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Running Economy, VO2max, and Injury Incidence During Competitive Running
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ABSTRACT

Astorino TA. Changes in running economy, VO2max, and injury Status in distance runners during a competitive season. JEPonline 2008;11(6):56-66.  Maximal oxygen uptake (VO2max), running economy (RE), and ventilatory threshold are three of several factors that determine distance running performance.  The present study was undertaken to test multiple measures of running performance in collegiate runners.  Fifteen men and women (mean age and VO2max = 19.6 ± 1.5 yr and 61.8 ± 8.8 mL/kg/min, respectively) competitive in Division NAIA cross-country participated in the study.  In a single session conducted preseason and repeated twice during the season, body composition, RE, and VO2max/ventilatory threshold were assessed.  During exercise, heart rate (HR) and gas exchange data were obtained.  At baseline, VO2max in women was equal to 53.7 ± 2.6 mL/kg/min, and 69.1 ± 3.6 mL/kg/min, respectively, in men.  At speeds ranging from 6.0 – 7.7 mph, RE in women ranged from 29.9 – 39.7 mL/kg/min; whereas, in men, RE was equal to 37.8 – 46.1 mL/kg/min at speeds from 7.5 – 9.2 mph.  With training, only three of nine subjects revealed a meaningful increase in RE, and VO2max was unaltered.  At baseline, there was a significant correlation between RE at the highest speed and VO2max (r = 0.69, p<0.01) and run time (r = 0.62, p<0.05).  Injuries including shin splints, ankle sprains, stress fractures, and groin pulls occurred in over 50% of athletes in-season, leading to reductions in training and missed competitions.  These data indicate 1) a significant, positive relationship between RE and both performance and VO2max, 2) little change in RE or VO2max with training, yet improved performance, and 3) high incidence of injury in distance athletes.
Key Words: Distance Performance, VO2max, Regression, Ventilatory Threshold.
INTRODUCTION
Chronic endurance training elicits various physiological adaptations including enhanced mitochondrial mass and blood glucose control (1), stroke volume and cardiac output (2), and reduced blood pressure and submaximal heart rate (3).  However, the competitive athlete’s main concern is how he/she finishes in a race and not the sheer magnitude of these adaptations.  Thus, proper training is critical to improve tolerance to high-intensity exercise and optimize competitive performance. 
Additional adaptations observed with chronic endurance training include increases in maximal oxygen uptake (VO2max) and running economy (RE).  With chronic training, VO2max has been shown to increase by 12 % in young, untrained individuals (4) and up to 57 % in heart patients (5).   Yet, changes observed in competitive distance athletes (4,6) are smaller (0 – 10 %) depending upon the intensity of the training program.  In elite male and female runners (6), VO2max did not change after three years of training, although performance was improved.  In an elite male runner (7), VO2max was increased by 20 % through 2 yr of rigorous training, although this was accompanied by a small improvement (2 % at 10 mph) in RE.  

Increases in RE have been demonstrated in other research.  In a 31 year-old elite runner (8), RE was increased by 9 – 16 % at 9, 10, and 11 mph after 18 wk of interval and endurance training.  In contrast, RE was increased by only 5 % over a 9-mo period of rest, training, and competition in an elite miler (9).   Slawinksi et al. (10) reported a significant increase in RE (4 %) with 8 wk of suprathreshold training in trained runners (VO2max = 61.2 ± 6.0 mL/kg/min).  However, many authors (4,11) report no training-induced increases in RE.  Monitoring running economy is important, considering that in a similarly-trained group of runners, RE may be the most important variable to predict success in running (12).  In addition, only a small change in submaximal VO2 (~ 2 %) may be necessary to alter running economy (13).  Because of the equivocal nature of these findings, further examination of changes in RE in athletes participating in training and competition is needed. 
Predictors of running performance vary across studies.  Foster et al. (14) reported a low correlation (r = 0.36, p<0.05) between RE and marathon performance; whereas, a stronger correlation (r = 0.60, p<0.05) (15) was noted in 18 experienced runners competing in a 9.7 km race.  In experienced runners competing in distances from 4.7 – 10 mi, associations between VO2max and running performance ranged from 0.07 (16),  -0.12 (17), -0.82 (18), and -0.91 (11), although subjects’ VO2max in these studies was widely discrepant (55 – 82 mL/kg/min).  It is plausible that comparisons such as these should not be made across studies in which subjects’ training status as well as distance completed and exact timing of measurements are dissimilar.

