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Abstract

A previously developed joint-space metabolic energy expenditure (MEE) model includes
subject-specific parameters and was validated using level walking gait data. In this work, we
determine how well this joint-space model performs during various walking grades (-8%,
0%, and 8%) at 0.8 m-s " and 1.3 m-s "' using published gait data in the literature. In
response to those results, we formulate an optimization problem and solve it through the
particle swam method plus fmincon function in MATLAB to identify a new optimal weighting
parameter set for each grade that produces more accurate predicted MEE and we compare
our new findings with seven other MEE models in the literature. The current study matched
the measured MEE the best with the lowest RMSE values for level (0.45 J-kg '-m ™)

and downhill (0.82 J-kg ~'-m ") walking and the third lowest RMSE value for uphill

(1.56 J-kg "'-m ") walking, where another MEE model, Looney et al., had the lowest RMSE
for uphill (1.27 J-kg ~'-m *') walking. Bland-Altman plots and three independent-samples
t-tests show that there was no statistical significant difference between experimentally mea-
sured MEE and estimated MEE during the three walking conditions, meaning that the three
new optimal weighting parameter sets can be used with 6 degree of freedom (DOF) lower
extremity motion data to better estimate whole body MEE in those scenarios. We believe
that this work is a step towards identifying a single robust parameter set that allows for accu-
rate estimation of MEE during any task, with the potential to mitigate a limitation of indirect
calorimetry requiring lengthy steady state motion.

1. Introduction

The ability to estimate metabolic energy expenditure (MEE) is desirable for many reasons.
This measurement could inform physical laborers on when to stop a particular task, especially
for those in the military. Gaining insight on how much energy a task requires could also pin-
point how much sustenance would be needed for the individual to achieve those goals. The
ability to compare MEE between tasks would also be helpful. For example, a variety of lifting
techniques could be evaluated to see which lifting task requires the least amount of energy,
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therefore, potentially identifying the most ergonomic and cost-effective approach to the lifting
task.

Experimental measurement of MEE can be done via indirect calorimetry which estimates
MEE based on oxygen uptake. However, a shortcoming of indirect calorimetry measurement
is that it is limited to steady state tasks such as walking or cycling [1]. As an alternative, a vari-
ety of methods have been developed that estimate MEE in the literature. Some approaches
involve calculating mechanical work based on body segment and center of mass motion [2, 3],
consider mechanical work and locomotion efficiency [4], and predict optimal expenditure
depending on the locomotion [5]. In this work, we focus on three types of MEE models:
empirical predictive equations, muscle-space-based, and joint-space-based.

Empirical predictive equation formulations are typically simplistic, where whole body met-
abolic energy consumption is estimated by using few input variables. Some depend only on
grade [6], while others are a function of a combination of speed, grade, load carriage, body
mass, terrain coefficients, and oxygen consumption [7-10]. These models can be very accurate
when applied and they are easy to use, but they are limited to the specific task that they are vali-
dated for like walking or running and cannot always account for tasks beyond that scope.

Muscle MEE models define MEE by utilizing the first law of thermodynamics, where MEE
is a summation of mechanical work and heat liberation. Many muscle-based MEE models
exist [11, 12] and some are even included as an analysis plug-in [13, 14] for the published mus-
culoskeletal modeling software OpenSim [15], which allows researchers to easily estimate
MEE based on their muscle simulation results. These MEE models rely on the Hill-Type
model [16] which functions according to muscle lengths, muscle activations, and muscle stim-
ulation. As a result, muscle-based MEE models require detailed muscle information and some
estimation of muscle activity for a specific task to calculate MEE, which can sometimes be chal-
lenging to obtain.

Joint-space-based MEE models are derived from muscle MEE models but are framed in the
joint-space instead of the muscle-space [17, 18]. Using a muscle-space model often requires
muscle simulations that can be determined via optimization [19, 20]. The optimization uses
joint moments to determine each muscle’s contribution to a body segment’s motion. Joint-
space-based models eliminate the need for the muscle activation prediction and muscle infor-
mation, and instead rely on commonly acquired motion data such as joint kinematics and
ground reaction forces which uses motion capture in combination with force plates to calcu-
late joint moments. The motion data allows for greater subject specificity as opposed to using
empirical equation formulas which use simple measurements for height and weight but do not
account for more detailed anthropometric differences between participants such as body seg-
ment lengths. Considering this, joint-space-based models require less information than is
needed for muscle-space models yet provides a more subject specific MEE estimation than is
provided by empirical equations.

