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Abstract:

This study evaluated the contribution of physiological data collected during laboratory testing in
predicting race performances of trained junior middle-distance track (TK) and cross-country (XC)
athletes. Participants performed a submaximal incremental ramp test, followed by an incremental test
to exhaustion in a laboratory, with the results used to predict either 800 m TK, 1500 m TK or 4000-
6000 m XC race performance. Twenty-eight participants (male (M), 15; female (F), 13) were analysed
(age =17 £ 2 years, height = 1.72 + 0.08 m, body mass = 58.9 + 8.9 kg). Performance times (min:s) for
800 m were: M, 1:56.55 + 0:05.55 and F, 2:14.21 + 0:03.89; 1500 m: M, 3:51.98 £ 0:07.35 and F 4:36.71
+0:16.58; XC: M (4900 = 741 m), 16:00 + 01:53; F (4628 + 670 m), 17:41 + 02:09. Stepwise regression
analysis indicated significant contributions of speed at VOamax (sVO2max), and heart rate maximum
(HRmax) to the prediction of 800 m TK (F(2,15) = 22.51, p <0.001, adjusted R?=0.72), sVO2max for 1500 m
TK (F(1,13) = 36.65, p <0.001, adjusted R?= 0.72) and VOamax, allometrically scaled to body mass and
speed at lactate threshold (sLT) for XC (F(2,17) = 25.1, p <0.001, adjusted R%= 0.72). Laboratory-based
physiological measures can explain 72% of the variance in junior TK and XC events, although factors
that explain performance alter depending on the race distance and tactics. The factors determining

performance in TK and XC events are not interchangeable.

Keywords: Endurance, running, physiology, junior, regression, performance modelling
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1. INTRODUCTION

The goal of competitive running events is to complete a set distance in the shortest time possible, or
at least in a shorter time than other athletes in the event. Performance of elite middle- and long
distance runners competing at national, international, or world-class level is underpinned by the
combination of neuromuscular (4, 35) and physiological determinants of endurance running, which
are closely linked to submaximal and maximal oxygen uptake (30). Maximal oxygen uptake (VOamax),
the amount of oxygen required to run at submaximal speeds (running economy (RE)), and the first rise
of blood lactate levels above baseline (lactate threshold (LT)) are established determinants among
endurance athletes and are specific to race context (5, 29, 30). These physiological parameters have
been used to prescribe training zones (40), investigate responses to training (13, 20, 26, 28) and

predict performance (29, 30) in endurance athletes.

In the United Kingdom, junior athletes (under 20) will traditionally race cross-country (XC) or indoor
track (TK) in the winter months, before transitioning to outdoor TK in the summer. Junior runners may
compete in both TK and XC races throughout a season, but may also specialise in one. Differences in
RE have been reported between elite adult XC and TK athletes, with TK runners becoming less
economical (52 + 12% increased oxygen consumption) when running on mixed terrain in comparison
to flat ground when compared to XC orienteers (41 + 9% increase) (25). However, while investigations
of junior TK athletes and their race performances have been conducted (31), a combined study of the
physiology of junior TK and XC athletes and their performance in competitive races has not been
undertaken. Investigations of national and international level adult running events ranging from 800-
3000 m have shown that VOumax, RE and the speed at VOamax (SVO2max) (R*=0.94 (23)) are the primary
physiological metrics that determine race performance, but these observations were limited to TK
events (22, 23, 38). Recent evidence has shown the combination of RE and sVOzmax explained 80% of
performance over a 1500 m time trial in trained adults, but constraining performance with slower

initial laps altered these determinants (6). Separate studies investigating XC performance have
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reported VO,max @s having the strongest elationships over 3000 m (r = 0.55) (14), three miles in males
(r =0.70) and two miles in females (r = 0.90) (18), or sVOzmax0ver 5000 m (r = 0.66) XC performance
(15). However, these studies did not compare TK and XC athletes and were limited to predicting a
single race performance, which might not capture the athlete’s best performance (if they
underperform on that day) or those occuring at dates that are close to the labotatory-based
physiological assessments. Therefore, analysing a fastest performance during a short time period,

occuring close to their laboratory assessment might address the aforementioned limitations.

