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Abstract

Purpose The present study identified the physiological and performance characteristics that are deterministic during a
maximal 1500-m time trial and in paced 1500-m time trials, with an all-out last lap.

Methods Thirty-two trained middle-distance runners (n=21 male, VO, 72.1£3.2; n=11, female, VO, ., : 61.24£3.7 mL
kg~' min~") completed a 1500-m time trial in the fastest time possible (1500p,7) as well as a 1500y,0p, and 1500g; oy trial
whereby mean speed was reduced during the 0—1100 m by 5% and 10%, respectively. Anaerobic speed reserve (ASR), running
economy (RE), the velocity corresponding with VO, (vVOypeqi), maximal sprint speed (MSS) and maximal accumulated
oxygen deficit (MAOD) were determined during additional testing. Carnosine content was quantified by proton magnetic
resonance spectroscopy in the gastrocnemius and expressed as a Z-score to estimate muscle fibre typology.

Results 1500p, ¢y time was best explained by RE and VO, in female runners (adjusted ?»=0.80, P<0.001), in addition
to the 0-1100-m speed relative to y VO, in male runners (adjusted *»=0.72, P<0.001). Runners with a higher gastroc-
nemius carnosine Z-score (i.e., higher estimated percentage of type II fibres) and greater MAOD, reduced their last lap time
to a greater extent in the paced 1500-m trials. Neither ASR nor MSS was associated with last lap time in the paced trials.
Conclusion These findings suggest that VO, ., and RE are key determinants of 1500-m running performance with a
sustained pace from the start, while a higher carnosine Z-score and MAOD are more important for last lap speed in tactical
1500-m races.

Keywords Tactical racing - Anaerobic speed reserve - Muscle fibre type composition - Critical speed - D’ - Carnosine -
Pacing

Abbreviations 1500p5gr  Maximal 1500-m time trial
RE Running economy 1500y;op Moderately paced 1500-m time trial
vVOypex  Minimal velocity that elicits VO, 150041 o  Slow-paced 1500-m time trial
ASR Anaerobic speed reserve MAOD Maximal accumulated oxygen deficit
MSS Maximal sprinting speed d Distance run
CS Critical speed t Time
D’ Curvature constant Ccv Coefficient of variation
VOypeax Peak oxygen uptake VO, Oxygen uptake

GET Gas exchange threshold
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'"H-MRS  Proton magnetic resonance spectroscopy
4 Phillip Bellinger MRI Magnetic resonance imaging
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Introduction

In elite 1500-m running competitions, championship races
(i.e., World Athletics Championships and Olympic Games)
can be won in relatively fast times (<3:34.00), moderately
fast (>3:34.00-<3:41.99) or even slow times (> 3:42.00)
(Sandford et al. 2019a), but with an extremely fast last
lap (e.g.,<0:51.00). The tactical racing strategy that pro-
duces fast race times resides from a relatively even pacing
profile with a sustained pace from the start (Tucker et al.
2006). Conversely, slower race times result from slow ini-
tial laps and a greater number of race surges, that precede
a ‘last lap kick’ (Sandford et al. 2019a). Indeed, the ‘last
lap kick’ may differentiate between successful and unsuc-
cessful competitors in 1500-m championship races (Sand-
ford et al. 2019a; Casado and Renfree 2018; Hanley et al.
2019); however, the physiological and performance char-
acteristics that underpin last lap speed in tactical 1500-m
races have not been fully elucidated.

Many attempts have been made to characterise the
key physiological determinants of 1500-m running per-
formance (Iwaoka et al. 1988; Ingham et al. 2008; Ferri
et al. 2012; Billat et al. 1996, 2009). The prevailing con-
clusion from these studies is that aerobic characteristics,
such as VO, (Ingham et al. 2008), the minimal run-
ning velocity that elicits VO,,e, (VVOypey) (Billat et al.
1996) and running economy (RE) (Ingham et al. 2008;
Billat et al. 1996), are the most deterministic character-
istics relating to 1500-m performance. Other studies that
have profiled the energy system contribution to simu-
lated (Spencer and Gastin 2001) and actual track running
(Duffield et al. 2005) 1500-m time trials report that the
predominant energy system contribution is derived from
aerobic metabolism (77-85%). However, one caveat of this
literature is that 1500-m running performance has been
assessed under conditions whereby the subjects are likely
to be attempting to run the fastest time possible, such as a
maximal time trial (Ferri et al. 2012; Duffield et al. 2005),
simulated maximal time trial on a treadmill (Spencer and
Gastin 2001), a season best (Billat et al. 1996; Iwaoka
et al. 1988) or recent 1500-m track performance (Ingham
et al. 2008; Billat et al. 2009). During these scenarios, the
key physiological and performance characteristics may not
align with the key attributes that are required to perform
a tactical race, characterized by an extremely fast last lap,
but slower initial pace.

