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ABSTRACT

Results regarding the acute effects of plyometnd i@sistance training (PRT) on running
economy (RE) are conflicting. Eight male collegidistance runners (21 + 1 years, 62.5 + 7.8
ml/kg/min VO, peak) completed ©, peak and 1 repetition maximum (1RM) testing. Sedays
later, subjects completed a 12 minute RE test & &0d 80% D, peak, followed by a PRT
protocol or a rested condition of equal duratio®{g. The PRT protocol consisted of 3 sets of 5
repetitions at 85% 1RM for barbell squats, Romaudlieadlifts, and barbell lunges; the same
volume was utilized for resisted lateral lungess uomps, and depth jumps. Subjects completed
another RE test immediately following the treatnsea well as 24 hours later. Subjects
followed an identical protocol six days later withndition assignment reversed. RE was
determined by both relative® (ml/kg/min) as well as energy expenditure (kcalmirhere

was a significant < 0.05) between-trial increase ifOY(37.1 + 4.2 ml/kg/min PRT vs. 35.5
3.9 ml/kg/min CON) and energy expenditure (11.43Kcal/min PRT vs. 11.0 + 1.4 kcal/min
CON) immediately post-PRT at 60%0¢peak, but no significant changes were observe@%t 8
VO, peak. Respiratory exchange ratio (RER) was sigamifily ¢ < 0.05) reduced 24 hours post-
PRT (0.93 £ 0.0) as compared to the CON trial (&960) at 80% D, peak. Results indicate
that high intensity PRT may acutely impair RE imcdecally trained individuals at a moderate

running intensity, but that the attenuation lassslthan 24 hours in duration.

Key words: cross training, concurrent trainingesgth training
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INTRODUCTION

Running economy (RE) is one of three (along with,Vnax and lactate threshold) primary
contributors to aerobic performance (4, 6, 13) iardefined as the steady staf®)or a given
velocity (28). Assuming steady state aerobic comlé, an individual with superior RE can run
faster at a given submaximalDy compared to an individual with an identicaD¥peak (13);
differences in RE often explain the performancearare in athletes with comparable aerobic

capacities (28).

Numerous studies have shown that chronic resistaaiceng (RT) or plyometric exercise
improves RE in runners without negatively affectaegobic capacity or body mass (22, 26, 30,
35, 38, 40)However, studies directly examining the acute ¢ffe¢ RT on running economy
show conflicting results. Doma and Deakin (2014poré no difference in RE 6 hours post-
strength training, but a decrease in time to extmusunning performance after high intensity
(6RM) workloads (15). The same authors have algorted that the cost of running at 70% and
90% of ventilatory threshold was significantly gexethe day after strength training was
performed prior to endurance training (14), butvioé versa. Alternatively, Scott et al. showed
no alterations in RE 24-30 hours after a bout efdobody RT (36). In a highly aerobically
trained group of runners, RE was impaired at ortkeaght hours post-RT but not at 24 hours
(31). Conversely, Burt et al. report a 4-5% impa&ntnin RE 24-48 hours after an initial bout of
squatting-induced muscle damage, although theteffas nonexistent following a subsequent
bout of squatting (9). In a review, Assumpcao etahcluded that strength exercises are likely

to impair RE only at highe>(90% VO, max) exercise intensities (3).

A smaller body of evidence exists to support tHeatfof plyometric training alone on RE.

Saunders et al. report an improvement in RE atacitg of 18 km/hr following nine weeks of
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plyometric training in highly trained runners, atlgh no significant differences were found at
slower velocities (35). Six weeks of plyometricniag has also been shown to improve RE in a
moderately trained subject pool (40). Likewise emveeks of low-load, explosive strength
training improved RE in highly trained subjects burice this protocol included sprint work it is

difficult to ascertain whether the degree to wiptyjometric work was a contributing factor (30).

