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SUMMARY 

The metabolic cost of uphill running is not simply equal to the 

sum of the cost of level running and the cost of performing 

work to lift the body mass against gravity. We calculated the 

center of mass (COM) kinetic energy fluctuations from our 

measurements of parallel ground reaction forces. Based on the 

COM kinetic energy fluctuations, observed to decrease with 

incline, we developed a model with the metabolic cost of 

parallel running exponentially decreasing with incline and 

calculated the efficiency of raising the COM against gravity. 

Best-fit parameters of this model for the metabolic rate data 

indicate that the efficiency of lifting the center of mass is 

independent of incline and running velocity and similar to the 

maximum efficiency of concentric muscle shortening. 

  

INTRODUCTION 

Traditional calculations of the efficiency of producing 

mechanical power to lift the COM vertically during 

locomotion assume that that the metabolic rate during uphill 

running is simply equal to the metabolic rate during level 

running added to the power required for the vertical lifting [1]. 

The ACSM equations for predicting the oxygen consumption 

rates during both inclined walking and running are also based 

on this assumption [2]. Those traditional efficiency measures 

are often [3] much greater than the maximal efficiency 

observed for in vitro concentric muscle contractions (~25%) 

[4]. Furthermore, COM kinetic energy fluctuations during 

uphill running are much smaller than during level running [5]. 

That suggests that the metabolic rate for running at a certain 

velocity, parallel to the running surface should decrease with 

incline. 

 

Thus, we developed a model, which posits that, during uphill 

running 1) the metabolic rate for running at a certain velocity, 

parallel to the running surface, is not equal to the rate during 

level running at that velocity but, rather, the cost of parallel 

running decreases with incline, and 2) the efficiency of 

producing mechanical power to lift the COM vertically 

(EffvCOM) is constant, independent of incline and running 

velocity. The purpose of this study was to quantify and 

explore a new model for the metabolic cost of uphill human 

running. 

 

METHODS 

For the biomechanical and the metabolic parts of the study we 

recruited two separate groups of eight participants. 

Participants gave written informed consent and the testing 

protocol was approved by the University of Colorado Human 

Research Committee.  

 

Ground Reaction Forces (GRF): Eight participants (6M, 2F; 

29.4±8.4 yr, 180.4±6.3 cm, 70.8±8.5 kg; mean±SD) ran on a 

force treadmill. We used a set of aluminum wedges to tilt the 

force treadmill to 9 degrees [6]. GRF data were collected for 

running at 2.0, 2.5 and 3.0 m/s, for both level and up a 9º 

incline (Table 1). Each trial lasted 40 seconds and the first 20 

steps of the last 10 seconds were analyzed. Per step, we 

calculated the average braking and propelling GRF impulses 

parallel to the running surface by integrating all negative 

(braking) or positive (propelling) values during each ground 

contact. The braking GRF impulse parallel to the surface is 

equal to the change in COM momentum parallel to the surface 

during stance phase. Therefore, the reduction in COM parallel 

velocity during the braking phase is equal to the braking GRF 

impulse parallel to the surface, normalized to body mass. 

COM kinetic energy fluctuations were calculated from the 

reduction in COM parallel velocity during the braking phase. 

 

Metabolic measurements: A different eight participants (4M, 

4F; 26.2±4.0 yr, 174.3±12.4 cm, 67.3±11.8 kg) completed 

different sessions on two separate days. They ran a total of 17 

different conditions on a classic Quinton 18-60 treadmill with 

adjustable and calibrated velocity and incline (for a complete 

list of the trials, refer to Table 1). During each trial , we 

measured the rates of oxygen consumption (V̇O2) and carbon 

dioxide production (V̇CO2) using an open-circuit expired-gas 

analysis system (True One 2400, Parvo Medics, Salt Lake 

City, UT, USA). Additionally, we measured V̇O 2 and V̇CO 2 

during a standing trial. Each trial lasted 7 minutes based on 

pilot data showing that steady state was reached in less than 5 

minutes during the different trials. We averaged the metabolic 

measures for the last 2 minutes of each trial. For each running 

velocity, the different incline conditions were randomized to 

prevent order effects.  