One concept that may underpin last lap speed is the
anaerobic speed reserve (ASR), which is the difference
between a runner’s maximum sprinting speed (MSS) and
VVO,,. (Bundle et al. 2003). While the ASR is negatively
associated with 1500-m running speed (i.e., larger ASR
equates to a slower mean 1500-m speed; r= —0.68 +0.54)
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(Sandford et al. 2019c), it has been suggested that a greater
ASR may be an important determinant of a fast last lap in
a tactical, slow 1500-m race (Sandford et al. 2019b; Myt-
ton et al. 2015), but this is yet to be tested experimentally.
Alternatively, another concept that may underpin perfor-
mance in tactical and maximal approaches to 1500-m rac-
ing arises from the parameters of the hyperbolic relation-
ship between running speed and the tolerable duration,
which is defined by the speed asymptote (critical speed;
CS) and the curvature constant (D’) (Monod and Scherrer
1965). It could be purported that a 1500-m runner with
a higher CS (but lower D’) would benefit from a higher
sustained pace from the start of the race as another com-
petitor with a lower CS (but greater D’) would be required
to rely on a larger portion of their D’ to maintain pace. In
contrast, this competitor would likely be more suited to
a reduced pace in the initial laps, to take advantage of a
superior D’ for the ‘last lap kick’ (Pettitt 2016). However,
despite the attractiveness of this proposal, further inter-
rogation of the relationship between these parameters and
1500-m running performance with different pacing strate-
gies is warranted. Lastly, it is conceivable that muscle fibre
typology may be an important characteristic that could
relate to preferential pacing strategies in middle-distance
runners. Classical work (Costill et al. 1976) has shown
that international level middle-distance runners possess
a much greater between-athlete variation in muscle fibre
typology (percentage type I fibres) in the gastrocnemius
(mean; range: 52%; 41-69%) compared to long-distance
runners (69%; 63-74%) and sprinters (24%; 21-27%).
Given the superior capacity for anaerobic metabolism
(Pette 1985), greater buffering capacity (Parkhouse et al.
1985) and superior mechanical properties (Harber et al.
2004) in type II compared to type I fibres, possessing a
greater proportion of type II fibres relative to another
competitor may be a key attribute for last lap speed when
the initial laps are slow, but this proposal needs further
examination. Therefore, the purpose of this study was to
identify the physiological and performance characteristics
that are deterministic during a maximal 1500-m time trial
(i.e., fastest time possible) and in paced 1500-m time tri-
als with either moderate or slow-paced initial laps, but an
all-out last lap.

Methods
Subjects

Thirty-two trained middle-distance runners (n =21 men,
VO,pe: 72.1£3.2mL kg™ min~"; n=11 women, VO,
61.2+3.7 mL kg~! min~") participated in this study who had
a consistent training history of at least 2 years in the 1500-m
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event and were without major injury interruption for the
previous 3 months. The male runners had season best per-
formance times during outdoor 1500-m track competition of
3:57.50+0:09.70 (3:40.00-4:14.08 s), while the female run-
ners achieved times of 4:39.20+0:14.52 (4:17.44-5:08.10).
At the time of the study, the male runners had a mean run-
ning training volume of 81.6 +16.2 km week ™!, while the
female runners ran 64.6 +12.1 km week~!. All runners pro-
vided written informed consent prior to participating in this
study which was approved by the Griffith University Human
Research Ethics Committee.

Study design

Subjects completed a 1500-m time trial in the fastest time
possible (1500g,gr) With lap split times recorded, and two
pacing trials on an outdoor athletics track. In the pacing
trials, runners were paced for the 0-1100 m, whereby
speed was reduced on average by 5% (1500y,op) and 10%
(15004; ow) relative to 1500, g7, while the last 400 m was
completed in the fastest time possible. In addition, subjects
also completed laboratory treadmill running tests to deter-
mine RE, VOy,c., vVOypeq and the maximal accumulated
oxygen deficit (MAOD). Subjects also completed additional
outdoor time trials (2200 and 3000 m) for the quantification
of CS and D’ and a MSS assessment (flying 50 m sprint)
for the determination of the ASR. All trials were conducted
on separate days across a 5-week period. Carnosine content
was quantified by proton magnetic resonance spectroscopy
in the gastrocnemius medialis muscle and was expressed
as a sex-specific Z-score to estimate muscle fibre typology
(Baguet et al. 2011).

Running time trials

The running time trials were conducted on an outdoor 400 m
synthetic athletics track. All running trials were preceded by
a standardized warmup that consisted of a 10-min self-paced
jog which was followed by a 5-min bout of submaximal run-
ning that increased to a rating of perceived exertion of 5
(CR-10 scale) and six repetitions of 10-s strides, with a walk-
back recovery (~60 s), whereby strides were defined as bouts
of fast running which were to be completed at each subjects
perceived 1500-m race pace. The warm-up procedures were
followed by 10 min of recovery. During 1500g, g7, subjects
ran individually and were not permitted to view their race
split times and were instructed to complete the trial in the
fastest time possible. Electronic timing gates (Smartspeed,
Fusion Sport, Australia) were placed at the start and at the
300 m mark of the first lap to obtain each lap split time
(0-400 m, 400-800 m, 800-1100 m and 1100-1500 m).
In the paced trials (1500y;0p and 1500g; o), runners were
paced for the 0—1100 m, whereby the 0—400 m lap speed

was reduced by 10% (1500y;0p) and 15% (15004; ow)»
the 400-800 m split speed was reduced by 5% (1500y0p)
and 15% (1500g; o), While the 800-1100 m split speed
remained equivalent to 1500g,¢y in both trials. Subjects
were instructed to complete the final 400 m in the fastest
time possible. These lap paces were chosen given that they
reflected the relative speed decrement of moderately fast
(>3:34.00-<3:41.99) and slow (>3:42.00) races relative to
fast races (<3:34.00), as classified as in the study of Sand-
ford et al. (2019a). While these are clearly world class stand-
ard races, we employed the relative difference in lap times
from these races to prescribe the split speeds of the paced
trials in the present study. To assist with pacing from the
0-1100 m mark in the paced trials, each runner had a pacer
who ran 4 m in front of the subject and had access to target
split times and a wristwatch (Garmin Forerunner 235, Can-
ton of Schaffhausen, Switzerland). Members of the research
team also assisted with pacing by providing splits verbally
at each 200 m mark. All subjects completed a familiariza-
tion of the paced trials on a separate day prior to the actual
recorded paced trials. During the paced trials, if a subject
recorded a lap split time within the 0—1100 m that deviated
from the prescribed split by > 1.00 s, the trial was discarded
and performed on another day. This occurred on two occa-
sions (both 1500g; oy trials).

