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ABSTRACT

Dickinson JM, Nethery VM, D’Acquisto LJ. Relationships between
Energy Cost and Kinematic Responses of Trained Runners to
Variable-Gradient Running. JEPonline 2020;23(4):1-14. The
purpose of this study was to elucidate how changes in running
gradients (level, incline, decline) influence the relationship between
the energy cost of running and running kinematics. Thirteen trained
male runners (VO2 peak, 62 + 5 mL-kg*'-min?t) completed three
different treadmill trials: (a) 20-min fixed-speed (14.4 km-h?) level-
gradient trial; (b) 20-min fixed-speed (14.4 km-h!) variable-gradient
trial; and (c) 3 km self-selected-speed variable-gradient trial. Oxygen
consumption (VO3), heart rate (HR), stride length (SL), and stride
rate (SR) were measured. When running at a fixed speed, SL
decreased (P<0.001) during incline compared to level gradients.
Further, a faster incline SR was associated with a greater increase in
VO during incline gradient running (P=0.02). During the 3 km
variable-gradient trial, self-selected running speed was slower during
incline (P<0.001). The slower incline speed corresponded with a
shorter SL during incline relative to level and decline gradients
(P<0.001). However, a longer incline SL was associated with better
overall performance (P<0.05). These data demonstrate that incline
running, either at a fixed or self-selected treadmill speed, appears to
influence stride kinematics more so than decline running. Moreover,
the observed kinematic adjustments to an incline were associated
with a relatively greater increase in VO during incline running.
These findings have important implications for training and the
performance of runners that compete over undulating terrain.
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INTRODUCTION

A steady physiologic effort is frequently suggested as the most efficient strategy to complete
sustained, intense endurance running tasks in the shortest time (11,13). However, many
competitive running events occur over courses with marked undulations where the ability to
maintain a steady physiological effort is disrupted by changes in running gradients (6,11,14-
16,19). To minimize dramatic changes in energy expenditure, running speed is typically
adjusted when changes in gradient are encountered. However, the greater metabolic
demands and slower speed typically observed during incline gradients are not fully
compensated for during decline gradients, resulting in slower overall completion times
compared to continuous level running (19,20).

While the impact of variable gradient terrain and protocols on running speed and energy
expenditure has been the focus of numerous studies (4,6,11,14-17,19,20), relatively few
(9,12,13) have examined the relationship between gradient variations and the kinematic
factors of stride length and stride rate that are directly linked to energy requirements of
running (21). Further, the impact of running gradient on stride kinematics is likely to be
influenced by whether running speed is fixed or self-selected (12,20). How the relationship
between cardio-metabolic and kinematic variables is altered with changes in running
gradient, and how changes in this relationship may impact cardio-metabolic responses (and
thus performance) warrants further investigation.

Therefore, the purpose of this investigation was to elucidate to what extent changes in
running gradient (e.g., level, incline, and decline) influence the relationship between the
energy cost of running and kinematic variables. In particular, we examined the metabolic,
cardiovascular, and kinematic responses of trained collegiate distance runners during
standardized protocols on a treadmill that consisted of both fixed- and self-selected running
speeds over level, incline, and decline gradients.

METHODS

Subjects

Thirteen male collegiate cross-country runners volunteered to participate (mean + SD: height,
181 + 10 cm; mass, 71 + 9 kg; VO2 peak, 62.1 + 5.0 mL-kg*:mint). All subjects were
competitive NCAA division Il athletes and were tested during mid-season training. The
subjects were injury free and had completed an 8-km race in less than 31 min 3 wks prior to
participation in this study. All subjects provided written informed consent and the study was
approved by the Central Washington University Institutional Review Board (in compliance
with the Declaration of Helsinki).

Procedures

A single group cross-over design was used. The subjects reported to the laboratory on two
occasions for testing, separated by 5 to 7 days. The subjects’ height, mass, and leg length
were measured during the first trial. All trials were completed on the same treadmill (Quinton
Q-65, Seattle, WA) at the same time of day with the subjects 3 hrs post-prandial and having
consumed no caffeine or alcohol for at least 24 hrs. The subjects refrained from any training
the day of testing and from strenuous exercise the day before testing. The subjects were
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asked to maintain their normal diet throughout study participation and to report to the
laboratory in a well-hydrated state.

