlete
SWC Prob. % (Odds)
99 (83:1) †
98 (62:1) †
93 (14:1) *
LWC Prob. % (Odds)
98 (48:1) †
97 (33:1) †
71 (2:1)
Mean
3307.90 4146.00
3307.90 3265.30 3978.50 3265.30
(± SD)
(433.62) (528.92) (433.62) (149.33) (166.17) (149.33)
NBP
% Change
25.34
-1.29
-17.93
Athlete
SWC Probability % (Odds)
85 (6:1) *
41 (1:1)
83 (5:1) *
LWC Probability % (Odds)
62 (2:1)
17 (1:5)
62 (2:1)
*likely true meaningful change, †very likely true meaningful change, ‡almost certain true meaningful change
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Taper 1 Taper 2
3343.10 4421.60
(9.40)
(563.63)
32.26
98 (49:1) †
92 (11:1) *
3651.20 3265.30
(292.80) (149.33)
-10.57
67 (2:1)
37 (1:2)

NI250 – Isometric Mid-Thigh Pull

Figure 4.52. BP Athlete observed NI250. Values are expressed as mean ± TE. Horizontal makers represent thresholds of SWC, LWC,
and VLWC from baseline mean.

Figure 4.53. NBP Athlete observed NI250. Values are expressed as mean ± TE. Horizontal makers represent thresholds of SWC,
LWC, and VLWC from baseline mean.
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Table 4.33. Specific time point comparison of Net Impulse 250ms (N·s)
Baseline
ESPP
Baseline Taper 2 Pre-OR
Taper 2
Mean
519.55
443.48
519.55
447.16
508.02
447.16
(± SD)
(39.72)
(3.94)
(39.72)
(1.19)
(27.09)
(1.19)
BP
% Change
-14.64
-13.93
-11.98
Athlete
SWC Prob. % (Odds)
90 (9:1) *
89 (8:1) *
86 (6:1) *
LWC Prob. % (Odds)
83 (5:1) *
81 (4:1) *
75 (3:1)
Mean
310.56
381.97
310.56
309.45
378.35
309.45
(± SD)
(16.42)
(26.30)
(16.42)
(4.67)
(15.89)
(4.67)
NBP
% Change
22.99
-0.36
-18.21
Athlete
SWC Probability % (Odds)
96 (27:1) †
28 (1:2)
96 (26:1) †
LWC Probability % (Odds)
90 (9:1) *
12 (1:7)
91 (11:1) *
*likely true meaningful change, †very likely true meaningful change, ‡almost certain true meaningful change
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Taper 1 Taper 2
406.07
447.16
(8.93)
(1.19)
10.12
79 (4:1) *
56 (1:1)
319.04
309.45
(11.88)
(4.67)
-3.01
53 (1:1)
20 (1:4)

Estimated 1-RM Back Squat Performance
Estimated back squat 1-RM and relative strength improved for both athletes over the
training cycle (Figures 4.54 through 4.57). The NBP Athlete showed a greater rate of
improvement beginning in the General Strength 3 Block. The NBP Athlete experienced a
greater percent change in both variables, compared to the BP Athlete (Table 4.34). Despite
starting with a lower relative strength 1-RM, the NBP Athlete’s peak performance surpassed the
BP Athlete.

Table 4.34. Estimated Peak Back Squat 1-RM
1-RM (kg)
BP Athlete
NBP Athlete
Peak Value
87.50
74.40
Training Week
-5
-6
% Change from Initial
47.68
94.00
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Relative Strength (1-RMBM-1)
BP Athlete
NBP Athlete
1.24
1.38
-5
-6
49.15
94.92

Estimated Back Squat 1-RM (kg) Time Series

Figure 4.54. BP Athlete estimated 1 RM by week.

Figure 4.55. NBP Athlete estimated 1 RM by week.
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Estimated Back Relative Strength (1-RMBM-1) Time Series

Figure 4.56. BP Athlete estimated 1-RM relative strength by week.

Figure 4.57. NBP Athlete estimated 1-RM relative strength by week.
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Jump Performance
Jump performance analysis was conducted through visual inspection, percent change, and
evaluation of the likelihood of a practically meaningful change at specific time points.

SJ0 Performance. The patterns of change progressed differently between athletes (Figures 4.58
and 4.59). The BP Athlete experienced large fluctuations of performance over the GPP, with
suppression and rebound in response to the over-reach weeks. The NBP Athlete showed less
variation over the GPP, but trended upward. Both athletes experienced a large improvement in
performance in the ESPP, but the magnitude and certainty of change was greater in the BP
Athlete. Both athlete showed high likelihood of a large, meaningful improvement at the end of
taper, compared to baseline. However, the NBP Athlete showed a plateauing over the taper,
while the BP Athlete showed a large, meaningful rebound in response to the over-reach.

SJ20 Performance. SJ20 performance was qualitatively similar to the SJ0 performance for both
athletes (Figures 4.60 and 4.61). The BP Athlete showed large fluctuations in performance due
to the over-reach weeks. Performance stabilized over the SPP and experienced a large
suppression and rebound over the final over-reach and taper. The NBP Athlete showed signs of
improvement post final over-reach, but performance plateaued over the taper.

CMJ0 Performance. CMJ0 performance was of similar variability for the BP Athlete and more
variable for the NBP Athlete, when compared to the SJ jumps (Figures 4.62 and 4.63). Both
athletes very likely experienced a large, meaningful improvement over the taper period (Table
4.35). The NBP Athlete had a large percent improvement over baseline at the late taper than the
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BP Athlete. However, the BP Athlete experienced a suppression of performance after the final
over-reach.

CMJ20 Performance. CMJ20 performance was of similar outcome for both athletes compared,
but overall variability was less to CMJ0 performance (Figures 4.64 and 4.65). Both athletes
showed improvements in performance over the taper (Table 4.38), but the NBP Athlete had a
larger relative improvement over baseline at the late taper than the BP Athlete. Similar to the
other jump testing, the BP Athlete had suppressed performance after the final over-reach.

259

SJ0 Time Series

Figure 4.58. BP Athlete observed SJ0 height. Values are expressed as mean ± TE. Horizontal makers represent thresholds of SWC,
LWC, and VLWC from baseline mean.

Figure 4.59. NBP Athlete observed SJ0 height. Values are expressed as mean ± TE. Horizontal makers represent thresholds of SWC,
LWC, and VLWC from baseline mean.
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Table 4.35. Specific time point comparison of SJ0 (cm)
Baseline ESPP Baseline Taper 2 Pre-OR
Taper 2
Taper 1
Taper 2
Mean
20.29
22.03
20.29
21.50
21.32
21.50
17.94
21.50
(± SD)
(0.19)
(0.47)
(0.19)
(0.57)
(0.14)
(0.57)
(0.20)
(0.57)
BP
% Change
20.29
5.97
0.84
19.84
Athlete
SWC Prob. % (Odds)
100 (298:1) ‡
99 (159:1) ‡
77 (3:1)*
100 (1640:1) ‡
LWC Prob. % (Odds)
100 (256:1) ‡
99 (110:1) ‡
47 (1:1)
100 (1452:1) ‡
Mean
16.05
17.38
16.05
17.75
17.01
17.75
18.03
17.75
(± SD)
(0.32)
(0.20)
(0.32)
(0.36)
(0.20)
(0.36)
(0.47)
(0.36)
NBP
% Change
8.30
10.60
4.35
-1.56
Athlete
SWC Prob. % (Odds)
90 (9:1)*
93 (13:1)*
77 (3:1)*
58 (1:1)
LWC Prob. % (Odds)
83 (5:1)*
89 (7:1)*
62 (2:1)
40 (1:2)
*likely true meaningful change, †very likely true meaningful change, ‡almost certain true meaningful change
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SJ20 Time Series

Figure 4.60. BP Athlete observed SJ20 height. Values are expressed as mean ± TE. Horizontal makers represent thresholds of SWC,
LWC, and VLWC from baseline mean.