Numerous hypotheses exist as to why muscle dapage affects running economy and have
been described elsewhere (3). However, rationalealiy plyometric or RT may cause an
immediate i.e., prior to the development of secondary, immuneiated damage) decrease in
running economy are less clear. RT causes an seiagylycogen usage and lactate production
(17) with a consequent rise in hydrogen ion corregioins. Hydrogen ions dissociate calcium
from troponin and interfere with muscle contracavhich may result in a reduction of force
production (1, 18). Hydrogen ions can also inhibiyhemoglobin formation which may result in
poor oxygen delivery to working muscles and a gneakygen demand (39). Additionally,
heavy load RT causes neuromuscular fatigue andugtien in force production (190his

reduction in force production results in reducedsatel stiffness and an impairment of RE (34).

The purpose of the present study was to deterrhmadute effects of a single, lower-body
plyometrics and resistance training (PRT) sessioRE in male collegiate distance runners.
This investigation is unique in the use of a higédyobically trained subject pool, the addition of
plyometrics to a RT protocol in order to increastemal validity of results, as well as
measuring RE immediately after the PRT protocakdts hypothesized that the PRT protocol

would cause an impairment in RE lasting at leagt@4rs.
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METHODS

Experimental Approach to the Problem

The purpose of the present study was to deterrhmadute< 24 hours) effects of a single PRT
session on RE in highly trained distance runnerstv@® separate occasions, subjects performed
a RE test followed by either a PRT workout or idstqual duration. A high intensity (85%
1RM), moderate volume (6 exercises, 3 sets of &titggns each) training protocol was
developed to mimic similar programs used by co#leggcross-country teams as well as those
previously used in the scientific literature (28).3Subsequent RE tests took place immediately
after the intervention as well as 24-hours latebj&cts repeated the protocol six days following
the last RE test with the opposing interventionr@ssover design was used as it better controls

for reported individual daily variances in RE (7).

Subjects

Before testing commenced, all procedures were apprby the lead author’s university
Institutional Review Board and all subjects proddeformed consent. Nine members of local
collegiate cross-country teams volunteered forstidy. Subject size was calculagegriori via

a power analysis using an effect size (0.43) detexdnduring pilot testing. An additional subject

was recruited to account for potential attrition.

Subjects (mean age = 21 + 1 yrs) were requireéte lkengaged in RT at least once in the last
three months to ensure uniformity regarding theadgd bout effect (9, 12) and could not be

taking any dietary supplements other than multimites or minerals. All subjects were running



RESISTANCE TRAINING AND RUNNING ECONOMY 6

at least six days per week with a range of 50-10@snper week. Subject characteristics can be

seen in Table 1.

Procedures

The study design is represented in Figure 1. Upshreporting to the laboratory, subject height,
weight, and body fat percentage via skinfold tegbeiusing Lange Skinfold Calipers (Beta
technology, Santa Cruz CA, USA) were measured3thige Jackson Pollock skinfold equation
(21) was used to estimate body fat percentageiciairtts then underwent a One-Repetition
Maximum Test (LRM) in accordance with National 8g# and Conditioning Association
guidelines (2) for the following three exercisearli®ll squats, Romanian dead lifts, and barbell
lunges. Subjects completed the eccentric phasiée difts in three seconds while completing the
concentric phase as quickly as possible. Acceptslat depth was considered to be when the
hip and knee joints were equidistant from the flddre eccentric portion of Romanian dead lifts
was executed until subjects could no longer maraaslightly lordotic curve in the lumbar
region. Lunges were considered complete when trg knee reached 90° of flexion and the
back knee had barely touched the floor. A 5RM Htemge was performed using resistance

bands with the goal of fatiguing subjects at figgetal steps of a standard distance (3 feet).

An incremental treadmill running test to volitioredhaustion was used to determirn®@,\peak.
This test, previously used in elite runners (2ijags subjects approximating their 3K race pace
for treadmill speed and a progressive increaseadegevery two minutes. All metabolic testing
was conducted using Parvo Medics TrueOne Metakidit (Parvo Medics, Sandy UT, USA)

and a Woodway Desmo treadmill (Woodway USA Inc.,uké&sha WI, USA). Subjects did not



RESISTANCE TRAINING AND RUNNING ECONOMY 7

engage in RT for 72 hours prior to testing, andraitirun or consume caffeine or alcohol 24
hours prior to testing. These restrictions were algposed prior to all subsequent testing
procedures. Subjects fasted for four hours befstng and were required to wear the same

footwear for all testing procedures.