A previous study compared seven MEE models (6 muscle-space-based and 1 joint-space-
based) and found that muscle-based MEE models performed better than the joint-based
model [21]. The joint-based model they used was developed by Kim and Roberts [17]. Since
then, an enhanced version of that model was developed which incorporates subject-specific
heat coefficients when calculating MEE instead of the more generalized coefficients used in its
predecessor [18]. Roberts et al. [18] determined these heat coefficients using only level walking
data and it has not been tested in other motion scenarios, such as uphill or downhill walking.
Therefore, the original weighting parameter set may not be suitable for tasks beyond level
walking and its performance under different circumstances has not yet been investigated. This
joint-space model has the potential to estimate a larger range of tasks beyond the typical steady
state scenarios previously mentioned. However, until we gain confidence in a robust
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parameter set that can be used for a broader range of tasks, continued testing of steady state
tasks is needed before advancing to more complex, non-steady state situations. Therefore, this
work is a first step towards exploring beyond steady-state walking on level ground as the Rob-
erts model was originally validated for by testing the model with various inclines.

The foundation of this work is built on the previously validated MEE model developed by
Roberts et al. [18]. In this model, the generalized heat rate coefficients incorporate weighting
parameters and subject-specific parameters which include subject mass, height, age, and maxi-
mum knee torque. The coefficient weighting parameters are identified by solving an optimiza-
tion problem which minimizes the root-mean-square error (RMSE) between measured and
model-estimated MEE. Their work was validated for level walking at various speeds, but uphill
and downbhill walking was not considered. In this work, we determine how well Roberts’
model performs during level, uphill, and downbhill walking at two walking speeds using pub-
lished gait data. In response, new weighting parameter sets that would result in a more accu-
rate metabolic energy consumption estimation are identified by solving a similar optimization
problem through the particle swam method plus finincon function in MATLAB. Finally, we
compare our new results to the results found by using empirical predictive equation, muscle-
spaced-based, and joint-space-based MEE models.

2. Method
2.1 Subjects

Published gait data of 12 healthy subjects are used in this study and subject information is
listed in Table 1 [22]. The data set is split into a training group and a validation group. The
training group contains 8 participants that are used in the weighting parameter optimization
process. The validation group contains 4 participants that are used to demonstrate the success
of the new parameter set found through the optimization procedure. A student’s t-test is used
to ensure that the training and validation group do not have any statistical differences in mass,
height, and age.

2.2 Data collection

As described in previous work [21], the participants were asked to perform six walking trials
with varying speed (0.8 m-s ' and 1.3 m-s ') and grade (-8%, 0%, and 8%) conditions. The
order of trials was randomized. Pulmonary gas exchange rates were measured during all walk-
ing trials and was used to calculate measured metabolic rate (W-kg '). Koelewijn et al. [21, 22]
used a motion capture system and force plates to collect kinematic and kinetic data. All raw
and processed experimental data were available online. The processed joint velocities, joint
moments, and measured metabolic rates are used in this study. Gait cycles are averaged for
each walking condition and resampled to 100 data points. The data contain 6 degrees of

Table 1. Subject information for training and validation [22].

Group Subjects
Training 1,3,10,11
2,5,6,7
Validation 4
8
9
12

https://doi.org/10.1371/journal.pone.0267120.t001

Sex Mass (kg) Height (m) Age (yrs)
Male 74.72 £14.73 1.80 £ 0.08 25.00 £5.94
Female 64.30 £9.32 1.68 £ 0.08 22.25+3.95
Male 90.58 1.72 34
Male 59.25 1.70 25
Female 68.72 1.70 20
Female 67.28 1.69 21
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freedom (DOFs) which include hip flexion, knee flexion, and ankle dorsiflexion, bilaterally, as
shown in Fig 1. The measured metabolic cost (J-kg '-m ') for each trial is calculated through
dividing the metabolic rate (W-kg ') by the walking speed (m-s ).