Figure 4.61. NBP Athlete observed SJ20 height. Values are expressed as mean ± TE. Horizontal makers represent thresholds of SWC,
LWC, and VLWC from baseline mean.
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Table 4.36. Specific time point comparison of SJ20 (cm)
Baseline
ESPP
Baseline Taper 2 Pre-OR
Taper 2
Taper 1 Taper 2
Mean
13.94
17.99
13.94
17.60
16.55
17.60
15.24
17.60
(± SD)
(0.40)
(0.26)
(0.40)
(0.57)
(0.21)
(0.57)
(0.30)
(0.57)
BP
% Change
29.03
26.27
6.34
15.52
Athlete
SWC Prob. % (Odds)
99 (118:1) ‡
99 (98:1) †
88 (8:1)*
97 (38:1) †
LWC Prob. % (Odds)
99 (99:1) †
99 (81:1) †
81 (4:1)*
97 (28:1) †
Mean
11.03
11.71
11.03
12.90
11.56
12.90
12.75
12.90
(± SD)
(0.55)
(0.21)
(0.55)
(0.14)
(0.11)
(0.14)
(0.06)
(0.14)
NBP
% Change
6.19
16.98
11.64
1.18
Athlete
SWC Probability % (Odds)
72 (3:1)*
93 (13:1) †
87 (7:1)*
47 (1:1)
LWC Probability % (Odds)
43 (1:1)
85 (6:1)*
72 (3:1)
24 (1:3)
*likely true meaningful change, †very likely true meaningful change, ‡almost certain true meaningful change
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CMJ0 Time Series

Figure 4.62. BP Athlete observed CMJ0 height. Values are expressed as mean ± TE. Horizontal makers represent thresholds of SWC,
LWC, and VLWC from baseline mean.

Figure 4.63. NBP Athlete observed CMJ0 height. Values are expressed as mean ± TE. Horizontal makers represent thresholds of
SWC, LWC, and VLWC from baseline mean.
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Table 4.37. Specific time point comparison of CMJ0 (cm)
Baseline
ESPP
Baseline Taper 2 Pre-OR
Taper 2
Taper 1 Taper 2
Mean
24.72
27.21
24.72
26.10
26.12
26.10
22.67
26.10
(± SD)
(0.48)
(0.66)
(0.48)
(0.71)
(0.56)
(0.71)
(0.00)
(0.71)
BP
% Change
10.05
5.58
-0.06
15.13
Athlete
SWC Prob. % (Odds)
98 (50:1) †
94 (16:1) *
41 (1:1)
99 (110:1) ‡
LWC Prob. % (Odds)
97 (33:1) †
88 (7:1) *
18 (1:5)
99 (81:1) †
Mean
17.61
18.46
17.61
20.10
18.46
20.10
18.80
20.10
(± SD)
(0.32)
(0.14)_
(0.32)
(0.00)
(0.14)
(0.00)
(0.21)
(0.00)
NBP
% Change
4.81
14.12
11.48
6.94
Athlete
SWC Probability % (Odds)
96 (21:1) †
100 (437:1) ‡
99 (117:1) ‡
98 (58:1) †
LWC Probability % (Odds)
85 (6:1)*
100 (269:1) ‡
98 (56:1) †
96 (24:1) †
*likely true meaningful change, †very likely true meaningful change, ‡almost certain true meaningful change
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CMJ20 Time Series

Figure 4.64. BP Athlete observed CMJ20 height. Values are expressed as mean ± TE. Horizontal makers represent thresholds of
SWC, LWC, and VLWC from baseline mean.

Figure 4.65. NBP Athlete observed CMJ20 height. Values are expressed as mean ± TE. Horizontal makers represent thresholds of
SWC, LWC, and VLWC from baseline mean.

266

Table 4.38. Specific time point comparison of CMJ20 (cm)
Baseline
ESPP
Baseline Taper 2 Pre-OR
Taper 2
Taper 1 Taper 2
Mean
17.23
18.78
17.23
18.00
19.11
18.00
15.80
18.00
(± SD)
(0.36)
(0.32)
(0.36)
(0.28)
(0.32)
(0.28)
(0.00)
(0.28)
BP
% Change
8.99
4.49
-5.78
13.92
Athlete
SWC Prob. % (Odds)
94 (15:1)*
82 (5:1)*
89 (8:1)*
97 (34:1) †
LWC Prob. % (Odds)
89 (8:1)*
62 (2:1)
79 (4:1)*
95 (21:1) †
Mean
12.12
12.43
12.12
14.75
12.51
14.75
13.80
14.75
(± SD)
(0.47)
(0.04)
(0.47)
(0.50)
(0.06)
(0.50)
(0.41)
(0.50)
NBP
% Change
2.48
21.66
17.91
6.88
Athlete
SWC Probability % (Odds)
60 (1:1)
98 (54:1) †
97 (34:1) †
83 (5:1)*
LWC Probability % (Odds)
40 (1:1)
97 (35:1) †
95 (21:1) †
71 (2:1)
*likely true meaningful change, †very likely true meaningful change, ‡almost certain true meaningful change
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𝐕̇O2peak Testing
The athletes completed an incremental treadmill test to exhaustion during the baseline,
MGPP, LGPP, and ESPP time points to determine V̇O2peak and the ventilatory thresholds.
Analysis was conducted visually to assess patterns of change and magnitude was assessed by
percent change.
Initial TTE was the same for both athletes. Both athlete increased time to exhaustion
from baseline during the training cycle (Figures 4.66 and 4.67). The BP Athlete completed a
longer time to exhaustion at each of the testing time points than the NBP Athlete. Absolute
V̇O2peak increased for both during the LGPP testing and remained elevated for the BP Athlete for
the final testing session, but decreased for the NBP Athlete. The relative V̇O2peak remained
consistent for both athletes across the training cycle (Figures 4.68 and 4.69). The longer TTE
increased the V̇O2peak demand for both athletes across the training cycle. The relative and
absolute differences between V̇O2peak uptake and demand were similar between athletes, but the
BP Athlete showed less variability across testing sessions (Figures 4.70 through 4.71).
The BP Athlete showed greater changes to the ventilatory thresholds than the NBP
Athlete. The VT1 increased by approximately 8% in the BP Athlete (Figure 4.78) in the MGPP
testing and remained elevated from the remainder of the testing sessions. This change reflected a
higher fractional utilization of corresponding V̇O2peak for the VT1 (Figure 4.74). The VT1 was
more stable for the NBP Athlete and deviated only slightly (0-2%) from baseline levels (Figure
4.78). VT2 increased for both athletes during the LGPP time point and remained elevated for the
ESPP testing (Figures 4.76 and 4.77). The magnitude of improvement was greater for the BP
Athlete (Figure 4.79).
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𝑉̇ O2peak Testing Time Series
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Figures 4.66 and 4.67. Athlete absolute V̇O2peak and time to exhaustion by testing session. Values are expressed as mean  SD.
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Ventilatory Thresholds Time Series
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ESPP
NBP Athlete

Full Running Economy and Blood Lactate Specific Time Point Comparisons
Both athletes completed a 6-stage running economy and blood lactate profile testing during the
baseline and ESPP time points. Results of each stage are presented in Table 4.39 and 4.40. The BP
Athlete showed trends of small, meaningful improvement in the relative measures of RE and blood
lactate. Absolute V̇O2 trended toward improvement (Figure 4.84), but not changes were likely not
meaningful.