The ability to predict performance using assessed physiological parameters remains an attractive
proposition for coaches and athletes. As previously demonstrated in the research literature,
physiological variables can explain up to 96% of the variance in elite, adult middle-distance running
over 800 m and 1500 m (using VOzmax, RE and sLT) (23) and are able to discriminate between elite and
sub-elite adult runners (using VOamax, RE and body mass) (41). A study predicting performance of
middle-distance TK post-pubertal athletes has recently been conducted (10), but this did not consider
XC events, focusing principally on 800 m, 1500 m, and 3000 m (e.g. middle-distance) TK events and
the associated aerobic oxygen and energy cost. Other studies have reported the contribution of VOmax
to performance of pre-pubescents (33) and juniors of similar age, but lower performance and fitness
levels, although this study was in females only (14). Based on the demands of middle-distance TK and
XC events, athletes are likely to share some physiological characteristics; however, XC races may be
less predictable as they are competed over varying terrains, underfoot conditions, and distances. It
has also been shown that physiological factors, such as running economy for TK or XC athletes, are
affected differently when running on varied surfaces (25) and therefore, it is feasible that XC athletes

rely on a combination of factors to complete races in the fastest time.

Therefore, the aim of this study was to utilise multiple linear regression and selected laboratory-based
physiological parameters of trained junior TK and XC athletes to investigate predictors of performance

in 800 m, 1500 m (middle-distance) TK events and XC events of between 4000 and 6000 m.
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2. METHODS

2.1 Participants

Twenty-eight participants (male (M) = 15, female (F) = 13, age = 17 + 2 years, height = 1.72 + 0.08 m,
body mass = 58.9 + 8.9 kg) were selected for assessment through an England Athletics talent
identification pathway or coach referral. All participants were involved in daily training and regular
competition for at least one year. Data sets from fifty-three trials were analysed. Sixteen participants
had a single laboratory visit, with twelve attending on more than one occasion, separated by at least
six months. Testing sessions were conducted between 9am and 3pm for all athletes and at the same
time of day for repeat attendees. All participants completed a medical questionnaire and were
informed of the risks associated with the assessment procedure before they volunteered for the study
and provided written informed consent. For participants under the age of 18 years, consent of a parent
or guardian was obtained. Participants were instructed to avoid strenuous activity 48-h prior to
assessment and to arrive in a rested condition. Participants were asked to arrive in a hydrated
condition, but to avoid eating or drinking anything other than water at least 2-h prior to assessment,

or the consumption of any nutritional supplements on the day of assessment.

All participants were informed they could withdraw from assessment at any time, without reason and
that compliance with the assessment would not interfere in any way with selection or otherwise for
races. The study was conducted in accordance with the principles of the Declaration of Helsinki (2013)

and ethical approval was granted by the institution’s ethics committee.

2.2 Procedures
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Upon arrival, stature (m) and body mass (kg) were recorded with the participants in minimal clothing
and with shoes removed. Participants were fitted with a telemetric heart rate monitor (Polar H1, Polar
Electro Ltd, Warwick, UK) and a resting capillary blood sample was obtained to monitor haemoglobin
concentration and the haematocrit using a point of care analyser (HemoControl, EKF Diagnostics,
Cardiff, UK). Participants were fitted with a mask to collect expired respiratory gases, which were
analysed breath-by-breath using a high resolution spiroergometry system (Metalyzer 3B, Cortex
Biophysik GmbH, Leipzig, Germany). The analyser was calibrated with gases of known concentration

prior to all assessments.

All assessments were performed on a motorised treadmill (ELG2, Woodway, UK). The treadmill
assessment comprised two tests (submaximal and maximal effort), separated by approximately 10-
min of active recovery (walking around the laboratory, hydrating with water, dynamic stretching),
during which participants were instructed to keep warm. The submaximal assessment began at
around 10-12 km-h! and comprised 3-min stages of constant speed exercise, with the treadmill
gradient set at 1% to reflect outdoor running conditions (27). Heart rate was monitored throughout
all assessments, with data collected within the last 15-s of each stage used for analysis. VO, values
were determined by averaging breath-by-breath results during the final 60-s of each stage (10) with
these values used to calculate RE by dividing VO by the resultant of corresponding treadmill speed/60
(30). At the conclusion of each stage, rating of perceived exertion (RPE) was collected using the Borg
Scale (12), as well as a capillary blood sample from the fingertip to determine blood lactate
concentration. The treadmill speed was increased by 0.8 km-h after each stage and the participant
was instructed to lower themselves onto the treadmill to begin running. Blood lactate samples were
analysed immediately (YSI 2700, Yellow Springs, Ohio, USA) and the assessment was stopped once a

blood lactate concentration of >4 mmol-L"* was recorded.