Subjects also completed additional outdoor track time
trials of 2200 and 3000 m to determine CS and D’. These
distances were chosen to yield finishing times between 2
and 12 min (Hughson et al. 1984). These trials were per-
formed with the same instructions as 1500p,¢y and CS and
D’ were determined using a linear distance—time model.
Subjects also performed a 50 m sprint for the determination
of MSS. Linear sprint speed was evaluated over 50 m using
electronic timing gates positioned at the start line and at 40
and 50 m. In addition to the standardized warmup proce-
dure, subjects also performed two 50 m running efforts at
75% and 90% of each subject’s perceived maximal sprint-
ing pace. MSS was determined as the mean speed derived
from the 40 to 50 m split time. ASR was defined as the
difference between the MSS and the vVO,,,, estimated
from the submaximal and maximal incremental running test
(see below). Air temperature, relative humidity and wind
speed/direction were recorded using a thermal environment
monitor (Questemp-15 Area Heat Stress Monitor, Quest
Technologies, WI). Testing was conducted at an identical
time of day (6:00-8:00 am) for all subjects which assisted
in achieving relatively consistent atmospheric conditions
(air temperature range 23.8-25.9 °C; relative humidity
66.0-71.0%; wind speed 4.6-7.6 km h™'). Eight subjects
(n=4 male and female runners) from this study performed
duplicate trials on separate days one week apart to deter-
mine the test-retest reliability for the 1500-m time trials.
The coefficient of variation (CV) for 1500, gy performance
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time and 1500y;op and 1500g; ow last lap times were 1.8%,
2.2% and 2.1%, respectively.

Maximal incremental running test

Following a warm-up (10 min at 8~14 km h™!) and a 5-min
rest period, each subject performed an incremental tread-
mill (HP cosmos Saturn, Traunstein, Germany) run to voli-
tional exhaustion starting at 10 km h™!' (women) or 12 km
h™!' (men) and 1% gradient with the speed increasing by
1 km h™! each min until volitional exhaustion. Respiratory
variables were measured using a Cosmed Quark b* (Rome,
Italy), which had been calibrated according to the manufac-
turer’s instructions (Quinton Instruments, USA). Exhaled
air was analysed to determine VO, and VCO,. The gas
exchange threshold (GET) was determined using the simpli-
fied V-slope method previously described (Schneider et al.
1993). VO,,,c, Was determined as the highest VO, value
using a rolling 1-min average of breath-by-breath data. The
inter-day CV for GET and VO, measurements in our lab
is 2.00% and 3.13%, respectively (n=26; measurements
taken three weeks apart).

Submaximal laboratory running test

On a separate day, subjects completed six, 4-min submaxi-
mal incremental stages on a motorised treadmill which were
completed in 5% incremental speeds ranging 85-110% of the
GET which was determined from the maximal incremental
running test. The treadmill belt was also set at 1% gradient
(Jones and Doust 1996). Pulmonary (breath-by-breath) gas
exchange was monitored throughout each stage, whereby
the highest VO, value was obtained using a rolling 1-min
average of breath-by-breath data. Immediately following
the final stage, an earlobe blood sample was taken for the
determination of blood lactate concentration ([La]b) with a
Lactate Pro 2 device (Arkray inc. Japan).

Calculation of running economy and VWO,

Oxygen uptake (VO,) and carbon dioxide production
(VCO,) during the final minute of each submaximal stage
were used to determine RE (kcal kg™! km™!). RE was
expressed as an energy cost, rather than an oxygen cost, as
this accounts for differences in substrate oxidation within
and between subjects and is more sensitive to changes in
running speed (Fletcher et al. 2009). Updated non-protein
respiratory quotient equations (Peronnet and Massicotte
1991) were used to estimate substrate utilisation (g min~")
during the final minute. The energy derived from each sub-
strate was then calculated by multiplying fat and carbohy-
drate use by 9.75 kcal and 4.07 kcal, respectively, reflect-
ing the mean energy content of the metabolised substrates
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during moderate to high-intensity exercise. The vVOy .,
was calculated by solving the regression equation describ-
ing the individual VO,-running speed relationship based on
the mean VO, values and during the final min of each 4-min
submaximal incremental stage and VO, measured from
the maximal incremental running test using linear regres-
sion. The inter-day CV% for RE and vVO,,, in our lab is
2.3% and 3.1%, respectively (n=26; measurements taken
3 weeks apart).

Supramaximal laboratory running test

The supramaximal running test was performed at a running
speed equivalent to 110% of vVO,,,,y. Subjects performed
a 15-min warm-up consisting of 5 min at 8—14 km h~!,
5 min at 140% of the GET and 2 X 6 s running bouts at 90%
Of VVOyey, followed by 10 min of rest. Each subject wore
a safety harness during the supramaximal effort which was
attached to their chest to ensure maximal effort. Time to
exhaustion was measured to the nearest second and blood
lactate concentration was determined from earlobe samples
taken at 1, 3, 5, and 7 min after the completion of the test,
with the highest value obtained considered the peak blood
lactate concentration.

Maximal accumulated oxygen deficit

As originally described (Medbo et al. 1988), the individual
VO,-running speed relationship was extrapolated to estimate
the VO, demand corresponding to 110% of vVO,,,,x. The
accumulated VO, demand was estimated by multiplying the
time to exhaustion by the VO, demand and the MAOD was
calculated by subtracting the accumulated VO,, measured
during the exercise bout, from the estimated accumulated
VO, demand. Absolute MAOD values were reduced by 9%
to correct for reductions in the oxygen stores of the body
(Medbo et al. 1988). The CV for supramaximal TTE and
MAOD calculations in our lab is 4.0% and 7.1%, respec-
tively (n=7; 4 men; measurements taken 1 week apart).