During all tests, expired air was collected continuously (2-way Hans Rudolf 2700 valve) and
analyzed via indirect calorimetry (pre-calibrated according to manufactures directions, Parvo-
Medic, Sandy, UT) for volume and fractions of O and CO.. Heart rate (HR) was also
continuously monitored (Polar Electro Inc., Finland). Running speed for the fixed-speed trials
was determined based on typical training speeds used by this cohort of runners.

Testing Session One

Following a warm-up that consisted of 15-min of light to moderate intensity running, the
subjects completed a 20-min constant-level gradient (0%) treadmill trial at a fixed speed of
14.4 km-ht. HR and expired gases were assessed continuously with the average for each 1-
min interval recorded. Kinematic data (stride rate and stride length) were obtained during
minutes 5, 10, 15, and 20. Stride length, defined as the distance covered between successive
strikes of the same foot, was determined as the quotient of running speed and stride rate. An
investigator standing perpendicular to the subject determined the stride rate during minutes 5,
10, 15, and 20 by measuring the time to complete 50 strides. The same investigator
measured stride rate for all trials for each subject. The constant-level gradient trial was used
to control for the effect of running duration and running distance on all dependent variables,
such that each variable examined during the variable-gradient trial (see below) could be
compared with the corresponding minute of a constant-level gradient trial.

Following completion of the constant-level gradient trial, VO, peak was determined by an
incremental treadmill protocol where speed increased by 0.8 km-h at 2-min intervals until
16.0 km-h. Thereafter, treadmill grade increased 2% every 2 min until volitional
exhaustion. The highest recorded 1-min VO2 was used to represent VO2 peak.

Testing Session Two

The subjects returned to the laboratory 5 to 7 days following the first testing session to
complete the 20-min variable-gradient fixed-speed treadmill trial. To achieve both incline and
decline gradients, the rear of the treadmill was raised onto a support base with a level
gradient created at a “gradient reading” of 13% on the treadmill. The treadmill was
subsequently adjusted to create both incline (+5%) and decline (-5%) gradients by raising or
lowering the treadmill incline (gradient readings on the treadmill were calibrated with known
angles to obtain settings corresponding to £5%).

The warm-up prior to the variable-gradient treadmill trial consisted of 15 min of light to
moderate intensity running that incorporated level, incline, and decline gradients. Then the
subjects completed the 20-min variable-gradient trial at the same speed of 14.4 km-ht. The
variable-gradient trial was divided into four continuous 5-min phases at gradients of 0%, -5%,
+5%, and 0%, respectively. The use of a sequential order of running gradient was justified by
inclusion of the constant-gradient run and previous research indicating that the energy cost of
incline running at a given running speed was independent of relative location during a trial of
this length (13). Heart rate, VO3, stride rate, and stride length were assessed as described
above for the constant-level gradient trial and at the same duration of running: e.g., minutes
5, 10, 15, and 20 (corresponding to the last minute of each of the four continuous gradients).
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During testing session two, a subset of subjects (n = 11) also completed a 3 km variable-
gradient “time-trial” performance at self-selected speeds. The subjects were instructed to
complete the 3-kilometer trial as fast as possible, with treadmill speed adjusted by a “thumbs
up” or “thumbs down” signal to a researcher operating the speed. Distance covered was
monitored with a measuring wheel (SpringCo Athletics, San Luis Obispo, CA) fastened firmly
to the rear of the treadmill belt so that belt movement rotated the wheel. The subjects were
verbally informed when they completed 200, 500, 800, and 950 meters, and at the end of
each kilometer. The first kilometer was run at a -5% gradient, the second kilometer at +5%
gradient, and the final kilometer at level (i.e., 0%) gradient. Oxygen consumption (VO2) and
HR were assessed continuously, and averaged over each kilometer. Stride rate was
determined at 200, 500, and 800 meters of each kilometer (as described above) and
averaged across the three measurement points to yield a representative value for that
kilometer. Stride length was derived from the stride rate data.