For the maximal effort assessment, the treadmill speed was maintained at two stage speeds prior to

the finishing speed of the submaximal effort, with the gradient increasing by 1% each minute until the
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participant achieved volitional exhaustion, in accordance with the British Association of Sport and
Exercise Sciences’ guidelines, from which definitions for VO,max, LT, and RE were also taken (11, 30).
Heart rate was noted during each minute and a maximal value recorded. Immediately following the
cessation of exercise, a further capillary blood sample was taken to obtain a post exercise blood lactate
value. VO, and VCO, samples were averaged over the last minute of each stage during the submaximal
assessment, and each 30-s during the maximal effort assessment. Definitions for LT, onset blood
lactate accumulation (OBLA) and sVO,max were followed by those given by Jones (30). LT was defined
by Jones as: “the first “breakpoint” or “observable rise” in blood lactate concentration, where levels
consistently exceed baseline (~1 mmol-L)”. OBLA was taken at a reference value of 4 mmol-L™.

sVO.max Was obtained by solving the regression equation describing measured VO3 at submaximal

intensities and VO2max (30).

2.3 Allometric scaling

As growth and maturation can have a substantial but varied impact on body size in juniors,
conventional scaling of physiological measures to body mass is inappropriate and inequitable and, as
such, allometric scaling is encouraged when investigating physiological performance metrics in elite
junior endurance athletes (9, 10). In line with recent research in this field in a comparable athletic
cohort, a scaling exponent of 0.67 was used for VO,max when converting absolute values into values

relative to body mass (9).

Race performance analysis

For the purpose of post hoc comparisons, participants’ performances were separated into middle-
distance track (TK) or longer-distance cross-country (XC) events. TK events competed at either 800
and/or 1500 m, with XC events constrained to distances of between 4000 to 6000 m. Participants’

performance data were taken from a British Athletics open access database of race times
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(www.thepowerof10.info). In order to be included in the study, athletes must have performed a race
within 60 days of their laboratory visit, a timeframe used in recently published work in an endurance
cohort (10). XC events must have had an official race distance. The participant’s race performance that

elicited the fastest performance speed within this window was selected for the regression analysis.

2.4 Statistical analyses

All data were analysed using a statistical software package (IBM SPSS Statistics, v24.0, IBM
Corporation, USA). A one-way analysis of variance (ANOVA) was conducted to compare means of all
dependent variables between the 800 m and 1500 m TK and XC groups. Levene’s test for equality of
variance was performed to assess data for homoscedasticity. 800 m and 1500 m performance speeds
were log transformed as they violated this assumption. Following this, three stepwise multiple linear
regressions were conducted with (log)800 m, (log)1500 m and 4000-6000 m XC performance speed as
the dependent variables. Performance speed was calculated by dividing the distance covered by the
time taken to complete the race distance, expressed in s. The same independent variables were used
for each regression calculation, they were: VO,ma relative to allometrically scaled to body mass (VOamax
rel); speed at VOamax (SVOamax), maximal heart rate (HRmax); speed at lactate threshold (sLT); and running
economy (RE) (in mL-kg*-km™). Power analysis was carried out using G*Power (v3.1.9.7) a priori,
determining that with five independent variables, an estimated correlation coefficient of 0.7, and an
alpha level of 0.05, 13 trials were required to achieve a power >80%. Variables were removed from
the regression calculation if they displayed high collinearity, as determined through a variable impact
factor (VIF) (whether one predictor in the model has a relationship with another predictor) > 10 or a
tolerance (the reciprocal of VIF) of < 0.2 (18). Durbin-Watson tests were employed to assess
autocorrelation within regression models. A Shapiro-Wilk test and visual inspection of histograms was
conducted to assess data for normality. An alpha level of p <0.05 was set for statistical significance
with 95% confidence intervals (Cl) reported. Subsequently, bivariate Pearson correlations were

calculated for the variables outlined above. Coefficients for Pearson’s product moment correlations
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were interpreted with the following boundaries: < 0.31 negligible, 0.31-0.50 low correlation, 0.51-0.70

moderate correlation, 0.71-0.90 high correlation, > 0.90 very high correlation (21).