Carnosine quantification via '"H-MRS

Muscle carnosine content was measured by 'H-MRS in the
gastrocnemius medialis muscle of each subject’s right limb
to estimate muscle fibre typology. We chose to estimate the
muscle fiber typology of the gastrocnemius medialis because
(i) we can measure carnosine reliably in this muscle, (ii)
carnosine content in the gastrocnemius medialis muscle has
been positively correlated with the percentage area occupied
by type II muscle fibers (Baguet et al. 2011), and (iii) the
gastrocnemius medialis is an extremely active muscle during
running, whereby the mean and maximal electromyographic
activities relative to a maximal voluntary contraction is the
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highest compared to other prominent lower limb muscles
(Tsuji et al. 2015). 'H-MRS measurements were performed
on a 3-T whole body MRI scanner (Philips Medical Sys-
tems Best, The Netherlands). Subjects were lying in a supine
position, while their lower leg was fixed in a spherical
knee-coil. All the spectra were acquired using single voxel
point-resolved spectroscopy (PRESS) with the following
parameters: repetition time of 2000 ms, echo time of ~40 ms,
number of excitations was 128 (carnosine) and 16 (water),
spectral bandwidth was 2048 Hz, and an acquisition time of
4 min 16 s (carnosine) and 32 s (water). The voxel size was
40 mm X 15 mm X 20 mm. Spectral data analysis was carried
out using jMRUI (version 6.0) with carnosine peaks fitted
and expressed relative to the internal water signal.

Carnosine content (mM) was calculated using following
formula:

(Cs)  (HyOry,) (HyOry)
"=lLo) (CT,)  (CTa)

muscle H2 Oprotons

ey
where Cm is the carnosine concentration, Cg is the carnosine
signal, H,Oy is the water signal, Cy;,, Cryp HyOp 1 HyOrpy,
are the relaxation correction factors for carnosine (earlier
described by Baguet et al. (Baguet et al. 2011)) and water
(earlier described by MacMillan et al. (MacMillan et al.
2016)), H,O,, e 1S the concentration of water in muscle,
which was deducted from the molar concentration of water
(55,000 mM) and the approximate water content of skeletal
muscle tissue (0.7 L/kg wet weight of tissue) and H,Op;40n
is the number of protons in water. The CV for test-retest
inter-day carnosine measurements in our laboratory is 4.3%
(gastrocnemius; n =15 subjects). In the present study, the
carnosine concentration was converted to a Z-score based
on the normal distribution of our reference population. The
absolute value of Z-score represents the distance between the

individual value of a participant and the reference population
mean value in units of the standard deviation. The reference
sample population consisted of 40 recreationally active male
and 33 female subjects who were scanned in our laboratory
in the past 12 months.

Statistical analysis

Results are expressed as mean + SD. Multiple stepwise
regression was performed to identify the physiological and
performance characteristics for which the majority of the
variance in the overall time and last lap time of 1500p,g7
could be attributed to as well as the last lap time and
improvement in last lap time in 1500y;op and 1500g; o rel-
ative to 1500p, 7. Coefficients of determination were identi-
fied for the physiological and performance characteristics
using univariate analyses and were included in the regression
model if a significant 7% value (p <0.05) was reported. The
magnitude of correlations was classified as small: 0.10-0.29,
moderate: 0.30-0.49, large: 0.50-0.69, very large: 0.70-0.89
and extremely large: 0.90-1.00. A two-way analysis of vari-
ance with Tukey’s post hoc test was conducted to compare
segment speed times (i.e., 0-400, 400-800, 800—-1100 and
1100-1500 m) across trials (i.e., 1500g,g7, 1500y;0p and
150041 ow)-

Results
1500-m trials

Table 1 displays the segment split times for each 1500-m
trial. Given the manipulation in pacing, the 0—400 m and
400-800 m split times were faster in 1500p, g compared to
15004,0p and 1500,,¢; ow» While the 800-1100 m split was
similar. However, the last lap was significantly faster in both

Table 1 The mean (SD)
lap split speeds and overall

Lap split speeds (m s™)

finishing time for the maximal 0-400 m 400-800m  800-1100m  1100-1500m  Overall 1500 m time

(1500g4s7), moderate

(1500y0p) and slow paced Male

(150051 ow) 1500-m time trials 1500p,¢7 6.04+023*  592+0.36°  6.03+0.43 5.71+0.35 254.53+11.33*
1500p0p 544+020°  5.64+035"  6.03+0.44 6.05+0.44° 261.43+11.40°
15005 0w 5.14£020  5.04+0.31 6.03+0.47 6.31+0.35¢ 271.28+11.78

Female

1500p5s57 539+048  541+0.54*  5.02+0.58 4.94+0.29 291.04+15.11°
1500p0p 4.86+043"  5.14+0.52°  5.01+0.55 5.24+0.32° 298.51+15.65"
15005 0w~ 4.59+041  4.60+046  5.02+0.57 5.54+0.41¢ 308.42+17.30

“Indicates that 1500p,gp Was significantly faster than 1500y,0p and 1500g; ow

®Indicates that 1500yop, Was significantly faster than 1500g; ow

“Indicates that 1500y,op, Was significantly faster than 1500g; oy

9Indicates that 1500g; o Was significantly faster than 1500yop and 1500g,g7
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Table 2 The mean (range)
physiological and mechanical

Malemean (range)

Female mean (range)

values of the female and male

VVO, ey (kmh™")
runners

Relative VO, (mL kg™ min™")
Absolute VO, (L min~")
Peak HR (beats min™")

Running economy (Kcal kg™' km™")

CS (kmh™h)

D’ (m)

Supramaximal TTE (s)
MAOD (mL kg™!)

MAOD (L")

ASR (kmh™!)

MSS (km h™!)