The NBP Athlete trended toward small, meaningful impairments in RE in stage 5 and

stage 6. Blood lactate levels remained similar to baseline levels. Both athletes showed trends of lower
RPE across all stages.
Relative V̇O2 for each stage was converted to a standardized metric of RE (mlkg-1km-1). The
mean and standard deviation of the full testing session were calculated and used to determine Cohen’s d
effect size per athlete. Results of the multi-velocity average RE are presented in Figures 4.80 and 4.81.
The BP Athlete showed a small to moderate (d = -0.68) improvement (-3.83%) in RE. There was no
change (d = 0.02; 0.09%) in the NBP Athlete.
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Table 4.39. BP Athlete Baseline vs. Early Specific Preparatory Period
RE
V̇O2
Stage 1
12.5 km·h-1
1%
Stage 2
13.5 km·h-1
1%
Stage 3
14.5 km·h-1
1%
Stage 4
15.5 km·h-1
1%
Stage 5
16.5 km·h-1
1%
Stage 6
17.5 km·h-1
1%

Baseline Mean (± SD)
ESPP Mean (± SD)
% Change
SWC Probability % (Odds)
LWC Probability % (Odds)
Baseline Mean (± SD)
ESPP Mean (± SD)
% Change
SWC Probability % (Odds)
LWC Probability % (Odds)
Baseline Mean (± SD)
ESPP Mean (± SD)
% Change
SWC Probability % (Odds)
LWC Probability % (Odds)
Baseline Mean (± SD)
ESPP Mean (± SD)
% Change
SWC Probability % (Odds)
LWC Probability % (Odds)
Baseline Mean (± SD)
ESPP Mean (± SD)
% Change
SWC Probability % (Odds)
LWC Probability % (Odds)
Baseline Mean (± SD)
ESPP Mean (± SD)
% Change
SWC Probability % (Odds)
LWC Probability % (Odds)

(mlkg-1km-1)
191.65 (12.94)
191.06 (10.69)
-0.31
42 (1:1)
18 (1:5)
194.48 (7.92)
185.98 (4.29)
-4.37
69 (2:1)
22 (1:4)
194.90 (7.31)
185.35 (15.67)
-4.89
75 (3:1)*
46 (1:1)
197.03 (6.77)
187.45 (3.35)
-4.86
73 (3:1)
35 (1:2)
200.99 (2.30)
190.45 (7.97)
-5.24
80 (4:1)*
51 (1:1)
201.81 (4.34)
195.30 (6.56)
-3.23
79 (4:1)*
52 (1:1)

(Lmin-1)
2.83 (0.15)
2.92 (0.16)
3.18
58 (1:1)
31 (1:2)
3.10 (0.13)
3.06 (0.07)
-1.12
42 (1:1)
8 (1:11)
3.34 (0.13)
3.28 (0.28)
-1.70
50 (1:1)
16 (1:5)
3.61 (0.12)
3.55 (0.06)
-1.63
50 (1:1)
16 (1:5)
3.92 (0.12)
3.84 (0.16)
-2.03
57 (1:1)
25 (1:3)
4.17 (0.09)
4.18 (0.14)
0.05
44 (1:1)
18 (1:5)

V̇O2

(mlkg-1km-1)
39.93 (2.13)
39.80 (2.23)
-0.31
42 (1:1)
18 (1:5)
43.76 (1.78)
41.85 (0.96)
-4.37
69 (2:1)
22 (1:4)
47.10 (1.77)
44.80 (3.79)
-4.89
75 (3:1)*
46 (1:1)
50.90 (1.74)
48.42 (0.87)
-4.86
73 (3:1)
35 (1:2)
55.27 (0.63)
52.37 (2.19)
-5.24
80 (4:1)*
51 (1:1)
58.86 (1.27)
56.96 (1.91)
-3.23
79 (4:1)*
52 (1:1)

RPE
(20 scale)
7.75 (0.50)
7
---8.75 (0.50)
7
---10.5 (1.00)
9
---13 (1.41)
11
---14.25 (0.96)
13
---15.75 (0.50)
14
----

*likely true meaningful change, †very likely true meaningful change, ‡almost certain true change
274

BLa
(mmolL-1)
0.64 (0.18)
0.95 (0.35)
47.78
85 (6:1)*
66 (2:1)
0.80 (0.32)
0.80 (0.28)
0.00
--1.03 (0.26)
0.85 (0.35)
-17.36
89 (8:1)*
34 (1:2)
1.47 (0.92)
1.50 (0.98)
1.94
9 (1:10)
0 (1:293)
2.44 (0.84)
1.50 (0.14)
-38.59
71 (2:1)
56 (1:1)
4.13 (1.01)
3.10 (0.14)
-24.91
92 (12:1)*
63 (2:1)

Table 4.40. NBP Athlete Baseline vs. Early Specific Preparatory Period
RE
V̇O2
Stage 1
12.5 km·h

-1

1%
Stage 2
13.5 km·h-1
1%
Stage 3
14.5 km·h-1
1%
Stage 4
15.5 km·h-1
1%
Stage 5
16.5 km·h-1
1%
Stage 6
17.5 km·h-1
1%

Baseline Mean (± SD)
ESPP Mean (± SD)
% Change
SWC Probability % (Odds)
LWC Probability % (Odds)
Baseline Mean (± SD)
ESPP Mean (± SD)
% Change
SWC Probability % (Odds)
LWC Probability % (Odds)
Baseline Mean (± SD)
ESPP Mean (± SD)
% Change
SWC Probability % (Odds)
LWC Probability % (Odds)
Baseline Mean (± SD)
ESPP Mean (± SD)
% Change
SWC Probability % (Odds)
LWC Probability % (Odds)
Baseline Mean (± SD)
ESPP Mean (± SD)
% Change
SWC Probability % (Odds)
LWC Probability % (Odds)
Baseline Mean (± SD)
ESPP Mean (± SD)
% Change
SWC Probability % (Odds)
LWC Probability % (Odds)

(mlkg-1km-1)
189.46 (10.88)
180.92 (5.52)
-4.51
64 (2:1)
46 (1:1)
187.24 (7.64)
183.67 (11.47)
-1.91
58 (1:1)
32 (1:2)
186.73 (7.03)
186.74 (8.11)
0.00
36 (1:2)
22 (1:3)
188.22 (7.94)
192.40 (5.55)
2.22
60 (1:1)
32 (1:2)
192.55 (5.43)
195.96 (5.99)
1.77
70 (2:1)
25 (1:3)
196.53 (7.36)
202.07 (1.85)
2.82
81 (4:1)*

(Lmin-1)
2.11 (0.12)
2.05 (0.06)
-2.84
57 (1:1)
38 (1:2)
2.25 (0.10)
2.24 (0.14)
-0.45
42 (1:1)
19 (1:4)
2.41 (0.10)
2.45 (0.11)
1.66
53 (1:5)
27 (1:3)
2.60 (0.13)
2.70 (0.08)
3.72
72 (3:1)
37 (1:2)
2.83 (0.07)
2.93 (0.09)
3.53
93 (13:1)*
71 (2:1)
3.07 (0.11)
3.20 (0.03)
4.23
94 (15:1)*

V̇O2

(mlkg-1km-1)
39.47 (2.27)
37.69 (1.14)
-4.51
64 (2:1)
46 (1:1)
42.13 (1.72)
41.33 (2.58)
-1.91
58 (1:1)
32 (1:2)
45.13 (1.70)
45.13 (1.96)
0.00
36 (1:2)
22 (1:3)
48.62 (2.05)
49.70 (1.43)
2.22
60 (1:1)
32 (1:2)
52.95 (1.49)
53.89 (1.64)
1.77
70 (2:1)
25 (1:3)
57.32 (2.14)
58.94 (0.54)
2.82
81 (4:1)*

RPE
(20 scale)
6.67 (0.58)
6
---7.67 (0.58)
6
---10 (1.73)
9
---12.33 (1.15)
10
---13.67 (0.58)
12
---15.67 (0.58)
14
----

26 (1:3)
56 (1:1)
26 (1:3)
*likely true meaningful change, †very likely true meaningful change, ‡almost certain true change
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BLa
(mmolL-1)

0.60 (0.27)
0.55 (0.21)
-8.33
48 (1:1)
5 (1:20)

0.72 (0.19)
0.90 (0.14)
25.00
84 (5:1)*
44 (1:1)

0.92 (0.19)
0.85 (0.07)
-7.27
55 (1:1)
30 (1:2)

1.15 (0.16)
1.45 (0.07)
26.09
93 (13:1)*
74 (3:1)

1.92 (0.69)
1.85 (0.21)
-3.48
5 (1:18)
0 (1:763)

3.48 (0.93)
4.95 (0.49)
42.11
89 (8:1)*

75 (3:1)*
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Figures 4.80 and 4.81. Multi-velocity running economy change in ESPP. Values are presented as mean  SD.
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Figures 4.82 and 4.83. Individual stage running economy change in ESPP. Values are presented as mean  SD.
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Figures 4.84 and 4.85. Individual stage absolute V̇O2 change in ESPP. Values are presented as mean  SD.
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Figures 4.86 and 4.87. Individual stage blood lactate change in ESPP. Values are presented as mean  SD.
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ESPP

17

18

Running Economy Marathon Pace Time Series
Running economy testing was performed at 16.5 and 17.5 kmh-1 systematically
throughout the training cycle as part of the monitoring program. These two velocities were
selected due to their specificity to the athletes’ marathon pace. Time series are presented in
Figures 4.88 through 4.95. RPE per testing session are presented in Figures 4.96 through 4.99.