2.3 Joint-based metabolic energy expenditure model

This study uses a metabolic energy consumption model which calculates MEE based on joint
moments and joint angular velocities [18]. The intention of this paper is not to define a new
MEE model, but to identify new weighting parameter sets that allow the model to handle new
walking scenarios. Therefore, we will briefly describe the theory for Roberts’ model, but more
details can be found in the original paper. The metabolic energy expenditure rate (W) as a

function of time, E™*(t), is defined by the following equation:
E™(1) = W"(1) + U'(1) — Q™(¢) + E°(1) (1)

W is the work rate done by non-conservative internal forces, U is the internal thermal
energy, Q" is the heat transfer rate across the system boundary, and E° is the metabolic energy
that is not related to muscles. Individually, each component can be expanded as follows. First,

Wit is defined by the summation in Eq (2):
() = 3 50,00 )

7,(t) is the joint torque and g,(¢) is the joint velocity at the ith DOF. # is the total number of
DOF in the human model. Next, U* — Q*' represents the heat exchanges occurring within the
body and are defined by the summations in Eq (3):

U(r) (1) = 3 b (0] + 30 b (0),0) (3)

h{" is the heat coefficient associated with joint actuator torque and torque-dependent co-con-

traction. h!' is the heat coefficient associated with joint mechanical power. Lastly, E° is the met-
abolic energy that is not related to muscles, i.e. basal metabolic rate. The heat coefficients, h}"

and h are formulated as follows:

,L.max N .
B = (W + WM + wim A + Wit H) (1 + wi" jﬂ'ﬁ;jﬁ”“*) (i=1,...,n) (4)
knee
B = (W +w/M+ wjA + wiH) <1 + ijsz-m> (i=1,...,n) (5)
knee

M, A, H, and 1} represent the participant’s mass, age, height, and measured maximum knee tor-
que, respectively. The published gait data did not include measured maximum knee torque for
each participant, therefore we chose to estimate a maximum knee torque for men and women
based on the averages found in Roberts’ original work, where men averaged 212.4 N-m and

women averaged 107.6 N-m. 7' is the average human’s maximum knee torque and 7"** is the

knee
average human’s maximum i* torque. w = [w®", w® w2 e w wi wi wd, wi, wi]" repre-
sent the weighting parameters, which were solved by Roberts et al. [18] as shown in Table 2.

2.4 Optimization formulation

As described by Roberts et al. [18], the weighting parameters were estimated by minimizing a
least squares problem. Similarly, this study calculates a new set of weighting parameters that
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Fig 1. 6 DOF model.
https://doi.org/10.1371/journal.pone.0267120.g001
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Table 2. Original weight parameter estimation for level walking from Roberts et al. [18] without normalization.

wy" —2.27 x 107
wi" —6.40 x 1077
Wy 1.61 x 10°°
wy" 1.43 x 107"
Wy 9.79 x 107"
w 3.45 x 107
wi 1.07 x 10~
Wi —1.46 x 10”
wi" 1.82 x 10"

wi —6.97 x 107°

https://doi.org/10.1371/journal.pone.0267120.t002

could better estimate level, uphill, and downhill walking. The design variables are w =
[weam wom wam wem wim et wd wd wsd ws]" for each of the walking conditions. The cost func-
tion used in our study is described in Eq (6):

f=\—x— (6)

E"™ represents the measured experimental energy expenditure and E™ represents the energy
expenditure estimated from the model, and N represents the number of data points.

In response to the irreversibility of heat dissipation, it is assumed that both heat coefficients
must be non-negative. Therefore, the following inequality constraints are enforced:

wo" + WM+ wi"A+wi"H > 0 (7)

wi + wiM + wyA + wiH > 0 (8)

1+WT(%%>ﬁmzoazLuqm 9)
knee

1Hﬁ<%§)ﬁ“200_1,”m) (10)
Tknee

Metabolic energy expenditure does not recharge via negative joint work; therefore, the fol-
lowing constraint is employed in Eq (11).

©(1)4,(6) + B[ (1) + (04, (0)] = 0 (1= 1,....,n for V) (11)

Lastly, the total MEE is considered non-negative and bounded by the subject-specific maxi-
mum oxygen uptake (maximum VO,). Although maximum VO, can be estimated using age
and resting heart rate [23, 24], resting heart rate was not provided with the published data
from Koelewijn et al. [22]. Therefore, we chose to alter this constraint by bounding the calcu-
lated total MEE by an estimated maximum MEE, E™*, which we chose to be 110-115% of the
measured MEE. The final constraint is defined in Eq (12):

0 S EM S Emax (12)

Three optimizations were carried out via the MATLAB functions particleswarm and fmin-
con using a personal computer (Intel Core i7-8750H CPU @ 2.20GHz with 16.0 GB RAM) to
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identify three new parameter sets for level, uphill, and downhill walking, respectively. A swarm
size of 100 was used and no upper or lower bounds were enforced. The particle swarm optimi-
zation would terminate when the relative change in the best objective function value was less
than the default function tolerance (10~°). The results from the particle swarm optimization
were used as the initial parameter values for the fimincon optimization. Default settings were
used for fimincon optimization where function tolerance was 10~° and the results from the
fmincon optimization were used as the new parameter sets for the validation group to assess fit
for the three walking conditions.