All subjects performed a continuous 12 minute R immediately followed by a PRT protocol
or a resting period (CON). The RE test involvedmirutes of running at a pace corresponding
to 60% VO, peak and, without a rest period, six additionalutes at 80% @, peak. Only
metabolic data from the last two minutes of eaelgestvere analyzed in order to minimize the
chance of using non steady-stat®,\imeasurements. Steady-state conditions were further
verified by ensuring less than a 10% change® Wccurred per minute within the collection
period (33). These paces were chosen both to ndomunon training intensities for the subject
pool as well as low enough workloads to ensuredgtstate conditions would be met within four
minutes. It was a general assumption that an iit}eos80% VO, peak would be below lactate
threshold for the highly trained subject pool Ble to recent criticisms of solely using relative
VO, as the determinant of RE (37), energy expend{&E was calculated for each exercise

intensity with use of the respiratory exchangeoré®ER) (23).

The PRT protocol consisted of three sets of fiygetiéions of barbell squats, Romanian dead
lifts and barbell lunges at 85% 1RM with a two mtest between sets; lateral lunges were
completed using resistance bands and step disthateorresponded to the 5RM. Additionally,
subjects performed three sets of five repetitidrsoa jumps and depth jumps with the same two

minute rest interval. The same apparatus (45 cticeeheight) was used for both jumps.
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Immediately post-PRT or resting period, subjectagieted another RE test, identical in
methodology to the previous one. An additionalr{(thRE test took place 24 hours later. All
subjects were recommended to eat the same meahks same time intervals between the second
and third RE tests, although dietary intake data ma available for analysis. Six days after the

post-24 hour RE test, the groups crossed over aridrmed the alternate protocol.

Statistical Analysis
All data were tested for normal distribution vi&lkapiro-Wilk test. Metabolic data were
analyzed parametrically using a repeated measux&3\A\, while post hoc analysis was

performed via Fisher’'s LSD test. Order effects wads® examined. Effect sizes were calculated

as partial eta squareU::O since repeated measures were used. Significaases&a priori atp

< 0.05, and all data analysis was performed usP§SV23.0 (IBM; Armonk, NY).

RESULTS

Eight subjects completed all testing procedures;subject withdrew from the study due to an
injury unrelated to this investigation. With thetidrawal of one subject, the order of treatment
was equal among subjects with four subjects itytimhdergoing the PRT protocol and four

initially assigned to the CON protocol. No ordeieefs were presenp & 0.05).

Data for the 60% and 80%04 peak RE trials are presented in Table 2 and Bemively. At
the 60% \O, peak intensity, ANOVA revealed a significapt< 0.05) elevation in @, (“; =

0.47) and EE’(:: = 0.52) immediately post-PRT as compared to th&l€andition. No
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significant within or between-trial differences wdobund for \O, (“; = 0.18;"; = 0.24,

respectively) or EEF@ = 0.06;“; = 0.30, respectively) at 80%04 peak, although a non-

significant trend was present for between-trial(BE 0.08) immediately post-PRT.

No significant differences were found for RER dgrthe 60% \D, peak trial. At 80% 0,

peak, RER was significantlp & 0.05) reduced 24 hours post-PRT as compardwetGON ftrial
(“:: = -0.44). There was a non-significapt< 0.06) within-trial trend for RER between the

immediately post-CON and 24 hours post-CON timmtsod]:: =0.33).