Consequently, the primary aim of the study was to monitor changes in VO2max, cross-country performance, RE, and other physical indices during a competitive cross-country and track and field season in endurance athletes.  Athletes followed training regimens set by their coach, and their progress was assessed.  Correlates of run performance were also examined.  Findings obtained from this study may be applied to track coaches and other practitioners in various settings.  It was hypothesized that running economy, but not VO2max, would be improved with training.
METHODS

Approach to the Problem  
Subjects were tested pre-season, at the end of the fall cross country season, and in the middle of track season when they were in peak fitness in preparation for the NAIA Championships.  The dependent variables measured in this study included running economy (RE), VO2max, ventilatory threshold (VT), running performance from meet times, and percent body fat (%BF).  Testing was conducted in identical fashion preseason and at the end of the cross country season, yet only RE was assessed during the track season due to marked fatigue and onset of injury that prevented runners from completing VO2max testing.  Across all trials, testing was performed at the same time of day, and subjects were instructed to wear the same shoes.

Subjects  
Fifteen distance athletes (eight men and seven women) were initially recruited pre-season.  Mean age, height, weight, %BF, and years of training were 19.6 ± 1.5 yr, 1.7 ± 0.8 m, 59.9 ± 7.1 kg, 13.2 ± 7.8 %BF, and 6.2 ± 1.0 yr, respectively.  Mean VO2max and 8 and 5 km run performance of the men and women were 69.10 ± 3.60 (range = 64.0 – 72.2 mL/kg/min) and 53.7 ± 2.6 mL/kg/min (range = 50.0 – 57.0 mL/kg/min), and 27.7 ± 1.2 min (25.6 – 28.9 min) and 20.2 ± 1.1 min (18.5 – 21.1 min), respectively.  They competed in distances ranging from the 400 m to the marathon.  They initially filled out a health/history questionnaire and provided written informed consent.  All procedures were approved by the University’s Institutional Review Board.  Due to fatigue, illness, or injury, only nine and two athletes returned for testing at the end of the cross country season and middle of the track season.