3. RESULTS

**Tables 1-3 about here**

Descriptive statistics for participants and performance characteristics are shown in Tables 1 and 2,
respectively. Table 3 displays the physiological parameters for the 800 m, 1500 m, and XC athletes.
VIF and tolerance statistics revealed no violation of collinearity and the Durbin-Watson analyses
revealed no autocorrelation. One-way ANOVA revealed significant differences between groups for
height (F(2,50) = 10.02, p <0.001); body mass (F(2,50) = 6.4, p = 0.003); and VOamax (F(2,50) = 4.54, p =
0.015). Post hoc comparisons revealed that 800 m (p= 0.005) and 1500 m (p< 0.01) runners were
significantly taller than XC runner, 800 m (p= 0.026) and 1500 m (p= 0.005) runners had significantly
greater body mass than XC runners. It was also revealed that VO,max was higher (p= 0.029) for 1500 m
runners when compared to XC. No other significant differences were observed. Races were performed

within 37 + 19 days of laboratory assessment.

800 m performance speed:

The stepwise regression indicated a collective significant effect of sVOamax and HRmax (F(2,15) = 22.51, p
<0.001, adjusted R?=0.72). Significant correlations between bivariates and 800 m performance speed
were (in order of magnitude): sVOamax (r(1) = 0.80, Cl = 0.59, 0.93, p <0.001). VO2maxrel (r(18) = 0.77, Cl
=0.46,0.93); sLT (r(1s) = 0.68, Cl = 0.44, 0.87. p = 0.002); RE (r(1s) = 0.49, Cl =0.00, 0.77. p = 0.043) and
a negative correlation with HRmax (r(1s) = -0.40, Cl=-0.67, -0.01. p= 0.05) Performance speed for 800 m

in junior athletes can be modelled as:

(log)800 m performance speed (m-s?) = 0.017(sVOzmax) -0.002(HRmax) + 0.811

Standard error of the estimate (SEE) =0.018
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1500 m performance speed:

The stepwise regression indicated a significant effect of sVO,maxWhen predicting 1500 m performance
speed (F(1,13) = 36.65, p <0.001, adjusted R?= 0.72). Significant correlations between bivariates and
performance speed were (in order of magnitude): sVOamax (r(15) = 0.86, Cl = 0.57, 0.97. p <0.001); sLT

(r(1s) = 0.82, C1 =0.51, 0.96, p <0.001); and VOamaxrei (r(15) = 0.76, Cl = 0.41, 0.93. p = 0.001).

Performance speed for 1500 m in junior athletes can be modelled as:

(log)1500 m performance speed (m-s™?) = 0.017(sVOzmax) + 0.445

SEE=0.022

4000-6000 m XC performance speed:

The stepwise regression indicated that VOomax, rei and sLT explained the highest percentage of
performance speed (F(2,17) = 25.1, p <0.001, adjusted R?= 0.72). Significant correlations included (in
order of magnitude): VOamax rel (r(20) = 0.82, Cl = 0.62, 0.93. p <0.001); sLT (r(12) = 0.65, Cl = 0.33, 0.83.

p = 0.002; and sVOamax (r(20) = 0.46, Cl = 0.00, 0.81). p = 0.041)

Performance speed for XC events of 4000-6000 m in junior events can be modelled as:

XC performance speed (m+s?) = 0.029 (VOamaxrer) + 0.111(sLT) + 0.261.

SEE =0.226

4. DISCUSSION

The aims of this study were to compare physiological characteristics of elite junior TK and XC athletes
and determine the predictor variables for 800 m, 1500 m and XC event performance of 4000 to 6000
m. The main findings were that for 800 m, sVO;max and HRmax explained 72% of the variance in

performance. For 1500 m, sVOmax explained 72% of the performance variance. Coincidentally, for XC
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events, VOamaxrel and sLT also explained 72% of the variance in performance despite differences in race
duration and energy system demand in comparison to 800 m and 1500 m TK events. No significant
differences in physiological variables used for the regressions were observed between the three

groups.