DISCUSSION

The primary finding of the present study was thhigh intensity, lower-body PRT protocol
significantly reduced RE at a moderate exercis@y®D, peak) intensity in highly trained
runners, however the attenuation lasted less thdmo@rs and was not statistically significant at
a higher running intensity (80%®% peak). The reliability of baseline EE measurdsadih 60%
and 80% \D, peak R?= 0.81,R*= 0.66, respectively) suggest successful testingises and

compare favorably with previous investigations (37)

Effect sizes were lower than expected based oh gélta specific to the protocol, and
consequently a type Il error may have occurreggards to RE measured immediately post-
PRT at 80% D, peak. We observed proportionally greater variandeE at 80% D, peak as
compared to the 60% segment, making statisticalfgignce more difficult to achieve.
However, this greater variability at higher runningensities does not appear to be a universal

finding (14, 15, 31). When examining the similarifyRE results between conditions at the 24
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hours post-treatment time point, it is clear thabther type Il errors took place at any other time

point.

Although this was not a mechanism-based investigait is assumed that RE was decreased
immediately post-PRT due to induced skeletal mudaleage as well as decreases in muscle
stiffness. Multiple investigations have identifiedth force production and muscle stiffness as
primary constituents of RE (1, 22, 29, 34). HighddRT results in a decrease of neural
activation in exercised muscle (19) as well assa la maximal force production (41). Likewise,
high volume plyometric training inhibits force arate of force production, both functional
markers of muscle damage (16). While it may hawnbeeal to include separate trials of
plyometrics alone and RT alone in order to betistiruish their individual effects on RE, this
was deemed logistically unrealistic for our higtvigined subject pool due to the required rest

(i.e., no running) periods.

Results related to the time course of RE impairnaeatconsistent with those reported by Palmer
and Sleivert (31) who used a subject pool withnailar aerobic capacity as well as a RT

protocol with similar intensity and volume, albkeitking in plyometric exercise and more upper
body focused. That particular investigation fouttérauations in RE at one and eight hours post-
RT, but not at 24 hours (31). Generally, evidesocequivocal as to whether RT affects RE

within 48 hours (9, 14, 15, 31, 36); however, afali evidence suggests that performing aerobic
training prior to RT is necessary to avoid acuteljavorable outcomes in RE (14) or chronically
unfavorable outcomes in running performance (11g¢mioth training modes are completed on
the same day. To our knowledge, no investigatipons a time course of RE impairment
following a workout consisting solely of plyometexercise. However, results from Drinkwater

et al. suggest that any impairment of RE stemnmiogfforce or rate of force production



RESISTANCE TRAINING AND RUNNING ECONOMY 11

impairment will last < 2 hours post-exercise whiglconsistent with the results from the present

study (16).

Doma and Deakin (2013) reported a decrease in RB%tand 90% of ventilatory threshold

(VT) the day after a RT and aerobically-orientedw@ance workout (14). Even though it is
population dependent, 70% and 90% of VT are mallgioamparable intensities to 60 and 80%
VO, peak. Their subject pool was more diverse reggrffeaquency of aerobic training than the
pool for the present study, but the report& Vhax of 62.6 + 6.0 ml/kg/min was very similar.
Consequently, minor differences in routine RT prast of subjects may account for some of the
discrepant results between the investigations.e8thjn the present study must have engaged in
RT at least once in the three month period pridesting; conversely, subjects for Doma and
Deakin were restricted from lower body RT for twomths prior to testing. While this may
appear potentially trivial, Burt et al. providedaance that even low intensity RT provides a
repeated bout effect in regards to RE (9). Theatgukbout effect refers to muscles’ decreased
susceptibility to damage following an initial injuor stress. The RT-induced repeated bout
effect in relation to future attenuations in mustdenage lasts for up to six months (12);
consequently, our subject poal may have been les=eptible to the muscle damaging effects of
the PRT protocol even though subjects in the Dontbeakin study would have acquired some

degree of protection when undergoing baseline gthetesting.