16.5 kmh-1 RE. The BP Athlete showed less variability around the baseline mean in both
absolute and relative V̇O2 during the GPP. The athlete showed signs of improved RE during the
SPP. The improvement was stable through the taper. In contrast, the NBP showed signs of
greater stability in the SPP, but without improvement, when compared to the GPP. The NBP
showed signs of RE improvement primarily in the second week of the taper. RPE improved over
the course of the training cycle for both athletes, but changes in RPE did not directly correspond
with physiological improvements. RPE trended for improvement during the taper for the BP
Athlete, but not the NBP Athlete.

17.5 kmh-1 RE. The quantitative outcome for the 17.5 kmh-1 stage was similar to the 16.5
kmh-1. The BP Athlete showed less variability around the baseline mean in both absolute and
relative V̇O2 during the GPP. The athlete showed signs of improved RE during the SPP. The
improvement was stable through the taper. In contrast, the NBP showed signs of greater stability
in the SPP, but without improvement, when compared to the GPP. The NBP showed signs of RE
improvement primarily in the second week of the taper. RPE improved over the course of the
training cycle for both athletes, but changes in RPE did not directly correspond with
physiological improvements.
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16.5 kmh-1 RE Absolute 𝑉̇ O2

Figure 4.88. BP Athlete observed absolute V̇O2. Values are expressed as mean ± TE. Horizontal makers represent thresholds of SWC,
LWC, and VLWC from baseline mean.

Figure 4.89. NBP Athlete observed absolute V̇O2. Values are expressed as mean ± TE. Horizontal makers represent thresholds of
SWC, LWC, and VLWC from baseline mean.
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16.5 kmh-1 RE Relative 𝑉̇ O2

Figure 4.90. BP Athlete observed relative V̇O2. Values are expressed as mean ± TE. Horizontal makers represent thresholds of SWC,
LWC, and VLWC from baseline mean.

Figure 4.91. NBP Athlete observed relative V̇O2. Values are expressed as mean ± TE. Horizontal makers represent thresholds of SWC, LWC,
and VLWC from baseline mean.
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17.5 kmh-1 RE Absolute 𝑉̇ O2

Figure 4.92. BP Athlete observed absolute V̇O2. Values are expressed as mean ± TE. Horizontal makers represent thresholds of SWC,
LWC, and VLWC from baseline mean.

Figure 4.93. NBP Athlete observed absolute V̇O2. Values are expressed as mean ± TE. Horizontal makers represent thresholds of SWC,
LWC, and VLWC from baseline mean.
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17.5 kmh-1 RE Relative 𝑉̇ O2

Figure 4.94. BP Athlete observed relative V̇O2. Values are expressed as mean ± TE. Horizontal makers represent thresholds of SWC, LWC,
and VLWC from baseline mean.

Figure 4.95. NBP Athlete observed relative V̇O2. Values are expressed as mean ± TE. Horizontal makers represent thresholds of SWC, LWC,
and VLWC from baseline mean
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16.5 kmh-1 RE RPE

Figure 4.96. BP Athlete RPE per 16.5 kmh-1 RE testing session. Horizontal lines represent the high and low value reported in
baseline testing.

Figure 4.97. NBP Athlete RPE per 16.5 kmh-1 RE testing session. Horizontal lines represent the high and low value reported in
baseline testing.
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17.5 kmh-1 RE RPE

Figure 4.98. BP Athlete RPE per 17.5 kmh-1 RE testing session. Horizontal lines represent the high and low value reported in
baseline testing.

Figure 4.99. NBP Athlete RPE per 17.5 kmh-1 RE testing session. Horizontal lines represent the high and low value reported in
baseline testing.
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Running Economy Baseline vs. Total Taper Comparison
Both athletes completed the 16.5 and 17.5 kmh-1 RE testing during week 1 and week 2 of the
taper. The means and standard deviations of the two testing sessions were calculated for the total taper
results. Results were analyzed by percent change, likelihood of a meaningful change, and Cohen’s d
effect size. Results are presented in Table 4.41 and visually represented per variable in Figures 4.100
through 4.107.
The BP Athlete displayed greater relative change and greater magnitude of change per each
testing variable, compared to the NBP Athlete. Despite the greater magnitude of change, the BP Athlete
showed less likelihood of a small, meaningful change in the absolute V̇O2 consumption variables. The
BP Athlete showed greater likelihood of a small or large, meaningful change in the relative V̇O2
consumption variables.
The energetic savings from the improvement in RE for the marathon was calculated for each
running velocity (Tables 4.42 and 4.43). The improvement in RE would theoretically result in a greater
absolute and relative energy savings for the BP Athlete at 16.5 kmh-1 from baseline, compared to the
NBP Athlete. Relative energy savings was similar between athletes for 17.5 kmh-1 form baseline.

285

Baseline vs. Total Taper Time Point Running Economy Comparison
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Figures 4.100 and 4.101. BP Athlete change from baseline in taper for in absolute V̇O2 for marathon pace RE. Values are expressed as
observed mean  SD.
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Figures 4.102 and 4.103. NBP Athlete change from baseline in taper for in absolute V̇O2 for marathon pace RE. Values are expressed
as observed mean  SD.
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Figures 4.104 and 4.105. BP Athlete change from baseline in taper for in relative V̇O2 for marathon pace RE. Values are expressed as
observed mean  SD.
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Figures 4.106 and 4.107. NBP Athlete change from baseline in taper for in relative V̇O2 for marathon pace RE. Values are expressed
as observed mean  SD.
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Table 4.41. Marathon pace RE specific time point comparisons between athletes
16.5 km·h-1
BP Athlete
NBP Athlete
Baseline Mean (± SD)
3.92 (0.11)
2.83 (0.05)
Taper Mean (± SD)
3.76 (0.18)
2.76 (0.15)
V̇O2
%
Change
-4.08
-2.47
(L·min-1)
73 (3:1)
83 (5:1)*
SWC Probability % (Odds)
LWC Probability % (Odds)
41 (1:1)
51 (1:1)
Cohen’s d
-1.16
-0.74
Baseline Mean (± SD)
55.27 (1.56)
52.95 (0.85)
Taper
Mean
(±
SD)
52.01
(2.48)
51.97 (2.74)
V̇O2
% Change
-5.90
-1.85
(ml·kg-1·min-1)
SWC Probability % (Odds)
84 (5:1)*
72 (3:1)
LWC Probability % (Odds)
57 (1:1)
27 (1:3)
Cohen’s d
-1.98
-0.53
*likely true meaningful change
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17.5 km·h-1
BP Athlete
NBP Athlete
4.17 (0.08)
3.07 (0.05)
4.02 (0.06)
2.96 (0.09)
-3.60
-3.58
83 (5:1)*
88 (7:1)*
58 (1:1)
40 (1:2)
-1.71
-1.49
58.86 (1.19)
57.32 (1.00)
55.48 (0.87)
55.72 (1.76)
-5.58
-2.79
94 (17:1)*
82 (4:1)*
81 (4:1)*
27 (1:2)
-3.00
-1.18