 

Metabolic rates (in W/kg) were calculated from respiratory 

measurements using the Brockway equation [7]. Net 

metabolic power was calculated as running metabolic rate 

minus the standing metabolic rate. Net metabolic Cost of 

Transport (CoT) is the net metabolic cost per unit distance 

traveled parallel to the running surface. It is calculated by 

dividing the net metabolic rate by the running velocity and is 

expressed in J/kg/m. Cost of Transport values allowed us to 

develop a generalized equation, independent of running 

velocity. Based on our assumptions, we generated a custom 



equation and fitted this to the data to calculate the parameters 

resulting in the best fit. The format of the equation is:  

 

Net CoT (J/kg/m) = A + B∙e
-λ

∙
sin(θ)

 +  
vCOMEff

g
∙sin(θ) (eq. 1) 

To test for significant differences between the three tested 

running velocities and between different angles, we applied 

two-way analyses of variance (ANOVAs). We applied the 

non-linear least squares method to fit non-linear curves on the 

data and the linear least squares method to fit lines. We 

compared the Sum of Squared Errors (SSE) and r
2
 to evaluate 

goodness of fit. We used a traditional level of significance (α 

= 0.05) for all statistical tests. 

 

RESULTS AND DISCUSSION 

For running at a velocity of 2.0 m/s, the COM kinetic energy 

fluctuation per step, parallel to the running surface and 

normalized to body mass, decreased significantly from 0.260 

J/kg for level running to 0.007 J/kg for running up a 9º incline. 

For 2.5 m/s
 
and 3.0 m/s similar decreases were observed. We 

fitted a curve exponentially decreasing with incline, to the 

COM kinetic energy fluctuation per step normalized to body 

mass and running velocity (ΔEkin = ΔEkin_level·e
-γ·sin(θ)

). 

  

Net metabolic Cost of Transport (CoT) data (mean±SD) for all 

participants are shown in Figure 1 for different inclines. We 

calculated the best fit to the net CoT according equation 1. We 

forced the decay constant λ to be equal to γ, the decay constant 

of the COM kinetic energy data. Best-fit parameters for the 

metabolic rate data indicate that EffvCOM was independent of 

incline and running velocity, with a value of ~25-30%. 

 

Additionally, we calculated values for vertical efficiency for 

our metabolic data using the traditional approach, which is 

based on an assumed constant CoT of parallel running. Those 

values decrease with incline, which indicates that a model 

based on this assumption is inconsistent. Conceptually, EffvCOM 

should remain constant and be close to the efficiency of 

concentric contracting muscle, as the increase in potential 

energy of the body in uphill locomotion can only be done by 

active concentric muscle work, and since passive elastic 

mechanisms can only return energy stored previously in a step 

[8]. Our model, based on a cost of parallel running that 

decreases with incline, however, results in an efficiency that is 

constant, independent of incline and similar to reported values 

of efficiency of concentric contracting muscles.  
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Figure 1: Net metabolic Cost of Transport (CoT) for different 

inclines and velocities (mean±SD). CoT is the net metabolic 

cost per meter travelled parallel to the running surface. The 

solid line is the best fit curve of the net CoT. 

 

CONCLUSIONS 

We have shown that the metabolic cost of uphill running is not 

simply equal to the sum of the cost of level running and the 

cost of performing work to lift the body mass against gravity. 

Rather, the cost of parallel running appears to decrease with 

incline while the efficiency of lifting the center of mass 

remains constant and similar to the maximum efficiency of 

concentric muscle shortening.  
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Table 1: Different test conditions (velocity and incline angle) for the GRF and metabolic measurements. 

Incline angle (degrees) Velocity (m/s) 

 2 2.5 3 

GRF measurements  0, 9 0, 9 0, 9 

Metabolic measurements  0, 1, 2, 3, 4, 6, 8 0, 1, 2, 3, 4 0, 1, 2, 3, 4 

 