4.1 800 m and 1500 m performance variables

The data presented herein demonstrate a significant and large contribution from the combination of
sVOzmax, and HRmax 0N 800 m performance speed, explaining up to 72% of the variance in race time.
The participants in this study were performing at national and international standard (Table 2), in
comparison to the county standard runners reported in a similar study (1), with performance times for
the 800 m and 1500 m being approximately 10-s and 40-s faster, respectively. sVOxmaxis calculated by
solving the regression equation obtained from measuring VO, at submaximal running speeds, and
VO:zmax. It has been shown that sVO,max typically corresponds to the speed that can be maintained by
elite runners over 3000 m (7, 17). sVOamax is also a strong predictor of performance over similar
distance events among athletes of varying performance levels. For example, sVOamax has correlated
with or predicted performance in 800 m races in county level adolescent runners (1) and elite adults
(23) and for 1500 m races in Olympic athletes (22). This was also the case for 3000 m races in collegiate
athletes (32), and 5000 m races in junior, non-elite boys (15). In this study, sVOamax Was a significant
correlate of both 800 (r = 0.80) and 1500 m (r = 0.86) performances. The higher correlation with 1500
m performance is expected as it is closer to 3000 m (7, 17), meaning that running speed during races
is closer to sVOamax - This is reflected in sVO,max being the strongest and only predictor variable to enter

the model for 1500 m performance.

It is well established that heart rate and VO, have a linear relationship during continuous work at sub-
maximal intensities (2), and while VO3 maxreiand sLT were significant correlates with performance speed
for 800 m, HRmax had a stronger relationship and entered the model for 800 m performances. It is

known that regular endurance training will decrease the heart rate required to maintain a given
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submaximal work intensity (42). The HRmax relationship here could, therefore, reflect the training
status of the athlete i.e. those that are most well-trained have the lower HRms values and are the
faster athletes. As the athletes are homogenous with regards age, this contention is reasonable.
Further, HRmax has an inverse relationship with 800 m (and 1500 m) performance and, as cardiac
output is a combination of stroke volume and heart rate, it is possible that structural changes allowing
for greater stroke volume are compensating for reduced heart rate. For example, hypertrophy of the
left ventricle has been observed to be greatest in young adult endurance athletes when measured
against comparably aged and trained athletes from other sports, and relative to body surface area
(36). Monitoring adaptations to HRmax resulting from chronic training therefore appears to be an

important consideration for the coach and athlete.

Oxygen uptake at submaximal intensities (RE) has been used as a performance measure in endurance
runners, with reductions in VO, at comparable submaximal intensities from training correlating with
improvements in performance over the marathon distance (29). The relationship between RE and
performance, although significant for 800 m were classified as low (r = 0.49) and negligible for 1500
m (r = 0.19). This is not unexpected as it is known that generally RE in junior athletes is not as well
developed when compared to adult athletes (4). Notwithstanding, it is probable that if junior athletes
who demonstrate a high VO,maxcanimprove their RE (and subsequently sVO2max), the current evidence
suggests this will lead to improved performance. Previous experimental research (35) and recent
reviews (3, 8) have all highlighted strength training as an effective strategy for encouraging
improvements in RE and performance in endurance runners. Therefore, interventions such as this

could be considered alongside more traditional running-based training.

4.2 XC performance correlates

The data herein show that VOmaxreiand sLT were the strongest predictors of performance in XC events,
accounting for 72% of the variance in performance speed. Although scaled allometrically in this study,

the VOamaxis a well-established physiological performance determinant in endurance runningand was
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anticipated to predict performance at XC distances (15). Sub-maximal markers, such as sLT are also
among the most important traditional predictors of endurance performace (5), but only entered the
prediction model for XC performance. This suggests that as race distance increases, sLT may become
increasingly important in tandem with a high VOmax re. This has been demonstrated by Santos-
Concejero and colleagues in well-trained adults, with sLT increasing the correlation coefficient from
0.72 to 0.84 over 3000 m and 10,000 m, respectively (39). This result is likely owing to the race
performance speed becoming increasingly similar to sLT as race distance increases. It is probable,
therefore, that while training which encourages the classic “rightward shift” (many training modalities
exist for this, but some examples include polarised training (40) and concurrent training (31)) of the
blood lactate/running speed curve is likely desirable for all endurance runners, it may be especially

important for those competing at distances of 4000 m and above.