Table 4.42. Energy cost estimation for steady 16.5 km·h-1 velocity marathon (2:33:26 completion time)
VO2
Energy Expenditure
(L·min-1)
(kcal·min-1)*
Baseline
3.92
19.60
BP Athlete
Taper
3.76
18.80
Baseline
2.83
14.15
NBP Athlete
Taper
2.76
13.80
*Energy expenditure was standardized to 5.0 kcal per 1 L O2
Time Point

Total Marathon Energy
Energy Cost
Expenditure (kcal)
Difference(kcal)
3007.29
-122.75
2884.55
2171.08
-53.71
2117.38

Table 4.43. Energy cost estimation for steady 17.5 km·h-1 velocity marathon (2:24:40 completion time)
VO2
Energy Expenditure
Total Marathon Energy
Energy Cost
Time Point
(L·min-1)
(kcal·min-1)*
Expenditure (kcal)
Difference (kcal)
Baseline
4.17
20.85
3016.3
BP Athlete
-108.50
Taper
4.02
20.10
2907.80
Baseline
3.07
15.35
2220.63
NBP Athlete
-79.57
Taper
2.96
14.80
2141.07
*Energy expenditure was standardized to 5.0 kcal per 1 L O2
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Relative Saving
(kcal·kg-1)
1.70
1.01

Relative Saving
(kcal·kg-1)
1.50
1.50

½ Marathon Performance
Both athlete completed the same ½ marathon race in the pre-training period. This race
was a PR for the BP Athlete. The NBP Athlete did not achieve a PR and ran approximately
1.4% slower than the BP Athlete. The BP Athlete completed a ½ marathon time trial in the
ESPP time point. The athlete improved the PR performance by 1.63%. The NBP Athlete did not
complete another ½ marathon time trial as part of the training cycle.

Table 4.44. BP Athlete ½ marathon performance
Pre-Training Race (PR)
-1
17.37
Average Velocity (kmh )
Time to Completion (s)
4372
% Time Change
-1.63

ESPP Time Trial
17.66
4301

Table 4.45. NBP Athlete ½ marathon performance
Pre-Training Race
-1
17.13
Average Velocity (kmh )
Time to Completion (s)
4434
% Time Difference from BP Athlete
1.40

Marathon Performance
Both athletes completed the 2017 Boston Marathon as the criterion performance measure.
The NBP Athlete completed the marathon approximately 1.07% faster than the BP Athlete. This
difference was largely the result of a slower and more variable final 10 miles (Table 4.46). The
mile per mile variations in running velocity are presented in Figure 4.108.

Table 4.46. Comparison of first and last 10 miles of marathon
BP Athlete
NBP Athlete
-1
First 10
Last 10
First 10
Last 10
Velocity (kmh )
Mean (SD)
CV %
%

16.22 (0.14)
15.49 (0.33)
0.89
2.13
-4.45
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16.20 (0.16)
15.86 (0.27)
0.98
1.72
-2.11
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Figure 4.108. Athlete average velocity per whole mile in marathon.
The BP Athlete’s performance, placement, and relative best performance are presented in
Table 4.47. The NBP Athlete’s performance history is presented in Table 4.48. The NBP
Athlete ran faster and had better placements, when compared to last year’s performance.
However, when compared to PR performance, the BP Athlete deviated less (1.94%) from PR
marathon than the NBP Athlete (3.03%).
Table 4.47. BP Athlete marathon performance
2017
Time to Completion (s)
9573
-% from Previous Year
% PR
+1.94
Overall Placement
177
Gender Placement
157
Table 4.48. NBP Athlete’s Boston Marathon performance between years
Year
2014
2015
2016
2017
Time to Completion (s)
9575
9193
9677
9472
--3.99
5.26
-2.12
% from Previous Year
% PR
+4.15
-+5.26
+3.03
Overall Placement
320
118
156
141
Gender Placement
294
107
143
124
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The NBP Athlete achieved his second-best performance in this specific marathon. This
performance resulted from better maintenance of running velocity over the final 10 miles of the
race (Figure 4.109). The NBP Athlete’s final 0.2 miles compared to mile 26 running velocity is
presented in Figure 4.110. Despite the PR performance, the NBP Athlete slowed down over the
final 0.2 miles. In contrast, the athlete has shown a consistent pattern of acceleration to the finish
(approximately 16-17% faster) over the final 0.2 miles since initiating a strength training
program for the 2016 marathon.
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Figure 4.109. NBP Athlete mile pacing per year.
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Discussion
The purpose of this study was to examine the effects of periodized strength training, the
concurrent implementation of strength training, and how endurance training periodization
strategies impacted running performance and preparedness over a training cycle in two marathon
runners. The main findings of the study are as follows:


Block periodized strength training may positively enhance running economy and high
intensity running performance in well-trained marathon runners



An integrated, periodized approach to concurrent training may lead to more optimal and
more rapid fitness improvements



A functional over-reach based model of endurance periodization can improve aerobic
fitness characteristics



The unique effects of a decreasing periodized model on performance may not elicit
highly specific fitness adaptations



Improvements in fitness characteristics may not always directly translate into improved
competition performance

Block Periodized Strength Training for Running Performance
Both athletes improved low intensity RE, TTE, velocity at V̇O2peak, and high intensity RE.
These changes occurred with no or slight change to relative V̇O2peak in both athletes. Similar
findings have been reported in other research (Beattie et al., 2017; Damasceno et al., 2015;
Mikkola et al., 2011; Vikmoen, Raastad, et al., 2016) as a result of strength training in endurance
athletes. Therefore, the existing evidence suggests a high plausibility that the strength training
was the primary stimulus for these performance improvements. However, the strength training
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induced mechanisms responsible for improvement are not well identified in this study due to the
isometric mid-thigh pull results.
Improvement in relative strength and power and improved force-time characteristics,
namely RFD, have been hypothesized as primary factors improving endurance performance
following strength training (Bazyler et al., 2015; Gillen, Wyatt, Winchester, Smith, & Ghetia,
2016; Østerås, Helgerud, & Hoff, 2002). Contrary to expectations, peak isometric force and
force-time characteristics were unaltered or depressed from baseline at times corresponding to
these sport-specific improvements for both athletes, as assessed by the isometric mid-thigh pull
test. Nonetheless, evaluation of the athletes’ strength training log and estimated 1-RM
performance indicate that both athletes substantially improved (47-94%) strength over the
training cycle from baseline levels. This finding may be a limitation with the testing modality.
No improvements in isometric RFD or EMG muscle activation in runners after 14 weeks of
strength training, despite improvements in dynamic strength, have also been reported in the
literature (Taipale et al., 2013). It is possible that the athletes were unable to fully express their
force production abilities in this rapid, maximal effort isometric test, despite the inclusion of
exercises (e.g. mid-thigh pull) that are similar to this isometric movement. It may be that through
the combination of frequent running and strength training, the athletes improved their ability to
express improved force-time characteristic in running, and not in the isometric mid-thigh pull
test. Thus, the relevant changes to force production abilities would have escaped direct isometric
detection in this study. Future research is needed to better explain the mediating physiological
adaptations that link strength training and improved endurance performance and determine the
most relevant monitoring procedures to assess these adaptations.
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Both athletes experienced changes in anthropometrics and body composition during the
training cycle. Both athletes trended toward lower skinfold measurements and increases in girth
measurements, predominantly in the lower body. Body mass increased in the BP Athlete, while
the NBP Athlete’s body mass remained stable, indicating an increase in lean body mass in both
athletes. The increase in lean body mass with little or no increase in overall body mass has been
reported for other endurance athletes after strength training (Aagaard et al., 2011; Rønnestad et
al., 2010). Therefore, this study provides further evidence that the inclusion of strength training
promotes favorable body composition changes in endurance athletes.
Noteworthy is the potential impact the fluctuations or increases in total body mass may
have had on assessing V̇O2peak performance. Both athletes achieved similar absolute V̇O2peak
values, but because of increases in body mass, relative V̇O2peak was lower than baseline in the
MGPP testing session. This uncoupling of direct linkage between absolute and relative V̇O2peak
continued through the remained of the testing sessions. However, despite the lower or unaltered
relative V̇O2peak, velocity at V̇O2peak and time to exhaustion were improved from baseline.
Therefore, coaches and sport scientists need to be mindful of the translation of raw testing
numbers into performance capability of endurance athletes after beginning strength training.
Proper testing protocols should be implemented to allow the true expression of fitness potential.
Selecting tests that de-emphasize the performance aspect of the V̇O2peak fitness characteristic, or
comparing only the V̇O2peak numbers, may lead coaches and sport scientists to conclude a falsenegative in an endurance athlete’s ability after strength training.
If strength training was a primary factor at improving RE, an evaluation of the time frame
and types of changes of RE are deserving. As early as the MGPP time point both athletes were
able to prolong TTE and accomplish more work (increase V̇O2peak demand). V̇O2peak demand was
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approximately 15% higher than uptake after strength training for both athletes. A similar
improvement in the relative V̇O2 uptake - V̇O2 demand difference (approximately 11%) has also
been reported in runners after a period of explosive, low force high velocity training
(Paavolainen, Nummela, & Rusko, 1999). Nonetheless, relative V̇O2peak remained close to
baseline levels, reflecting a de-coupling between increases in work rate and increases in V̇O2
uptake. Fatigue during severe intensity exercise may be a factor of several factors, such as
recruitment of type II fibers, efficiency of force production, changes in aerobic and anaerobic
substrate usage, and changes to metabolite production and tolerance (Jones & Vanhatalo, 2017;
Jones, Vanhatalo, Burnley, Morton, & Poole, 2010). Given the lack of HIT training by the NBP
Athlete and the superior TTE by the BP Athlete, it seems plausible that improvement in V̇O2peak
demand may be a factor of improved muscular recruitment and force production (high intensity
RE) for the NBP Athlete and a combination of high intensity RE and bioenergetics factors for the
BP Athlete. These potential changes to high intensity RE occurred before the changes in lower
intensity RE for both athletes (SPP for BP Athlete and taper for NBP Athlete). Therefore, RE
may exist as several distinct indices, each with their own physiological determinants and time
frames of changes. These distinctions would have implications for the periodization and
programming of training. Future research is warranted to examine the specific determinants of
RE over various intensities in response to training modalities.
RPE improved over the training cycle for both athletes in the marathon specific RE
testing. However, the timing and magnitude of change did not coincide with the measured
physiological improvement for both athletes. RPE improved for both athletes before measured
physiological improvements. Therefore, the inclusion of objective and direct physiological
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measures may be necessary to more accurately reflect the true fluctuations in RE over a training
cycle.