As RT may require a significant amount of glycogese (24), the decrease in RER observed 24
hours after the PRT protocol was potentially dueethuced glycogen stores that would cause a
shift away from glycolytic metabolism (20, 32) wdilunning. This phenomenon was not present
immediately post-exercise as lactate formed dutiegP?RT protocol may have provided a

readily available, carbohydrate-based source ataeenergy (8) during the RE trial, ultimately
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raising RER to a comparable level of the CON tédihough lactate was not measured,
evidence suggests that blood lactate concentratvens likely increased as a result of the PRT
protocol (17). The observed decrease in RER waspmrekent in the 80%®, peak trial; this is
not surprising as higher degrees of carbohydragéygunction of exercise intensity would be

more susceptible to alterations.

Strength and conditioning professionals should egpte that RE is just one component of
running performance which rarely has been meadiiredtly in relation to acute response to
plyometrics or RT. It should be noted that Marcand Bosio report a 4% decrease in 30-minute
time trial running performance without alterationgRE after 100 jump landings from a 35 cm
bench (25). However, Burt et al. (2015) displayeat the repeated bout effect in response to
muscle damaging exercise (weighted squats) aitieipreservation of a 3 km running time trial

performance (10).

In conclusion, RE returned to baseline levels wi®d hours after a high intensity, lower body
PRT protocol in a highly trained subject pool. Fatatudies may benefit from investigating the
timing effects of plyometric training on RE withathie influence of RT, as well as including

performance testing in addition to standard metattests while employing PRT protocols that

mimic typical collegiate or professional runner kauts.

PRACTICAL APPLICATIONS

Despite significant research evidence to the contthere remains concern in the running
community that high intensity resistance or poweefted training may harm endurance

performance. Results from the present study shioutlder alleviate concerns as the acute,
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deleterious effects of PRT are short-lived amomhigaly aerobically trained population.
However, strength and conditioning coaches shoalthimdful that aerobic performance
depends on multiple physiological factors beyondadRE employ caution when prescribing high

intensity power or strength-oriented training witli8 hours of competition.
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FIGURE LEGENDS

Figurel. Study design diagram. 1 RM = one-repetition maximRE = 12 minute running
economy test; PRT = plyometric and resistanceitrgiprotocol; CON = control protocol.



Table 1. Mean +SD of Subject CharacteristicBlE 8)

Age (years) 21+1
Height (cm) 1756 £6.1
Body Mass (kg) 63.9+£8.5
BMI (kg/m?) 20.7 +2.6
Body Fat (%) 10.5 + 3.4
VO, peak (ml/kg/min) 62.5+7.8
1RM Squat (kg) 79.0+14.9
1RM RDL (kg) 63.4 + 20.7
1RM Lunge (kg) 52.6+9.2

BMI = body mass index; V&= oxygen consumption;
1RM = one-repetition maximum; RDL = Romanian
deadlift.



Table 2. Mean +SD of Metabolic Measurements for 60% Y®eak Trial N = 8)

Pre Post 24 Hr. Post

PRT CON PRT CON PRT CON

VO, (ml/kg/min) 35.9+3.8 36.3+3.8 37.1+4.2* 355+4.0 358+4.1 36.1+45
EE (kcal/min) 111+11113+13 114+13 111+14 11.0+1.3 11.3+1.6

RER 0.86+0.00.87+£0.0 0.85+0.0 0.87+0.00.86+0.0 0.88 0.0

* Statistically significantly different than CON & 0.05)

VO, = oxygen consumption, EE = energy expenditure, REE&Spiratory exchange ratio,
PRT = plyometric and resistance training trial, CONontrol trial



Table 3. Mean +SD of Metabolic Measurements for 80% Y®eak Trial N = 8)

Pre Post 24 Hr. Post

PRT CON PRT CON PRT CON

VO, (ml/kg/min) 51.0+7.1 50.2+7.0 51.9+6.5 504+6.9 50.5+6.4 50477
EE (kcal/min) 16.0+2516.0+24 164+23 159+23 159+2.2 16.1+26

RER 0.93+0.00.95+0.0 0.94+0.0 0.93+0.0 0.93 +£0.0* 0.96 +0.0

* Statistically significantly different than CON & 0.05)

VO, = oxygen consumption, EE = energy expenditure, REBSpiratory exchange ratio,
PRT = plyometric and resistance training trial, COKontrol trial
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