Statistical Analyses

A repeated-measures ANOVA assessed differences for each dependent variable among the
four timepoints (i.e., minutes 5, 10, 15, and 20) measured within the constant-level fixed-
speed treadmill trial. A two-way repeated-measures ANOVA (trial X time) assessed
differences between the constant-level and variable-gradient fixed-speed trials for each
dependent variable among the four time points (i.e., minutes 5, 10, 15, and 20). One-way
repeated-measures ANOVAs determined the presence of steady-state VO, during each 5-
min segment of the constant and variable-gradient trials. One-way repeated-measures
ANOVAs were also used to compare data for each variable among the decline, incline, and
level gradients of the 3 kilometer variable-gradient trial. Tukey’s post-hoc analyses were used
when necessary. Pearson’s correlation coefficients were used for all correlational analyses.
Cohen’s D effect sizes (ES) are provided for select comparisons. All data were analyzed
using SigmaPlot v12.5 (Systat Software). Significance was set at P<0.05, and the data are
presented as mean * 95% Confidence Interval.

RESULTS

Constant-Level, Fixed-Speed Running

During the constant-level gradient fixed-speed trial, steady-state VO2 was reached by minute
3 (Figure 1A), remained unchanged thereafter (P>0.70), and corresponded to a relative effort
of 71.7 £ 3.7 %VO2 peak (minutes 3-20). Respiratory exchange ratio (RER) increased from
0.89 £ 0.02 at minute 5 to 0.92 £+ 0.02 at minute 10 (P=0.037) and remained steady over the
final 10 min (P>0.05). Heart rate was higher at minutes 10, 15, and 20 compared with minute
5 and was higher at minute 20 compared with minute 10 (P<0.015) (Figure 1C). This cardiac
drift corresponded to an increase in HR max from 82 + 3% at minute 5 to 87 + 2% at minute
20.

Because treadmill speed was constant and because stride rate and stride length are
inversely related at a fixed running speed, only stride length data are presented (Figure 1D).
Adjustments in kinematic factors were indicated over the latter phases with a longer stride
length at minutes 15 (P=0.043) and 20 (P=0.013) compared with minute 5, corresponding to
slower stride rates at those times (P<0.05).
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Figure 1. VO,, Cardiovascular, and Kinematic Responses to Running on Level and
Variable Gradients at a Fixed (14.4 km-h?!) Speed. Presented are: A) minute-by-minute
oxygen consumption (VO32) during the constant level and variable gradient trials; and B) VO;
C) HR; and D) stride length during the final minute of each 5-min segment of the constant-
level and variable-gradient trials. Values are mean * 95% Confidence Interval. Lev = Level
grade (0%); Dec = Decline gradient (-5%); Inc = Incline gradient (+5%). *Significantly
different between constant-level and variable-gradient trials for same time point (e.g., minute
of exercise), P<0.05; adifferent from minute 5 within the constant level trial, P<0.05; "different
than minute 20 within the constant level trial, P<0.05.



Variable-Gradient vs. Constant-Level Fixed-Speed Running.

For the variable-gradient fixed-speed trial, a VO steady-state was reached by the 3rd-min of
each segment (Figure 1A). During incline and decline running, VO adjusted markedly and in
the same direction as running gradient (Figure 1A and 1B). To determine the impact of
running grade, we compared outcomes during the variable-gradient trial to the corresponding
time of the constant-level gradient trial. This comparison controlled for the influence of
running time and distance on selected variables. Relative to the corresponding time of the
constant-level gradient trial, VO2 was 22 + 2% lower for the decline gradient (P<0.001,
ES=2.46) and 32 £ 5% higher for the incline gradient (P<0.001, ES=4.39). Further VO, was
also 4 + 2% higher for the final level gradient of the variable gradient trial (P=0.015, ES=0.61)
suggesting a carryover of the physiological strain induced from the incline segment. Heart
rate comparisons mirrored the VO, data with an 8 + 3% lower HR for the decline gradient
(P<0.001, ES=0.90), a 12 + 3% higher HR for the incline gradient (P<0.001, ES=1.65), and a
3 + 1% higher HR for the final level gradient when compared to the corresponding time-point
of the constant-level gradient trial (P=0.004, ES=0.42).

Stride lengths and stride rates were similar between the variable-gradient and the constant-
level gradient trials during the initial- and final-level gradients (i.e., minutes 5 and 20)
(P>0.05) (Figure 1D). In addition, similar kinematic responses were also observed during the
decline gradient segment when compared to the corresponding time of the constant-level
gradient trial (P=0.180). In contrast, stride length was shorter (higher stride rate) during
incline running when compared to the corresponding time of the constant-level gradient trial
(Figure 1D) (P<0.001, ES=0.70) (note: due to measurement failure for 1 subject, stride
kinematics during the incline segment [minute 15] only included n=12).