Procedures 
Prior to testing, subjects refrained from strenuous exercise and caffeine for 24 h pre-visit.  They were asked to follow the same diet in the 24 h before each visit.  Furthermore, all subjects completed 60 min of treadmill accommodation, as previously recommended (19) to standardize submaximal VO2 during treadmill running.  
They arrived to the laboratory in shorts and T-shirt, and height and weight were recorded.  Body composition was assessed with metal calipers (Lange, Cambridge, MD) using a sum of three skinfolds model (20,21).  Subcutaneous fat at the chest, abdomen, and thigh (men) and triceps, thigh, and suprailiac (women) were obtained in rotational order by an experienced technician, according to established techniques (22).  Then, subjects began the RE protocol, which consisted of three 8 min bouts of progressive speed on a motor-driven treadmill (Stairmaster ClubTrack 612 Plus, Vancouver, WA).  Each bout was separated by 5 min of passive recovery.  Speeds were pre-selected (speeds ranged from 7.5 – 9.2 mph for men and 6.0 – 7.7 mph for women) and were characterized by steady-state HR and respiratory exchange ratio less than 1.0.  These speeds were maintained for subsequent testing throughout the season.  Running economy (RE) was identified as the average VO2 (in mL/kg/min) from minutes 6 – 8 of each bout.  After the third bout, subjects initiated incremental exercise on the treadmill at a constant speed, during which grade was increased 1 % every minute.  Subjects were encouraged to exercise to volitional fatigue, and VO2max was confirmed using established criteria (23).  The highest 15 s VO2 value observed at volitional fatigue represented VO2max.  Data from this protocol for a 20 year-old male and 20 year-old female are shown in Figure 1.  
Assessment of Heart Rate and Gas Exchange Data 
Heart rate (HR) was assessed during exercise via telemetry (Polar Electro, Woodbury, NY).  During exercise, subjects wore headgear, nose clips, and breathed into a Daniels three-way valve.  Gas exchange data were obtained every 15 s during exercise using a metabolic cart attached to a personal computer (ParvoMedics True One™, Sandy, UT).  Expired volume was measured using a Hans Rudolph pneumotach flowmeter, then integrated.  Oxygen uptake and carbon dioxide production (VCO2) were measured using the Servomex paramagnetic oxygen analyzer and infra-red CO2 analyzer, respectively.  Before exercise, the metabolic cart was calibrated to gases of known concentration (16 %O2 and 4 %CO2) as well as to room air (20.93 %O2 and 0.03 %CO2).  Furthermore, a 3-liter syringe was used to calibrate flow.  Pilot work revealed test/retest correlation and error of RE in trained subjects = 0.93 and 2.0 %, and day-to-day variability of VO2max = 3.2 %.  Ventilatory threshold (VT) was expressed in b/min (to be used by the athletes for training) and was identified as that HR coincident with an alinear rise in both ventilation and VCO2, according to previous methods (24).  

Training  
All subjects completed identical training programs.  Cross country training consisted of four days per week of long distance “tempo” runs (1 min below threshold pace) in addition to two days per week of interval training at threshold pace.  Weekly mileage progressed from 40 – 48 (women) to 58 – 70 miles per week (men) at the end of the season.  They also competed in up to seven meets as well as the season-ending Championships.  Initially during the track season, two threshold workouts (6 – 8 mi) and one to two long runs (12 – 16 mi) were completed per week, along with the weekend race and recovery run the following day.  Mid season, training was modified to include one threshold run, hills (15 – 20 300 m repeats), two long runs, and a weekend race.  Training in the last month of the season consisted of event-specific workouts two days per week, a race on Saturday, and a long run (12 – 16 mi) performed on Sunday.  Weekly mileage was approximately 60 mi for the women and 75 - 80 mi for the men.  As the National Championships approached, volume of daily workouts and weekly mileage were reduced.

Incidence of Injury 
The head coach provided the primary investigator with training logs reporting completion of weekly training as well as onset of injury in runners.  Furthermore, instances when training and/or competitions were missed were denoted. 

Statistical Analyses 
Data were expressed as mean ± standard deviation (SD) and analyzed using SPSS Version 14.0 (Chicago, IL).  One-way ANOVA with repeated measures was used to detect differences in VO2max, running performance, %BF, and VT during the season.  The paired t-test (women) and Friedman non-parametric test (men) was used to examine differences in running economy throughout the season.  Pair wise correlation and linear regression were used to identify predictors of running performance.  Statistical significance was established as p<0.05.

RESULTS

As one of the primary rationale for the study was to disseminate the data to the athletes, data are reported both individually as well as means.  

Change in Running Economy 
In women, running economy was not different from pre-season to in-season at any of the speeds, although it was consistently lower (1 – 2 %) (Table 1).  Two women revealed meaningful increases in RE (subjects A and M) defined as at least a 2 % reduction in VO2 during the submaximal bouts.  Across the season, RE was not different (p>0.05) in men (Table 1), although one male (subject T) demonstrated meaningful increases (5 %) in RE in response to training.  Two men also completed the test of running economy prior to Nationals (at the end of the season), yet little change in RE was shown for either E (39.20, 41.50, 44.74 mL/kg/min) or S (45.60, 45.70, 47.20 mL/kg/min) compared to their earlier values.