RE and HRmax were both non-significant for XC performance. The reasons for these findings might be
related to the specific demands of off-road running. For example, forest running can increase energy
cost by around 50%, depending on underfoot conditions and gradient (24) and athletes unhabituated
to off-road running will experience significantly greater increases in energy cost in comparison to
regular off-road runners (25).This presumably relates to the alterations in technique that are imposed
by terrain of varying topography. Indeed, it has further been reported that RE is negatively affected
by a reduction in firmness of floor surface, whereby running technique is challenged and the utilization
of elastic energy storage during gait is minimised (34). It is possible, therefore, that athletes with high
RE are less able to utilise these charactersitics that are typically advantageous during more predictable
TK events. Furthermore, because RE is negatively impacted by XC racing when compared to TK events,
it is also possible those athletes with a greater VO.max have a greater likelihood of performing well in
these events. The HRmax may not have been significant predictor here as the running speed required

to elicit HRmax will be lower than those performed over a 4000-6000m XC race, or owing to a tactical
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decisions around pacing strategy. Although XC athletes may reach HRnaxin a race (due to hill climbing
or a sprint finish as examples where intensity of effort increases) this can only be maintained briefly,
explaining perhaps why it is a significant predictor for 800 m races of similar duration. The XC
performances herein lasted around 16 minutes, explaining this variable not entering the predictive XC

model.

Lastly, the physiological measures explained 72% of race times across all race types. The reasons for
this similarity in outcome are unknown, and possibly coincidental. 800 m, 1500 m, and XC races all
have their own idiosyncracies and tactics. 1500 m races for example have recently been investigated,
showing variability in approach (fast start and high overall performance speed, or slow start and
“kicks” or bursts of high-speed running as examples) (37). Additionally, constraining performance with
slow opening lap times altered the physiological determinants of performance in simulated 1500 m
time trials (6). Race tactics were not investigated in the current study, but it may be possible that
variability in tactical approach and other confounding factors that, if controlled, may elicit stronger
predictive models, but at the expense of ecological validity for competitive racing. Additionally as XC
events are performed at speeds closer to the lactate threshold (although not at it) and, therefore,
presumably have less anaerobic glycolytic and ATP/PCr demand than 800 m and 1500 m. The increase
in race variability might be offset by the decreased variability of having a decreased anaerobic energy
system demand. Currently, this is a speculative assessment and further research is required to address

whether these similarities in 800 m, 1500 m, and XC race performance.

Limitations

A limitation of this research is that race times used to establish performance speeds were not
conducted in a controlled manner. Performance speeds were calculated from real races in British
Athletics sanctioned events. The races were over different distances and likely had variations in

underfoot conditions, and other environmental factors, as well as tactics (as discussed above), which
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were not examined here. While this lack of internal control might be a limitation, using real races as a
performance metric might, arguably, increase the ecological validity of the findings. The main issue
with this approach was finding races that were conducted within a suitable window of time from the
laboratory assessments. In a similar approach to other work in this area (10) a period of sixty days was
used, although it is possible that small changes in the athletes’ physiology between laboratory
assessment and race may limit the robustness of the findings. Athletes were typically forwarded for
assessment at the end of winter training or prior to the summer race season, which accounts for the
time gaps between assessment and races. Training data were not available for all athletes to
supplement the physiological testing. The addition of training data to this type of physiological
profiling may confer additional information and understanding to the predictors of adolescent XC and
TK performances. Lastly, this research was conducted on a mixed sex sample. If statistical power can
be achieved with the athletes of comparable performance levels than those in this study, seperating

the sample by sex may provide useful additional information.

5. PRACTICAL APPLICATIONS

The results herein demonstrate that the physiological determinants of performance are not
interchangeable between middle-distance TK and XC races. In a highly trained group of national and
international junior runners, the variance in 800 m and 1500 m and XC performance speeds can be
largely explained by physiological predictor variables. These are the combination sVOzmax and HRmax
800 m, sVOzmax for 1500 m, and VOamax rel for XC events. Longitudinal investigations to establish
whether these variables predict performance over the athletes’ career, and further investigations of
XC running in a more controlled manner might elucidate a stronger model of performance in these
events. These findings may be useful for junior athletes and coaches to understand which physiological
attributes contribute to running performance and may help to underpin or inform training decisions

although any changes to training prescription must be carefully considered.
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