Correlational analyses of the energy cost of running (VO2) with stride kinematics (stride rate)
during the incline and decline gradients of the fixed speed variable-gradient trial allowed for
the determination of how stride rate (i.e., number of contractions) related to changes in VO3
at a given speed (Figure 2). During incline running, stride rate showed a positive correlation
(R?=0.422, P=0.022) with the percent difference in VO, (Figure 2A). However, stride rate
during incline running did not correlate with relative VO2 (mL-kg*-mint) during incline running
(Figure 2B), nor with VO3 peak (R?=0.030, P>0.05), body mass (R?=0.009, P>0.05), or leg
length (R?=0.193, P>0.05) (data not shown). Further, while body mass was related to
absolute VO2 (L-min*t) during incline running (R?=0.826, P<0.05), it was not significantly
correlated with the change in absolute VO, from level to incline running (R?>=0.164, P>0.05).
During decline running, stride rate did not relate to either the percent difference in VO
(Figure 2C) or with gross VO2 (Figure 2D) (P>0.05).
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Figure 2. Relationship between Stride Rate during Incline (5%) and Decline (-5%)
Running and the Energy Cost Associated with Incline and Decline Running at a Fixed-
Running Speed. Presented are the correlations between: A) incline stride rate and the
percent difference in incline running VO. relative to level running (P=0.022); B) incline stride
rate and gross VO during incline running (P>0.05); C) decline stride rate and the percent
difference in decline running VO. relative to level running (P>0.05); and D) decline stride rate
and gross VO_ during decline running (P>0.05). *Denotes significant relationship (P<0.05).

3 Kilometer Performance Time-Trial

Self-selected running speed along with physiologic and kinematic responses for each
kilometer of the 3 kilometers variable-gradient “performance” trial are presented in Table 1.
Running speed was 13 + 3% and 12 + 4% slower during the incline-gradient kilometer
compared to the decline- and level-gradient kilometers, respectively (P<0.001, ES=1.09);
whereas, a similar running speed was observed between the decline- and level-gradient
kilometers (P=0.978). Oxygen consumption, RER, and HR were all lower for the decline-
gradient kilometer when compared to the incline- and the level-gradient kilometers (P<0.001).
Proportionately, %VO2 peak and %HR max, respectively, were 73 + 3% and 90 + 2% during
the decline-gradient kilometer compared to 89 + 4% and 96 + 1% for the incline-gradient
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kilometer, and 89 = 3% and 97 £ 1% for the level-gradient kilometer (P<0.001 decline vs.
level and incline).

Table 1. VO,, Cardiovascular, and Kinematic Responses to the Decline, Incline, and
Level Kilometer of the Self-Selected Speed 3 Kilometer Variable-Gradient
“Performance” Trial.

Variable Decline Incline Level
VO, (mL-kg*-min?) 452 +2.4 55.6 £4.2* 55.8 £4.1*
HR (beats-min™) 174+ 7 186 + 6* 188 + 6*
RER 0.92 £0.01 1.02 + 0.03* 1.00 + 0.02*
Stride Rate (strides-min™) 85.1 + 2.6* 86.0+2.9 86.6 + 2.9*
Stride Length (m) 3.29 £0.17 2.85 +0.211 3.22 £0.16
Speed (m-sec?) 4.66 +0.271 4.08 + 0.341 4.64 +0.241

Values are mean * 95% Confidence Interval. Specific P values are presented in the text; *Significantly different
vs. Decline, P<0.05; TSignificantly different vs. Decline and Level, P<0.05; VO, = Oxygen Consumption; RER =
Respiratory Exchange Ratio

Stride length was 14 + 3% and 12 + 4% shorter during the incline-gradient kilometer
compared to the decline- and level-gradient kilometers, respectively (P<0.001, ES=1.32 and
1.15, respectively), whereas stride length was similar between the decline- and level-gradient
kilometers (P=0.329). As a result of the self-selected speed, stride rate was similar between
the decline- and incline-gradient kilometers (P=0.102) as well between the incline- and level-
gradient kilometers (P=0.393). However, a slightly faster stride rate (2 £ 2%) was observed
during the level-gradient kilometer compared to the decline-gradient kilometer (P=0.006,
ES=0.32).