Change in VO2max and Ventilatory Threshold (VT)  
Across all subjects, there was no change (p=0.26) in VO2max from pre-season (60.67 ± 8.49 mL/kg/min) to in-season (61.39 ± 7.28 mL/kg/min).  A trend was shown for a reduction in VO2max in men (69.67 ± 3.39 mL/kg/min to 67.10 ± 2.0 mL/kg/min), although it failed to reach significance (p=0.14).   In only one of six men was VO2max higher during the season compared to pre-season.  In men, VT did not change (p>0.05) across the season, yet was significantly higher (p<0.05) in women in-season (178.2 ± 6.76 b/min) compared to pre-season (170.8 ± 9.3 b/min).
Change in Running Performance
Running performance was assessed through change in meet times for men (8 km cross country race) and women (5 km cross country race).  Distances were similar between meets, although races were held at different fields.  Table 2 reveals alterations in meet times throughout the cross country season for each athlete.  It is evident that running performance tended (p=0.12) to improve from meet 1 to Nationals (27.21 ± 1.49 min to 26.16 ± 0.31 min for men) (N = 3) and significantly improved (p<0.05) from (19.74 ± 1.36 min to 18.90 ± 1.59 min for women) (N = 3), respectively, although several athletes revealed reduced performance throughout the season as training volume was increased.  

Change in Body Composition
In men and women, there was no change (p>0.05) in %BF across the season.  Mean %BF was equal to 6.50 ± 1.94 % and 20.16 ± 3.31 % in male and female runners, respectively.  

Correlates of Running Performance and Running Economy
At baseline across all athletes, running performance was significantly correlated to RE at the highest speed (r = 0.62, p<0.05) and VO2max (r = 0.69, p<0.05).  When data were separated by gender, a significant correlation between running performance and VO2max (r = -0.74, p<0.05) only occurred in women.  A model consisting of VO2max and RE explained 48 % of the variability in running performance, run time = -0.003(RE) + 0.31(VO2max) + 4.37, p<0.05.  A model consisting of run time and VO2max explained 81 % of the variability in RE at the highest speed, RE = -0.001(run time) + 0.90(VO2max) + 9.84, p<0.01.  

Incidence of Injury 
Lower-leg injuries including shin splints, ankle sprains, stress fractures, and groin pulls occurred in over 50 % of athletes throughout the season, and several reported back pain that prevented regular training.  Seven of 15 athletes were stricken with colds and flu.  This led to reductions in training (at minimum 25 missed days of training, as recorded from training logs) and multiple instances when athletes were forced to skip individual meets due to injury.  

DISCUSSION

The primary aim of this study was to examine changes in VO2max, running economy, performance, as well as correlates of running performance during a competitive cross-country and track season in collegiate athletes.  Running performance was increased in women, although the magnitude of this improvement was small.  Neither RE nor VO2max were increased during the season, as only three of nine athletes demonstrated an increase in VO2max or RE with training.  Running economy and VO2max were significant correlates of running performance.  Incidence of lower leg injuries was high (> 50 %) in athletes, causing missed meets and training sessions, and in some instances, failure to complete the season.  
The lack of change in running economy (RE) observed in the present study is consistent with some previous reports, but not others.  In recreational runners (VO2max = 63.9 mL/kg/min) completing 30 – 40 mi per week of training, Daniels et al. (4) revealed no change in RE with 8 wk of training.  A recent study (25) revealed that 8 wk of rigorous lower-body strength training increased RE by 5 % in well-trained distance runners.  In a group of elite distance runners (26), it was revealed that alterations in RE greater than 2.4 % are likely to be "worthwhile," and not simply related to testing error and typical variation.  This magnitude of change in oxygen uptake is similar to the day-to-day error of submaximal VO2 in the present study. 