Speed reserve ratio (AU)

Peak blood lactate (mmol L)

Gastrocnemius carnosine Z-score

21.1 (19.8-22.9)
72.1 (65.5-77.2)
4.86 (3.40-6.29)
193 (177-211)

1.08 (0.97-1.19)
18.0 (15.5-20.1)

215.2 (81.4-333.5)

164 (122-210)
45.8 (26.1-75.6)
2.99 (1.35-6.77)
11.1(5.82-15.4)
32.2 (28.8-36.0)
1.47 (1.25-1.67)
13.4 (7.2-21.3)

18.2 (16.0-20.5)
61.2 (56.9-67.0)
3.23 (2.80-3.69)
192 (172-199)

1.14 (1.04-1.36)
15.1 (12.6-17.5)

251.6 (49.3-545.8)

154 (125-220)
48.7 (25.5-72.1)
2.57 (1.25-3.50)
9.80 (5.77-14.6)
28.0 (26.0-32.8)
1.47 (1.22-1.78)
15.4 (9.0-21.4)

—0.89 (- 1.80t0 0.24) —0.58 (= 1.72-0.47)

HR heart rate, CS critical speed, D’ curvature constant, 7TE time to exhaustion, MAOD maximal accumu-
lated oxygen deficit, ASR anaerobic speed reserve, MSS maximal sprint speed

1500y,0p and 1500, ow compared to 1500g, g7 Table 2 dis-
plays the mean and range values for the physiological and
performance variables.

150055y

The mean speed of 1500g,gy relative to vVO,,., and CS
was 101.2% +3.2% and 120.1% + 7.0, respectively. Multi-
ple stepwise regression analysis revealed that vVO,.,., RE
and the speed that the 0—1100 m was completed relative to
VVO,,c, (adjusted ?=0.72, P<0.0001) explained the most
variation in 1500, ¢y performance time in males (Fig. 1).
In female runners, vVO,,., and RE best explained the
variance in 1500k, gy performance time (adjusted 7*=0.80,
P <0.001). The ASR was associated with slower 1500g, g7
performance times in male runners (r*=0.25, P=0.02)
and female runners (*=0.89, P <0.001), while MSS was
also associated with slower times in females (r2=0.76,
P <0.001). In male runners, the variance in 1500g,¢y last
lap time was best explained by a two-parameter model
including vVO,,, and RE (adjusted ?=0.63, P<0.0001).
In female runners, vVO,,, and RE also provided the best
model (adjusted ?=0.53, P= 0.02), while ASR was associ-
ated with slower times.

The mean speed of the 0-1100 m of 1500y, relative to
VVOyea and CS was 97.8% +3.5% and 116.1% + 7.0,
respectively. Multiple stepwise regression analysis for
the determinants of last lap time in 1500y, in male run-
ners revealed that vVO,,.,. MAOD and gastrocnemius

@ Springer

carnosine Z-score provided the best model (adjusted
?=0.56, P<0.0001; Fig. 2a—d), while in female runners,
VVO,c, and MAOD were associated with the best model
(adjusted ?=0.75,P< 0.001), but gastrocnemius carnos-
ine Z-score did not further improve the model (P=0.184).
The ASR and the mean speed of the 0—1100 m relative to
VVO,e (both P>0.05) were associated with a slower
1500y0p last lap in female runners. When the improvement
in 1500,,,p last lap time was expressed relative to 1500p,g7
last lap time, gastrocnemius carnosine Z-score and MAOD
provided the best model in male runners (adjusted > =0.60,
P=0.017), whereas in female runners, gastrocnemius carno-
sine Z-score and supramaximal TTE provided the best model
(adjusted > =0.66, P=0.026).

15005, 0w

The mean speed of the 0-1100 m of 1500g; o mean
speed relative to VVOy,., and CS was 92.7% +3.3% and
110.1% + 6.7, respectively. Multiple stepwise regression
analysis for the determinants of last lap time in 1500g; oy in
male runners revealed that vVO,,,, gastrocnemius carno-
sine Z-score and MAOD provided the best model (adjusted
?=0.63, P<0.001; Fig. 3a—d) which was also similar in
female runners (adjusted 72=0.80, P <0.0001). When
the improvement in /500g; oy last lap time was expressed
relative to 1500p, g7 last lap time, gastrocnemius carnosine
Z-score and MAOD provided the best model in male runners
(adjusted »=0.76, P=0.017), whereas in female runners,
gastrocnemius carnosine Z-score and MAOD provided the
best model (adjusted ?=0.81, P<0.001).



European Journal of Applied Physiology (2021) 121:525-537 531
A 15005457 performance time (s) - Males B 15005451 performance time (s) - Females
Running Eg“l"l“o'g‘":' ,,‘/'nv?v%g;-:c:k 72 Running economy + vV O, pey 80
Gastrocnemius carnosine Z-score = 8 Gastrocnemius carnosine Z-score =l 1
WO,k 55 YOy 77
Relative VO, 43 Relative VOypqc 43
Absolute VO, = 2 Absolute VO, —f= 3
Critical sp 4 Critical speed 74
Running economy — N 33 Running economy 55
MAOD =] | MAOD—Q |
Peak blood lactate concentration —fmmm 7 Peak blood lactate concentration =}
Supramaximal TTE = 2 Supramaximal TTE =1 |
I - B D ————— Pl
Maximal sprint speed =fom 5 Maximal sprint speed = 76
Anaerobic speed reserve = 25 Anaerobic speed reserve = 90
0-1100-m % VYO, — I 27 0-1100-m % YV Oy =1 3
0-1100-m % CS=112 0-1100-m % CS =1 28
T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Explained variance (%) Explained variance (%)
C 15005457 last lap time (s) - Males D 1500¢4g7 last lap time (s) - Females
Running economy + vV Oy 63 Running economy + vV Oy 53
Gastrocnemius carnosine Z-score =1 1 Gastrocnemius carnosine Z-score=j |
VVOs, — ) WO 50
Relative VO, .., —/ 25 Relative VO3,
Absolute VO, Absolute VO, ., —f—— 77
Critical speed — /N 30 Critical spe 43
Running economy — I 4 Running economy —f—————— 72
MAOD —| MAOD —==1 §
Peak blood lactate concentration = 1 Peak blood lactate concentration sl 7
Supramaximal TTE —f=1 3 Supramaximal TTE —fe=d 5
D1 D' —=16
Maximal sprint speed =f1 1 Maximal sprint speed =] 40
Anaerobic speed reserve =] 11 Anaerobic speed reserve =] 1o
0-1100-m % vVO, ., —frd 13 0-1100-m % ¥VOy.,; =] 14
0-1100-m % CS= 1 0-1100-m % CS={7 2
T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100