Stride rate during the associated running gradient was not related to VO2 during the incline-
(R?=0.006, P>0.05) or the decline-gradient (R?=0.011, P>0.05) kilometer. However, incline
stride length was positively correlated with VO2 (P=0.028) (Figure 3A) and running speed
(P=0.002) (Figure 3B) during the incline-gradient kilometer. Further, incline stride length was
also negatively correlated with overall 3-kilometer performance time (R?=0.834, P<0.05), but
not with VO2 peak (R?=0.316, P>0.05). In contrast to incline running, stride length during the
decline kilometer was not related to VO2 (P>0.05) (Figure 3C), but was positively correlated
with running speed (P<0.001) (Figure 3D) during the decline-gradient kilometer.

DISCUSSION

The purpose of this study was to identify the extent to which changes in running kinematics in
response to different gradients may be related to changes in the energy cost of running and
running speed during incline and decline gradients. In general, the physiological responses to
fixed-speed running were dynamically and directly associated with changes in gradient;
however, stride kinematics per se were only adjusted during incline segments. Further, when
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compared to fixed-speed level running, individuals utilizing faster stride rates during incline
running experienced a greater increase in energy expenditure. When the runners were
allowed to self-select running speed, the speed was more closely related to changes in stride
length than to changes in stride rate, which was most notable during incline running.
Collectively, these data demonstrate that incline running, either at a fixed or self-selected
treadmill speed, appears to influence stride kinematics more so than decline running.
Moreover, the observed kinematic adjustments were associated with a relatively greater
increase in energy demands during incline running.
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Figure 3. Relationship between Stride Length during Incline (5%) and Decline (-5%)
Running and the Energy Cost and Running Speed Associated with Incline and Decline
Running at Self-Selected Running Speeds. Presented are the correlations between: A)
incline stride length and gross VO2 during incline running (P=0.028); B) incline stride length
and incline running speed (P=0.002); C) decline stride length and gross VO2 during decline
running (P>0.05); and D) decline stride length and decline running speed (P<0.001).
*Denotes significant relationship (P<0.05).
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Constant-Gradient and Variable-Gradient Fixed-Speed Running

As expected, the incorporation of incline and decline gradients during fixed-speed running
resulted in substantial changes in VO> and HR compared to level-gradient running.
Consistent with previous studies (11,19), the magnitude of the change was substantially
greater during the incline compared to the decline gradient despite the reciprocal equivalency
of variation (i.e., + 5%). In addition to these physiological variables, how changes in running
gradient influenced stride kinematics were also assessed in an effort to examine the
relationship between these kinematic variables and VO». In contrast to the dramatic
responses of physiological variables to both incline and decline gradients, running kinematics
did not change during decline when compared to level gradients. Further, no relationship was
observed between stride rate (i.e., number of contractions) and the relative decrease or gross
VO_ during decline running. The finding that a 5% decline does not alter stride kinematics
compared to the level gradient at a fixed speed is consistent with previously reported
outcomes (9,13) and suggests that the reduced metabolic demand of decline gradient
running is not likely facilitated through any alterations in stride mechanics. Instead, the
observed ~20% reduction in VO2 during decline running is likely facilitated through the
combination of lower energy requirements for gravity-facilitated movements and the
increased metabolic efficiency of eccentric muscle action (1,2).

In contrast to decline running, the ~30% increase in VO: during incline running was
accompanied by approximately a 3% increase in stride rate (~3% shorter stride length). This
change corresponded to an average of three additional stride cycles per minute. This
kinematic adjustment to incline gradient running at a fixed speed is consistent with some (12),
but not all (13) of the previous findings, which may be related to the relatively smaller
samples size in the latter study (13). Moreover, in the current study we observed that the use
of a faster stride rate during incline running was associated with a greater increase (relative
to level) in VO2 during incline running. For instance, the subject that used the slowest incline
stride rate in the current study (78 strides-mint) experienced a 20% increase in VO during
incline running (relative to level); whereas, a 42% increase in VO, was observed for the
subject using the highest stride rate during the incline (91 strides-min). This observation
suggests that runners using a higher stride rate during incline running may experience
greater deficits in uphill running speed as a result of the increase in VO2, which could have a
negative impact on performance.