The Effect of Integrated, Concurrent Block Periodized Training
The athletes approached the concurrent training process differently. The BP Athlete
completed an integrated, concurrent periodized training program, while the NBP Athlete added
strength training to the coach driven, non-periodized endurance training. It was hypothesized
that the integrated program would lead to superior fitness, preparedness, and performance across
the training cycle. Preparedness can be conceptualized as the potential to express a certain
magnitude of a fitness characteristic, which is the result of a positive modifier (fitness level) and
a negative modifier (fatigue) (Banister, 1991; Stone et al., 2007). Static jumps (SJ) and counter
movement jumps (CMJ) in both unweighted and weighted conditions are common monitoring
methods to assess changes in strength, power, and expression of neuromuscular function
(Halson, 2014; Stone et al., 2003). Because changes in RE were an expected outcome of the
periodized strength training program, the time series and patterns of change in jump performance
and RE performance may serve as an appropriate framework to evaluate the changes in
preparedness and performance between athletes across the training cycle.
Examination of the time series of jump and RE performance across the training cycle
reveals several major differences between the athletes. During the GPP the BP Athlete
experienced a larger magnitude of variation in performance compared to the NBP Athlete. The
BP Athlete had greater magnitudes of suppressed performance in all of the four jump conditions
and greater magnitudes of improved performance in three of the four jumps (SJ0, SJ20, CMJ20)
over the GPP compared to the NBP Athlete. These findings, combined with the high variation
and differences in subjective wellness measures, indicate that BP Athlete experienced greater
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magnitudes and frequencies of fatigue over the GPP. Yet, despite the higher fatigue, the BP
Athlete showed substantial magnitudes of performance rebound and progression over the GPP.
Since the strength training program was similar between athletes, it is possible these GPP
differences highlight implications from the differences in concurrent integration and endurance
periodization. The BP Athlete showed greater levels of fatigue, large magnitudes of
performance rebound, progression in performance, and larger, more consistent magnitudes of
performance improvement. Applying the fitness-fatigue paradigm, it is highly likely that the BP
Athlete experienced greater a combination of fatigue management and fitness adaptation over the
GPP, as a result of the integrated, concurrent periodized training.
Performance differences in the SPP also existed between the athletes. These differences
are apparent in both the jump and RE testing. During the SPP the BP Athlete showed consistent
performance in both jumps and RE. In contrast, the NBP Athlete’s performance was of lesser
magnitude or remained stagnant in relation to baseline levels. The NBP Athlete did not display
consistent improvements in performance until the taper. These differences may also be
explained due to the periodization differences. One of the goal of training is to establish new,
improved baselines of sport-specific fitness characteristics. Therefore, changes in performance
need to be viewed as to their consistency and permanency. Block periodization consists of three
basic blocks: an accumulation block, in which training initiates the morphological adaptations to
improved fitness, a transmutation block, in which the improved fitness characteristics are applied
to more sport-specific training, and a realization block, where tapering is applied to maximize
fatigue reduction (Issurin, 2010). Thus, accumulation established the adaptive processes for
higher fitness, transmutation allows for the expression and utilization of the higher fitness, and
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realization allows for the short-term peaking performance. The progression of the BP Athlete’s
jump and RE performance over the GPP and SPP may represent these distinct blocks.
The BP Athlete’s GPP and SPP may correspond to the accumulation and transmutation
blocks, receptively. During the accumulation block, the BP Athlete’s performance was highly
variable, due to the progression of fitness and the large accumulation of fatigue. However,
during the transmutation block, the jump performance became more consistent and RE improved
and remained consistent. Thus, due to the periodiziation and programming scheme, the BP
Athlete may have established a new fitness threshold that could be expressed in the sport-specific
training (running), ultimately offering long-term enhancement of that fitness characteristic. The
NBP Athlete did not begin to show improvements in jump performance or RE until the taper.
Thus, it is possible that the NBP Athlete did not undergo a distinct period of learning to express
the strength-induced fitness characteristics in running. This failure may indicate that the
improvement in RE seen during the taper is a transient, short-term peaking due to fatigue
dissipation, and the not the establishment of a long-term improved fitness characteristic.
Noteworthy also is the difference in subjective wellness measures during the taper. The
BP Athlete reported more positive responses in all wellness measures in the week leading up to
competition. These positive responses were despite having completed a more extensive and
intensive over-reach before the taper. Therefore, the concurrent periodized model may have
better physically and mentally prepared to adapt to the stresses of training, resulting in a more
optimal wellness state leading up to competition.