Explained variance (%)

Fig. 1 Determinants of maximal 1500-m time trial performance time
(1500g,gr: panel a: male, panel b: female) and 1500ggy last lap
time (panel ¢: male, panel d: female). Bars indicate the magnitude of
explained variance (% %) obtained from Pearson’s correlations. Black
bars indicate determinants associated with faster times, while grey

Muscle fibre typology

The middle-distance runners included in the present study
predominantly had negative gastrocnemius carnosine
Z-score values (28/32 runners; Fig. 4). Figure 5 shows
the association between gastrocnemius carnosine Z-score
and RE at 110% GET in both male (>=0.39, P<0.01)
and female runners (> =0.46, P=0.02). This association
was comparable for all running speeds that were tested
(85-110% GET), whereby r* values ranged 0.35-0.47. All
runners had a blood lactate concentration of <2.1 mM sug-
gesting that energy contribution of anaerobic metabolism
was minimal. Gastrocnemius carnosine Z-score was also
associated with MSS in both male (+*=0.23, P =0.02)
and female runners (+>=0.35, P=0.05), CS in male run-
ners (r2=0.24, P=0.02), as well as supramaximal TTE
(r2:0.22, P <0.01; male runners and female runners
combined). There was no significant association between
gastrocnemius carnosine Z-score and vVOy,.

Explained variance (%)

bars indicate variables that are associated with slower times. Closed
bars indicate a significance (P <0.05). Multiple stepwise regression
analysis revealed a combination of predictors, which are presented at
the top of each panel

Discussion

Novel findings from the present study show that the
improvements in last lap time in the paced trials were largely
explained by MAOD and muscle fibre typology in both male
and female runners. That is, runners with a higher gastrocne-
mius carnosine Z-score (i.e., higher estimated percentage of
type II fibres) and greater MAOD, reduced their last lap time
to a greater extent in the paced 1500-m trials. Furthermore,
a lower carnosine Z-score (i.e., estimated higher percent-
age of type I fibres) was associated with superior RE (lower
energy cost). We also confirm that RE and VO, largely
explain the variation in maximal 1500-m time trial time,
while VO, is also a key determinant of last lap time in
the paced trials. These findings suggest that middle-distance
runners who possess diverse physiological profiles may be
best suited to adopting polarized racing strategies to have
the best chance of winning. The extent to which the diver-
sity in the athlete profiles relate to differences in training
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Fig.2 Determinants of last lap time in the moderately paced trial
(1500p;0p; panel a: male, panel b: female) and the improvement
in 1500yop lap time relative to 1500gsgt (panel c¢: male, panel d:
female). Bars indicate the magnitude of explained variance (% )
obtained from Pearson’s correlations. Black bars indicate determi-

characteristics and subsequent adaptations or inherent differ-
ences in genetic predisposition requires further examination.

RE and vVO,,, were the most deterministic charac-
teristics of 1500g, gt running performance which agrees
with previous studies (Ingham et al. 2008; Sandford et al.
2019c). The mean speed of the 1500p, ¢y trial was~101%
of VVOy ey, Which is slightly lower than previous reports
(~105-115% VVOZpeak) (Billat et al. 2009; Sandford et al.
2019c; Billat 2001), but this can be explained by the faster
times achieved in competition racing against competitors
(Billat et al. 2009; Sandford et al. 2019¢; Billat 2001) com-
pared to completing individual time trials (i.e., 1500g,g7),
as well as differences in the methodology used to determine
VVO,,e.- We observed that a greater ASR was associated
with slower 1500p,¢r performance times. These findings
also agree with previous research (Sandford et al. 2019¢),
which was conducted in senior and junior national and inter-
national level middle-distance runners, whereby the magni-
tude of ASR was associated with slower 1500-m running
velocity (r= —0.68 +0.54) (Sandford et al. 2019¢). Given
that vVO,,,., was a key determinant of 1500-m performance
time in the present study and in previous research (Sandford
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nants associated with faster times, while grey bars indicate variables
that are associated with slower times. Closed bars indicate a sig-
nificance (P <0.05). Multiple stepwise regression analysis revealed
a combination of predictors, which are presented at the top of each
panel

et al. 2019¢), it is likely that the association between ASR
and slower 1500-m performance times manifests from a
lower vVO,,,, rather than greater MSS. For example, if
one athlete has a larger ASR compared to another athlete,
but both are matched for MSS, the athlete with the larger
ASR would simply have a lower vVO,,., without possess-
ing superior mechanical speed capabilities.

In the present study, vVOy, Was also a key determinant
of the last lap time in the paced trials (i.e., 1500yop and
15004; ow), in addition to MAOD. These findings are con-
sistent with the supposition that 1500-m racing is likely to
elicit a maximum rate of aerobic metabolism and exhaust the
finite capacity of the anaerobic energy systems (Billat et al.
2009; Ward-Smith 1999). Apart from 1500y, in female
runners, gastrocnemius carnosine Z-score and MAOD sig-
nificantly contributed to the regression models explaining
some of the variation associated with last lap time and the
improvement in last lap time in the paced trials. That is, run-
ners with a higher carnosine Z-score (i.e., higher estimated
percentage of type II fibres) and greater MAOD, reduced
their last lap time to a greater extent in the paced 1500-m
trials. This indicates an advantage for 1500-m runners who
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Fig.3 Determinants of last lap time in the slow-paced trial
(1500g; ow: panel a: male, panel b: female) and the improvement
in 1500g; ow lap time relative to 1500p5gr (panel ¢: male, panel d:
female). Bars indicate the magnitude of explained variance (% r?)
obtained from Pearson’s correlations. Black bars indicate determi-