Further, given that all runners did perform the experimental trial at a given speed (thus
different %VO; peak), it is important to note the greater increase in VO that occurred in the
subjects who used a faster stride rate was not related to VO2 peak, body mass, or leg length.
This suggests that the physiological-kinematic association was independent of “ability”, body
mass and/or size, or relative energetic load in this cohort of runners. Collectively, in addition
to a greater recruitment of motor units to produce the force to move (or maintain) the body’s
center of mass against gravity (18), our data indicate that an increased number of muscle
contractions (i.e., increased stride rate) during incline running may have also contributed to
the increase in mechanical work, and thus VO2, necessary to run uphill. Hence, stride rate
may also represent an important, and potentially modifiable, component of incline running
performance in trained runners. Further investigation is required to determine whether stride
rate can be “targeted” in the training of runners to potentially reduce the increase energy
demands of incline running.
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3 Kilometer Performance Time-Trial

Similar to the fixed-speed variable-gradient trial, VO2, HR, and RER were lower when “racing”
a decline kilometer compared to the level and incline kilometers. The relative physiological
load (%VO:2 peak) of the decline kilometer was lower (~73%) than for the level and incline
gradients (both ~90%). This sizable decrease in VO2 during decline racing, despite a self-
selected running speed that was the same as the level kilometer, suggests that decline
gradient “racing” speed is largely dissociated from physiological strain (19). Given mechanical
loading has previously been shown to influence race-pace selection during decline running
(3), it is likely that the clear dissociation observed between self-selected running speed and
metabolic cost is an intrinsic reaction to prevent or at least reduce force-induced trauma on
musculoskeletal tissues (3). Thus, strategies to increase tolerance to decline running likely
represent a powerful strategy that may facilitate increased running performance over variable
gradients.

As noted above, the incline kilometer speed was substantially slower than both the level and
decline kilometer speeds. However, and in contrast to responses to fixed-speed variable
gradient running, incline stride rate was similar to the level gradient (i.e., the slower speed
during incline running was a function of a shorter stride length). Previous findings have
indicated that stride length and running speed are linearly related, albeit on level gradients
(5). However, we did also observe a shorter stride length during incline running when running
at a fixed speed (see above). Thus, the shortened stride length while self-selecting incline
running speed is likely related to increased energy demands to move (or maintain) the center
of mass against gravity. This finding would be supported by the observation that longer
strides during incline running were associated with increased VO, and running speed.
Moreover, those incorporating longer strides during the uphill segment not only performed
better during the incline segment, but also completed the entire 3 kilometer performance run
in a shorter time. Interestingly, the ability to sustain a higher VO2 and utilize a longer stride
rate during the incline was not related to VO peak. These data would indicate that
maximizing performance over sloping terrain is related to the ability to sustain a high %VO.
peak or to running economy, at least in trained runners (7,8).

Limitations in this Study

We recognize the existence of some limitations in the present study. First, the sequence of
changes in running gradient was the same for each subject during both the fixed and self-
selected running speed trials. We chose this design in an effort to be able to compare
“performance” among runners that have all completed the same “course”. Consequently, the
noted alterations in running kinematics could be the result of the relative location of the
gradient within the trial. However, the use of a sequential order of running gradient is
controlled for by inclusion of the constant-gradient run and that all comparisons, at least
during the fixed-speed run, were made back to the corresponding time of the level run.
Moreover, previous research indicates that the energy cost of incline running at a fixed speed
is independent of relative location during a trial of this length (13). Lastly, during the 3-
kilometer variable-gradient “performance” trial, the subjects dictated changes in speed with
hand signals. While we recognize that this technique may be an imperfect reflection of the
dynamic nature of outdoor racing (20), information realized from this controlled protocol does



12

offer interesting insight into the relationship among running speed selection, VO2, and
kinematic characteristics when “competitively” running over variable gradients.

CONCLUSIONS

Collectively, our results indicate that stride kinematics may be a factor related to the energy
cost associated with incline running, and ultimately performance. Specifically, runners
utilizing a faster incline stride rate experienced a greater increase in VO3 at a given running
speed. Moreover, when self-selecting running speed, a longer incline stride length was
associated with a faster overall performance time. Given that utilizing a longer stride rate
during incline running was also associated with a higher VO2, maximizing performance over
incline gradients is likely related to the ability to sustain a high metabolic power. On the other
hand, we did not identify any relationships between kinematic variables and decline running
speed. Instead, the achievement of faster downhill running speeds is likely dependent on the
ability to withstand the high eccentric forces associated with running downhill. Thus,
increasing downhill running speed may require specific downhill run training (10). Collectively,
these findings have implications for the specific training and performance of runners that
compete over undulating terrain.
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