There is little consensus as to the efficacy of training to increase running economy, more than likely due to methodological shortcomings used in previous studies, such as small sample size, poor reliability of testing, and inability to control for factors that alter running economy, such as footwear and treadmill experience (26).  In the present study, test/retest correlation for RE across multiple trials was high (0.93), the error in submaximal VO2 between trials was small (2.0 %), and subjects completed treadmill accommodation, wore the same shoes, and did not exercise in the 24 h prior to their laboratory visit. Yet, only three runners revealed a meaningful change in RE (> 2.0 %) in response to training.  A lack of effect of training on RE has been revealed in some studies (11,27); whereas, others demonstrate that training improves RE.  Results from Franch et al. (1998) (28) demonstrated that RE was significantly enhanced when continuous training (3.0 %) or long interval training (3.1 %), but not short interval training, was completed for 6 wk in recreational runners.  In elite athletes, Conley et al. (8,9) revealed sizable increases in running economy (5 – 16 %), especially as a result of interval training, although at times they were not accompanied by a change in VO2max.  Overall, the literature shows that training-induced increases in RE are more common in physically active to moderately-trained individuals, with smaller changes observed in experienced distance runners who with years of training already possess a well-developed running economy.  With recent studies describing improved RE through strength training (29) and training at altitude (30) or in the heat (26), there may be opportunity to improve RE via means other than traditional endurance or interval training. 

No change in VO2max with training in competitive endurance athletes is a common finding in the literature.  In elite endurance athletes (VO2max > 70 mL/kg/min) completing 3 yr of training (6), VO2max did not change although running performance in distances ranging from the 800 m to the marathon was improved.  A similar finding was revealed in other studies (4,10).  Explanations for this lack of change in VO2max include attainment of subjects’ genetic ceiling of oxygen uptake as well as failure to measure VO2max frequently enough to detect significant changes in this parameter.  Furthermore, improved running performance is not solely due to alterations in VO2max, as RE, lactate threshold, fiber type and mitochondrial density, and buffering capacity represent alternative factors that mediate distance running performance.  

The association between running performance and RE is well-described.  Superior RE was demonstrated in elite runners (VO2max = 79 mL/kg/min) compared to good (VO2max = 69 mL/kg/min) distance runners, so the elite runners could perform at a lower relative fraction of their VO2max (31).  In their review, DiPrampero and colleagues (32) denoted that a 5 % increase in RE elicited a 3.8 % increase in run performance.  After a 22-month training regimen (33), running economy at 9 and 12 mph was improved in elite distance athletes (VO2max = 75.0 mL/kg/min) along with 5 km performance.  Yet, another study in distance runners (10 km = ~ 35 min) (16) showed that VO2max and ratio of slow-twitch fibers were associated with 10 km performance, yet RE at 7.8 mph was not.  It may be that the running velocity chosen in this study was too slow, and that subjects were too heterogeneous to reveal any relationship between submaximal oxygen cost and performance.  This implies that scientists should refrain from selecting speeds that are well below paces chosen in  competition to properly assess running economy in well-trained endurance athletes.
Interventions have been proposed to minimize injury in runners, including reducing training volume, stretching, and use of insoles.  Yeung and Yeung (34) cited that reductions in training frequency, duration, and distance attenuated incidence of injury by 19, 41, and 70 %, respectively.  Stretching was shown to reduce overuse injury compared to control (38), although subjects were military trainees and not runners.  Data from BenGal et al. (36) in which a knee brace was employed revealed attenuated knee pain in response to weekly running; whereas, other results (37,38) demonstrated no change in injury when insoles were used.  Nevertheless, persons who complete a lot of running, such as military recruits and soccer referees, served as subjects in these studies, so the generalizability of these data to distance athletes is questionable.  It is evident that reducing training volume will lower incidence of injury, but the optimum dose of training to maintain or improve fitness, and simultaneously minimize injury, is unknown.  Further investigation is merited in distance runners using randomized, controlled designs to further understand this issue.    