possesses a higher proportion of type II fibres, given that
these fibres not only underpin speed and power performance
(Tesch et al. 1989; Pette 1985; Harber et al. 2004), but also
have the ability to adapt to high oxidative demands which
are not necessarily subservient to type I fibres in well-trained
endurance athletes (Jansson and Kaijser 1977; @rtenblad
et al. 2018). For example, succinate dehydrogenase activity
levels have been shown to be similar between type I and II
fibres in the gastrocnemius muscle of elite cross-country
runners (Jansson and Kaijser 1977), while mitochondrial
volume, average capillary-to-fibre ratio and maximal citrate
synthase activity are comparable in the highly trained type
I and II fibres of elite cross-country skiers (@rtenblad et al.
2018). In addition to a higher carnosine Z-score, a larger
anaerobic capacity (i.e., MAOD) also significantly contrib-
uted to the best regression model explaining the variance in
absolute last lap time and the relative improvement in the
last lap time in the paced trials. The significant contribu-
tion of MAOD may have arisen due to the slower relative
speed of the 0-1100 m in 1500y;op and 15004; ow (~98%
and~93% of vVO,,., and 116% and 110% of CS, respec-
tively), compared to 1500p5gr (~103% VVO,ey and 121%

Explained variance (%)

nants associated with faster times, while grey bars indicate variables
that are associated with slower times. Closed bars indicate a sig-
nificance (P <0.05). Multiple stepwise regression analysis revealed
a combination of predictors, which are presented at the top of each
panel

CS). Given the slower running speeds relative to vVO,q,
and CS, it could be expected that that the capacity of anaero-
bic energy provision, as reflected by the remaining portion of
the MAOD, could be preserved to enhance last lap running
speed. Previous research in elite middle-distance runners has
shown that at any point within a 1500-m time trial, running
speed is controlled by the remaining anaerobic energy store
(defined as the difference between end-race and instantane-
ous oxygen deficits) (Billat et al. 2009). Thus, in a group
of athletes with a relatively homogenous vVO,,,, and CS,
preservation of MAOD during the initial laps of a 1500-m
race is likely to result in a greater last lap performance
improvement for athletes with a larger MAOD.

It has been suggested that a greater ASR may be an
important determinant of a fast last lap in a tactical, slow
1500-m race (Sandford et al. 2019b; Mytton et al. 2015).
This supposition may be based on the premise that if the
speed of the initial laps of a 1500-m race are slower, an ath-
lete with a larger ASR may be able to utilize their superior
speed reserve to run a faster last lap than their competitors
(Sandford et al. 2019b; Mytton et al. 2015). Despite this, we
found little evidence that ASR or MSS was associated with
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Fig.4 Individual and mean (95%CI) carnosine Z-score values of the
gastrocnemius of runners in the present study, as well as the non-ath-
lete control population. The absolute carnosine concentration for the
runners was converted to a sex- specific Z-score relative to an age-
matched control population of active, healthy non-athletes (males:
n=40; females: n=33)

the last lap time in paced trials or the relative improvement
in last lap time relative to 1500, g1 given that these values
did not significantly contribute to the regression models
explaining the variation in performance in the paced trials.
While MSS has previously been associated with 800-m time
trial performance (Bachero-Mena et al. 2017), it is unlikely
that athletes would reach running speeds during 1500-m
races that are close to their MSS, thus reducing the impor-
tance of MSS for 1500-m running performance. For exam-
ple, the fastest mean 100 m sector for male 800-m champion-
ship medallists is~8.9 m s™!, whereas 1500-m championship

2=0.39
° P<0.01

I T T 1
-2 -1 0 1
Gastrocnemius carnosine Z-score

medallists only reach mean 100 m sector speeds of ~7.0 m
s (Hanley et al. 2019). In relation to ASR, it is unlikely that
this construct represents an anaerobic energy reserve given
that its upper boundary (i.e., MSS) is more likely to be lim-
ited from a mechanical standpoint rather than an energetics
perspective (Bundle and Weyand 2012). The lower boundary
of the ASR, demarcated by vVO,, is thought to repre-
sent the minimal intensity that would elicit VO, (Mor-
gan et al. 1989) and certainly does not represent a threshold
above which energy metabolism is solely accounted for by
anaerobic metabolism. As such, the magnitude of ASR does
not necessarily represent a surrogate measure of anaerobic
capacity which has been previously proposed (Bundle et al.
2003). Indeed, we did not find a strong association between
MAOD and ASR in the present study. It is plausible that the
importance of ASR for the last lap speed in slower paced
1500-m trials may be related to the running speed relative
t0 VVO,,,,x (or CS) during the initial laps (i.e., 0-1100 m),
but we found no such association. A classical study (Blon-
del et al. 2001) showed that time to exhaustion at 120% and
140% of vVOy,,, and the velocity expressed relative to
the ASR had a high correlation (r= —0.83, P<0.01 and
r=—0.94, both P<0.001), suggesting that ASR may be
a meaningful parameter when the intensity of exercise is
supramaximal. However, the trials conducted in this study
(Blondel et al. 2001) are in stark contrast to the 1500-m tri-
als of the present study, whereby the supramaximal last lap
speed is preceded by relatively high energetic requirements
of the 0-1100 m. As such, in the context of our study, we did
not find any substantial evidence that the ASR substantially
contributes to last lap speed, or the improvement in last lap
speed, in paced 1500-m trials in a group of trained 1500-m
runners. It is likely that ASR may be a more important deter-
minant of 800-m running performance, whereby the duration
(122 +27 s and 65+ 17 s, respectively) and running intensity
(120% and 140% of vVO,,,,) of the supramaximal trials
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Fig. 5 Relationship between muscle fibre typology (carnosine Z-score) and the energy cost of running at 110% of the gas exchange threshold in

male (a) and female (b) subjects
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featured in Blondel et al. (2001) more closely reflect 800-m
running duration and intensity (Billat et al. 2009; Sandford
et al. 2019c¢; Billat 2001). This would also be in accord-
ance with previous research showing a strong relationship
between 800-m performance times and ASR in a group of
ten elite 800-m runners (800-m personal best < 1:47.50)
(Sandford et al. 2018).