Functional Over-Reach Based Model of Endurance Training
In contrast to the high volume, low intensity model used by the NBP Athlete, the BP
Athlete completed a periodized model using HIT functional over-reach blocks. The training
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volume was lower for the BP Athlete and overall training loads (TRIMP) were similar between
athletes. The BP Athlete experienced greater improvements in TTE and greater improvements in
markers of homeostasis regulation (VT1, VT2, blood lactate) than the NBP Athlete. The BP
Athlete also experienced an improvement in ½ marathon time trial performance. These
improvements in endurance performance measures are in line with improvements reported in the
literature (Rønnestad, Ellefsen, et al., 2014; Rønnestad, Hansen, & Ellefsen, 2012; Rønnestad,
Hansen, Thyli, et al., 2016; Rønnestad et al., 2017). Therefore, the use of HIT over-reach blocks
may be an appropriate training modality, especially when training schedules restrict the
accumulation of large training volumes.
However, in contrast to the results in other research, the BP Athlete did not display a
substantial improvement in V̇O2peak. The athlete did improve absolute V̇O2peak, but this
improvement was not reflected in the relative V̇O2peak due to body mass changes. It was
hypothesized that the concentration of intensities around 95-100% V̇O2peak would elicit a strong
stimulus to improve V̇O2peak. This failure to improve V̇O2peak may have two possible
explanations.
First, the overall training load during the V̇O2max Block may have lacked the sufficient
HIT volume to elicit the desired outcome. Evaluation of the negative responses to the wellness
measures and decrement in jump performance after the V̇O2max Block indicate that the athlete
likely reached a functional over-reached state. However, the athlete’s conditioning level may
have been too low to accumulate the necessary volume of such high intensities. Therefore, the
athlete may have fatigued and reached an over-reached state, compromising exercise intensity
and HIT volume. If this hypothesis is true, a more substantial base training may be necessary for
the success of a decreasing periodization/programming model, in which absolute intensity begins
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high and decreases in the subsequent blocks. In this prolonged base period, the athlete’s
resiliency to and familiarity with high training intensities would need time for development, so
that the athlete can better withstand a higher training volume of V̇O2max level volumes.
Nonetheless, the BP Athlete did not improve V̇O2peak in the subsequent two over-reach
blocks. This failure may be due to an improvement in high intensity RE. An inverse
relationship between measures of economy or efficiency and V̇O2peak have been reported in both
well trained runners (Billat et al., 2001) and cyclists (Hunter et al., 2005). Thus, due to this
phenomenon, performance outcomes may begin to normalize based on the strengths, weakness,
and interplay between various fitness characteristics. Therefore, the improvement in high
intensity RE may have served as a limiting factor in allowing the BP Athlete to express or obtain
a higher V̇O2peak in this training or testing modality. Alternatively, the BP Athlete may have
approached his genetic limit of achievable V̇O2peak, leaving time to exhaustion and vV̇O2peak as
the only possible metrics for enhancement. More research is needed to examine the interplay
between fitness characteristics on performance outcomes, so that more optimal periodization
strategies can be developed.
The results of this study have implications for concurrent training. It has been suggested
that strength training may need to be avoided during over-reach weeks for better fatigue
management (Goutianos, 2016). Although the BP Athlete did accumulate high levels of fatigue
during the over-reach weeks, the athlete was still able to strength train through the use of partial
movements (i.e. ¼ squats) and periodized, lower strength training intensities during the overreach weeks. Optimal strategies to better integrate strength training during endurance over-reach
blocks is an area for future research.
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Noteworthy also is the difference in estimated back squat performance over the training
cycle between athletes. Despite starting at lower absolute and relative strength levels, the NBP
Athlete experienced a greater rate of improvement and surpassed the BP Athlete in predicted
relative strength. Although speculative, it may be that the larger fluctuations in fatigue may have
negatively impacted the BP Athlete’s ability to engage in the strength training to full potential.
Thus, despite the periodization program allowing for fatigue dissipation over time at the end of
the block, the fatigue may have reduced the accumulated relative physiological intensity of the
strength training within the block.
The use of a functional over-reach may have implication for the taper and realization of
super compensated performance at the time of competition. Although the use of a HIT overreach has been shown to promote positive super compensation during a taper (Rønnestad et al.,
2017), other research has suggested that the development of a functional over-reached state
before a taper may attenuate the super compensation during the taper (Aubry et al., 2014). In
this study, the BP Athlete reached a functional over-reach state due to an increase in training
load and HIT time in training Week -3 and a strength training over-reach in Week -4. The NBP
Athlete completed only the strength over-reach in Week -4, did not complete an endurance overreach, and did not shows clear indication of being in a functional over-reached state. The BP
Athlete performed an aggressive exponential, two-week taper, maintained training intensity, and
decreased training volume, as research indicates as best practices (Mujika, 2010; Neary, 2012).
The NBP Athlete had little alteration to training volume and little inclusion of intense training
during the taper. Nonetheless, the NBP Athlete showed potential signs of peaking and super
compensation during the taper in both jumps and the RE testing. The BP Athlete showed a large
decline in jump performance after the over-reach, which approached pre-over-reach levels during
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the second week of the taper. RE remained improved from baseline, but stable from pre-overreach levels.
These results highlight the fatigue-reducing qualities of a taper, as shown in the changes
in performance in both athletes. If the BP Athlete’s trends of improvement continued through
the competition, it is possible that jump and RE performance may have reached a peaking state.
However, since performance was not assessed on competition day, this assertion is speculative.
Nonetheless, the absence of the endurance over-reach may indicate a lag-time effect in relation
to the BP Athlete. The NBP Athlete experienced a two-week improvement in CMJ performance
and a one-week improvement in SJ performance, followed by a two-week plateau over the taper.
Thus, the NBP Athlete may have obtained the peak before the completion. In contrast, the BP
Athlete experienced a one-week improvement in both jump types over the taper and did not
show signs of a plateau. Therefore, it is possible that the BP Athlete continued to super
compensate in the 4 days between final testing and competition. Future research is needed to
better explanation the outcomes from various training-tapering permutations to optimize
endurance sport performance.

Competition Performance
Neither athlete achieved a PR in the competition, and the NBP Athlete completed the
race faster than the BP Athlete. This outcome was despite a more favorable progression of
fitness characteristics, a more positive wellness measures, and a demonstration of improved
performance ability through a PR ½ marathon. These findings indicate that performance cannot
be easily predicted by the summation of performance predictors. Thus, best practice training
may more readily lead to the relative optimization of performance, as opposed to the absolute
optimization of performance. Each training and competition scenario imposes unique challenges
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and limitation to achieving the optimization of performance. Therefore, the best possible
performance may not always be a best performance at the absolute level. Such considerations
highlight the importance of athlete monitoring, a “white box” (Hornsby et al., 2016) approach to
training, and evaluation of the athlete’s progression over the training cycle to best evaluate the
effectiveness of a training program.
Although both athletes received similar guidance in developing an individualized race
day nutrition plan, the actual diet was not controlled in this study. It is possible that the BP
Athlete did not adequately follow the intended carbohydrate loading guidelines or the intended
carbohydrate and hydration strategy during the race. If so, depleted glycogen levels,
dehydration, and increased heat storage may explain the more substantial decrease in the BP
Athlete’s running velocities in the second half of the race.
during the late general preparation period, specific preparation period, and taper.
Athletes were assisted in determining a daily diet that supported adequate energy availability
(Mountjoy et al., 2014) and carbohydrate availability (Burke et al., 2011) in relation to their
training demands. Weekly long runs were used as nutritional practice sessions to individualized
intra-training nutritional strategies to minimize dehydration and maintain carbohydrate
availability (50-60 gh-1) during the marathon (Jeukendrup, 2011). Additionally, both athletes
completed a “carbohydrate loading” protocol to super compensate muscle glycogen storage
(Rapoport, 2010) before the marathon. This protocol consisted of consuming 10-12 gkg-1d-1 of
carbohydrate in the 48 hours prior to the marathon (Burke, 2007).
Although the NBP Athlete did not PR in this race, the athlete did show potential signs of
performance improvement. The athlete’s PR performance was characterized by a slowing over
the final 0.2 miles. In contrast, the athlete accelerated over the final 0.2 miles in this year’s race
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and last year’s race. The magnitude of acceleration was similar between years. Other research
has demonstrated improvements after strength training in 5-minute all-out performance
following prolonged endurance exercise (Rønnestad et al., 2011; Vikmoen et al., 2017).
Therefore, it is possible that the strength training improved the athlete’s fatigue resistance and
acceleration abilities in a fatigued state.