CONCLUSIONS

Data revealed that running performance was highly correlated with VO2max and RE.  In addition, improved performance and a small yet insignificant increase in RE was observed, although no change in VO2max was demonstrated.  There were many occurrences of debilitating injury in runners that led to missed competitions and training as well as in some cases, absence from competition for an entire season.  This injury prevalence is nothing new, as a search on PubMed using the terms ‘runners and injury’ yielded 471 items.  Every athlete adapts differently to training, and it is likely that they also maintain different training thresholds before injury occurs.     
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Figure 1:  VO2 response to exercise in an endurance-trained a) male and b) female.
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Table 1:  Change in running economy during the season in collegiate athletes.


Subjects�
Speed 1a�
Speed 2a�
Speed 3a�
Speed 1b�
Speed 2b�
Speed 3b�
�
Women�
�
�
�
�
�
�
�
A�
30.86c�
31.97�
33.91�
29.63�
31.76�
32.06�
�
D�
34.33�
35.55�
39.68�
34.14�
36.04�
38.93�
�
M�
31.07�
33.07�
35.54�
29.71�
31.54�
34.40�
�
A�
30.86�
31.97�
33.91�
29.63�
31.76�
32.06�
�
A�
32.79�
33.90�
36.68�
X�
X�
X�
�
C�
35.36�
37.38�
39.21�
36.22�
37.60�
39.30�
�
S�
30.82�
30.57�
32.71�
X�
X�
X�
�
Men�
�
�
�
�
�
�
�
S�
39.21�
40.75�
44.84�
39.00�
40.86�
43.76�
�
M�
37.84�
37.91�
40.77�
37.07�
37.20�
39.90�
�
E�
39.67�
41.73�
44.03�
40.30�
40.64�
44.60�
�
R�
40.51�
43.84�
46.09�
45.30�
46.90�
47.80�
�
N�
39.31�
40.59�
41.78�
X�
X�
X�
�
S�
45.47�
45.95�
48.82�
43.47�
45.24�
47.71�
�
T�
44.48�
46.79�
48.35�
42.95�
43.40�
46.08�
�
W�
43.31�
42.75�
45.43�
X�
X�
X�
�
a = pre-season; b = cross-country season; c = RE in mL/kg/min; X = did not complete testing due to injury





Table 2:  Running performance during cross-country season in collegiate athletes.


Runner�
Gender�
Meet 1�
Meet 2�
Meet 3�
Meet 4�
Meet 5�
Meet 6�
Ntls.�
�
A�
F�
18.78�
18.48�
17.79�
18.55�
17.52�
17.55�
17.77�
�
D�
F�
20.70�
20.30�
19.60�
20.19�
19.17�
19.41�
20.02�
�
M�
F�
20.28�
20.17�
19.33�
20.75�
X�
21.55�
X�
�
A�
F�
22.09�
21.11�
20.97�
21.66�
19.55�
19.87�
20.12�
�
A�
F�
X�
21.15�
20.15�
20.83�
19.35�
19.81�
19.36�
�
C�
F�
21.02�
20.38�
21.67�
22.03�
20.41�
21.20�
X�
�
S�
F�
24.02�
24.40�
X�
25.75�
22.62�
24.37�
X�
�
S�
M�
28.49�
26.93�
25.65�
27.15�
25.27�
25.65�
26.51�
�
M�
M�
25.57�
27.49�
26.25�
27.52�
26.05�
26.19�
26.02�
�
E�
M�
24.51�
27.61�
26.90�
28.04�
26.58�
26.50�
28.27�
�
R�
M�
24.33�
X�
27.41�
29.10�
26.23�
27.02�
X�
�
N�
M�
X�
28.95�
27.91�
28.80�
26.51�
27.27�
X�
�
S�
M�
27.20�
X�
X�
X�
X�
27.18�
X�
�
T�
M�
X�
28.60�
27.83�
29.05�
27.17�
27.24�
X�
�
W�
M�
X�
X�
X�
X�
X�
27.15�
X�
�
X = missed meet; times are in minutes and are for 8 km (men) and 5 km (women), respectively. Ntls; National Championships
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