Contrary to how D’ may theoretically contribute to last
lap performance during paced trials (Pettitt 2016), we did not
find that D’ was associated with the relative improvement or
absolute last lap time during the paced trials. Furthermore,
we did not find a strong association between MAOD and
D’. This may seem surprising given that some investigators
consider the magnitude of D’ (Gaesser and Poole 1996; Hill
and Smith 1993) to be synonymous with anaerobic capacity.
However, there is still a great deal of uncertainty regarding
the physiological determinants of D’ (Vanhatalo et al. 2010).
It has recently been demonstrated that W* during knee exten-
sion exercise, which is synonymous with D’ during running,
is reduced with the inspiration of hyperoxic gas (Vanhatalo
et al. 2010), whereby the reduction in W’ was inversely
associated with the increase in critical power in hyperoxic
conditions. These findings (Vanhatalo et al. 2010) suggest
that W'/D’ may not simply reflect an anaerobic energy store
given that a particular measure of anaerobic capacity should
be O,-independent and insensitive to interventions which
alter muscle O, delivery. Other research shows that the mag-
nitude of the VO, slow component (Murgatroyd et al. 2011)
and mental fatigue (Salam et al. 2018) may influence W,
indicating that the mechanistic basis of W’/D’ is quite com-
plex, and the compatibility of this parameter as a measure of
anaerobic capacity seems unreasonable. Nonetheless, in the
context of the present study, D’ did not relate to any aspect
of performance in maximal or paced 1500-m trials.

An interesting finding from the present study was that gas-
trocnemius carnosine Z-score was positively correlated with
RE, whereby subjects with a lower gastrocnemius carnosine
Z-score (higher estimated proportion of type I fibres) were
more economical (i.e., have a lower energetic cost of run-
ning) while running at speeds close to the GET (85-110%).
This finding agrees with some (Bosco et al. 1987), but not
all research (Kyrolainen et al. 2003) that has investigated the
relationship between muscle fibre typology and RE in highly
trained runners. However, the purported inverse relationship
between the proportion of type II fibres and RE (Kyrolainen
et al. 2003) likely manifested from the slower VO, on-kinet-
ics associated with type II fibres (Pringle et al. 2003) given
that the running speed (~25.2 km h™!) and duration (1 min)
employed were not suitable to achieve a steady state which is
a necessary requirement for the valid measurement of RE. In
contrast, we assessed subjects running at a relative running
speed equivalent to 110% GET (~16.8 km h™!), whereby
all blood lactate concentration values were <2.0 mmol L™,

While the relevance of this submaximal speed to 1500-m
race pace could be questioned, the validity of RE measure-
ments is dependent upon steady state submaximal running
speeds. The superior RE in subjects with slow-twitch muscle
typology in the present study could possibly be related to the
higher muscular efficiency (i.e., ATP formation per oxygen
used) of type I fibres, but is more likely related to the greater
contractile efficiency (i.e., work per ATP usage) of type I
fibres (Bottinelli and Reggiani 2000).

The aim of the present study was to provide more insight
to the underpinning physiological and performance charac-
teristics that dictate last lap speed in tactical 1500-m races. It
should be acknowledged that all 1500-m races are somewhat
unique, and it is impossible to truly replicate tactical 1500-m
scenarios. In the present study, the 0—1100 m in 150040
and 1500g; oy were paced relative to 1500p, ¢ and did not
include additional mid race surges that seem to be a char-
acteristic of tactical 1500-m races (Sandford et al. 2019a).
Furthermore, other factors, such as drafting, re-positioning
and running wide on bends or close to the rail, would also
influence the physiological requirements of a given race
(Sandford et al. 2019a; Jones and Whipp 2002), and subse-
quently, last lap speed. Lastly, the results of the present study
should be contextualised in light of the performance level of
the subjects that participated. As is often the case in experi-
mental studies, we recruited trained, but not elite 1500-m
runners. Whether similar findings would be present in a
group of elite 1500-m runners required further evaluation.

Perspective

The findings from the present study suggest that the diversity
in the physiological profile of middle-distance runners could
inform a preference for different racing strategies. While the
majority of this diversity may be due to training character-
istics and subsequent training adaptations, we highlight that
muscle fibre typology explains a large degree of the varia-
tion in RE which is a key determinant of maximal 1500-m
performance, but also underpins last lap speed in tactical
1500-m racing. Importantly, muscle fibre typology is largely
dependent on genetic predisposition and is not thought to
change substantially in response to training (Ingalls 2004).
As such, there is a complex interplay between how much
training induced adaptations and genetic predisposition con-
tributes to the diversity in the physiological profiles of mid-
dle-distance runners. Coaches should continue to maximise
aerobic characteristics (i.e., RE and vVO,,,,) through train-
ing as these were important determinants of both maximal
and tactical 1500-m racing. Once a given level of aerobic
capability has been acquired, other characteristics, such as
anaerobic capacity and higher proportions of type II muscle
fibres, may be important for last lap speed, particularly in

@ Springer



536

European Journal of Applied Physiology (2021) 121:525-537

slower paced races. As such, developing anaerobic capac-
ity and speed endurance should not be overlooked. While
athletes with lower gastrocnemius carnosine Z-scores (i.e.,
higher estimated proportion of type I fibres) have the advan-
tage of better RE and CS (at least in male runners), athletes
with higher gastrocnemius carnosine Z-scores (i.e., higher
estimated proportion of type II fibres) may possess the ben-
efits of superior speed endurance and greater capacity for
anaerobic energy provision. It could be suggested that run-
ners with a lower gastrocnemius carnosine Z-score may be
best suited to a racing strategy characterized by a sustained
pace from the start to take advantage of superior RE, while
runners with a higher gastrocnemius carnosine Z-score may
be best suited to controlling the pace of the race in the initial
laps, to take advantage of the superior last lap speed.
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