Conclusion
A block periodized strength training program is likely to positively influence an
endurance athlete’s high intensity running performance, TTE, and RE. The use of HIT overreach weeks is likely an effective strategy to improving endurance running fitness characteristics.
Athletes are likely to experience high accumulations of fatigue through the use of over-reach
training. The best methods to sequence HIT progression may depend upon the athlete’s training
history, conditioning level, and overall periodization scheme. Competition-based performance
outcomes may be influenced by a variety of factors. Assessment of the effectiveness of a
training program may be better accomplished through a monitoring program to evaluate total
athlete progression, in addition to the final performance-based outcome.
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CHAPTER 5
SUMMARY AND FUTURE INVESTIGATIONS
The purpose of this dissertation was to evaluate the impact of periodized strength
training, concurrently periodized strength and endurance training, and an over-reach based
endurance training model on athlete preparedness and performance within the ecologically valid
context of long-term training in two marathon runners. This dissertation incorporated two
studies, consisting of three separate SCR investigations.
Taken together, both studies highlight the value of periodized strength training for a
marathon athlete. In both investigations, the athletes demonstrated a potential improvement in
“muscle power” factors and high intensity RE. Study 1 presented evidence for a trend of
improvement in submaximal RE, while Study 2 presented stronger concurrent evidence of a true
improvement in submaximal RE and maximal TTE resulting from strength training for both
athletes. Important to note is the length of strength training duration before the occurrence of
potential submaximal RE improvement in Study 2. The BP Athlete did not show clear signs of
improvement until 23 weeks of continuous training, while the NBP Athlete did not show signs of
improvement until 27 weeks of continuous training during the taper. This finding may explain
the lack of improvement in RE in shorter duration strength training studies. Although an
endurance runner may quickly improve force production abilities, developing those capabilities
sufficiently and transferring those capabilities to the task of running may be a long-term strategy
for well-trained runners. Interestingly, Study 2 demonstrated that high intensity RE and TTE
may improve more rapidly than lower intensity RE. Additional long-term strength training
research is needed to better elucidate the time course of adaptations for well-trained runners and
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to investigate the potential multiple constructs of RE (i.e. submaximal, high intensity, fatigue
state).
Although evidence from these studies indicates that strength training may have been the
primary cause of the RE improvement, the limitations of the study design do not allow for wellcontrolled evaluation of the potential influence of the endurance training on RE improvement.
Although final running economy improvements were similar between athletes, the time course of
changes were different. Therefore, it is possible that the endurance training may have
contributed to the RE improvement and/or influenced the rate of improvement.
The results of these studies provide somewhat conflicting results regarding improvements
in force-time characteristics (i.e. RFD) and improvement in running performance. Previous
research has highlighted RFD as potential important variable in enhancing movement economy
(Hoff et al., 2002; Storen et al., 2008). Changes in RE coincided with force-time characteristics
in Study 1, but did not in Study 2. Surprisingly, isometric strength performance was mostly flat
throughout the training program, and neither athlete displayed improvements in any of the
isometric strength variables during the taper. Given the strength training protocol and the
observed increases in predicted 1-RM, it is unlikely that the athletes failed to experience a true
improvement in force production abilities. The interference effect of concurrent training has
been found to be more deleterious to force-time characteristics and power than maximal strength
(Hakkinen et al., 2003; J. M. Wilson et al., 2012). The strength training logs and jump
performances indicated a high likelihood of improvements in maximal force and force-time
characteristics, albeit potentially attenuated. Whether the lack of isometric improvement is an
artifact of the testing method or a true reflection of performance abilities is questionable.
Continued explorations into how specific force production characteristics enhance running
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performance and the best training methodologies to enhance those characteristics is needed to
further the understanding of optimal training methodologies for endurance athletes.
One of the objectives of this dissertation was to examine the potential ramification of
adding periodized strength training to non-periodized running (Study 1 and NBP Athlete, Study
2), compared to a concurrently periodized, integrated strength and endurance program (BP
Athlete, Study 2). The results of this dissertation indicate that although adding periodized
strength training may elicit positive adaptations, an integrated approach is likely to be more
effective at promoting positive adaptations and managing fatigue. Several observations suggest
this conclusion.
Both studies provided potential evidence for the blunting of adaptations to force-time
characteristics, as a result of the interference effect of concurrent training. Because such
developments likely partially modify the efficacy of training transfer to endurance performance,
optimal integration of compatible training volumes and intensities to facilitate these adaptations
at relevant times is an important consideration. The balance of emphasis and de-emphasis in
overall programming and systematic progression of concurrent fitness characteristics is largely
under researched as it relates to long-term athlete development and peaking for competition.
Additional observations that give credence to the importance of integrated training are the
differences in fitness-fatigue balance, rate of improvement, and consistence of performance
between the BP and NBP Athletes in Study 2. The BP Athlete likely experienced greater periods
of accumulated fatigue, as a result of the over-reach training. Despite this fatigue, the BP
Athlete displayed more predictable variation in performance, with greater, more rapid, and more
consistent improvements in most objective and subjective measures. The qualitative assessment
of training adaptations and preparedness should be largely predictable throughout the training
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process (Stone et al., 2007). Therefore, how the two training modalities are simultaneously
completed, and balanced for fatigue management and compatibility of training effects is
fundamental to creating an effective training program.
The goal of both investigations was to elicit a peaking of preparedness by heightening
fitness and removing fatigue at the time of competition. In theory, this peaking of preparedness
should increase the likelihood of enhanced performance in the competition. However, despite
showing improvement in determinants of performance before the competition, the athletes did
not have a PR performance in the marathon. Although extraneous factors may have been at play
(e.g. weather in Study 1), identification of the factors that mediate this discrepancy between
expected performance and actual performance is deserving of investigation.
Each of the training plans used a planned over-reach before the taper. Two of the
training plans incorporated a strength training over-reach, while one of the plans incorporated a
strength and endurance over-reach. Although signs of super-compensation during the taper were
observed in some performance variables, this trend was not consistent across all variables and
across each SCR. The extent to which this variation was due to resilience to change of the
variable, insufficient over-reach stimulus, insufficient taper strategy, or other factors is
speculative. Noteworthy is that the NBP Athlete first showed signs of improved RE during the
taper in both studies, after completing the strength over-reach. To the author’s knowledge, no
other research has reported on the use of a strength training over-reach for an endurance athlete
before competition. Given the importance of maximizing preparedness within specific time
frames for a competitive athlete, additional research is needed on peaking strategies for marathon
athletes.
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Contrary to the original hypothesis, the decreasing HIT periodization/programming
model did not elicit the specific and systematic changes to physiological variables or
performance. This finding is in line with other research (Sylta et al., 2016). However,
mesocycle HIT variation and progression is an under-researched area (Stöggl & Sperlich, 2015;
Sylta et al., 2016). It is possible that the more continuous, prolonged HIT intervals and half
marathon provided sport-specific enhancement (i.e. pacing self-regulation, pre-race template,
nutrition strategies, etc.) that is separate from the directly physiological and performance
measures in the laboratory. Future research is needed to investigate the potential effects of
various periodization and programming methodologies to enhance preparedness for a variety of
endurance disciplines and distances.
Although Study 2 did show that an HIT over-reach endurance training program can
improve performance metrics in a well-trained runner, improvement was not systematic across
all three HIT over-reach blocks. Most of the performance improvement occurred after the
second HIT over-reach block. The programming methodology used in this study may have been
a limiting factor. The overall HIT volume in the first HIT over-reach block may have been
insufficient to provoke adaptations. The athlete’s training distribution was pyramidal, as
opposed to polarized. Additionally, the athlete completed a relatively low training volume,
compared to other marathon athletes (Karp, 2007), and performed LIT that was shorter in
duration (i.e. 40-45 minutes) than the minimum of 1 hour of continuous training used in other
research (Rønnestad, Ellefsen, et al., 2014; Rønnestad, Hansen, & Ellefsen, 2012; Rønnestad,
Hansen, Thyli, et al., 2016). Therefore, it is possible that the program would have been more
effective if it were of greater LIT volume and more polarized. Further, this study only utilized a
HIT over-reach. Incorporating a LIT volume over-reach week prior to the HIT over-reach
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blocks may such a needed training stimulus. Future research should investigate the optimal
strategies to utilize over-reach training for endurance athletes.
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