2.5 Statistical design and analysis

An independent-samples t-test is performed using SPSS to determine if there are any statistical
differences in mass, height, and age between the training and validation groups. No outliers
are identified via boxplots and both groups are normally distributed as assessed by Shapiro-
WilK’s test, p > 0.05. Homogeneity of variance, as assessed by Levene’s test, is present in mass
(p = 0.744) and age (p = 0.791) but could not be assumed for height (p = 0.031), therefore a
Welch t-test is used for height [25].

A RMSE calculation, Bland-Altman plots, and independent-samples t-tests are used to
assess how well the MEE results from the validation group matched the experimental measure-
ments for level, uphill, and downhill walking. When comparing the measured MEE to the esti-
mated MEE for the three walking conditions using the t-test, there were no outliers identified
via boxplots and all groups were normally distributed as assessed by Shapiro-Wilk’s test,

p > 0.05. Homogeneity of variance, as assessed by Levene’s test, is present in the three walking
conditions, p > 0.05.

In addition to calculating the RMSE for the current model, seven other MEE models are
included for comparison. These included two muscle-based models [13, 14], three empirical
predictive equations [7-10], and two joint-based models [17, 18]. The two muscle-based models
are chosen because they are readily available within the OpenSim software which means that
they are easily accessible to users. The three empirical predictive equations are included in the
comparison because they have not been previously compared to both muscle-based and joint-
based MEE models and they are the easiest to use. The two joint-based models are included to
demonstrate the progression of the MEE model development up to the current study.

The muscle-based models and Kim and Roberts [17] were previously calculated via the
published data. Therefore, the results from the Koelewijn database were directly used to calcu-
late RMSE of the validation group for the muscle-based models and Kim’s model without
manually calculating the energy consumption ourselves. Originally, Koelewijn reported net
MEE calculations in the dataset, therefore we added basal metabolic rate (BMR) to the two
muscle-based models and Kim’s model by using the Harris-Benedict equation [26]. The origi-
nal parameter set from Roberts was used and RMSE was calculated for that group. Again,
because we did not have measured maximum knee torque for each participant, we estimated
those values. The empirical predictive equations were used to calculate the MEE for the valida-
tion group, and we assumed a terrain coefficient equal to 1 since the published gait data used a
treadmill. More information on these models can be found in the S1 File.

3. Results
3.1 T-test for verification and validation groups

The results from the independent-samples t-test show that there is no significant statistical dif-
ferences in mass (£(10) = -0.245; p = 0.811), height (#(7.449) = 1.142; p = 0.289), or age (#(10) =
-0.417; p = 0.685) between the verification and validation groups.
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Table 3. Optimization initial values for weighting parameters found via particle swarm.

Level Uphill Downbhill
wim —1.30 x 10° —3.27 x 10° —2.64 x 10°
Wi 1.05 x 10° 1.28 x 10° 7.05 x 10
wam —2.76 x 10° —1.12 x 10° —1.13 x 107
wan 4.16 x 10° —1.34 x 10° 3.76 x 10°
Wy 8.70 x 10’ 4.69 x 10 1.06 x 10°
wi —1.24 x 10° —1.84 x 10° 8.52 x 10"
wy 3.16 x 10° —2.33 x 10° —2.93 x 10°
Wy 5.51 x 10" 2.71 x 10° —4.10 x 10
wi" —7.39x 107 —5.52 x 107 —5.55 x 107
wi -7.01 x 107° -5.91 x 107* —7.44 x 107

https://doi.org/10.1371/journal.pone.0267120.t003

3.2 Parameter sets

Three new weighting parameter sets are identified by separately solving three optimization
problems dealing with level, uphill, and downhill walking. Each weighting parameter set is cal-
culated by enforcing constraints that pertained to their respective walking condition and mini-
mizing the objective function, using only the trials for that specific condition (8 total trials per
condition). The weighting parameters, the design variables within the optimization, were not
restricted to any upper or lower bounds. The E™* for level walking and uphill walking at both
speeds is set to 110% of measured MEE. The E”** for downhill walking at 1.3 m-s™* and 0.8
m-s™ is set to 115% and 110% of measured MEE, respectively. The initial parameter set values
used for the fmincon optimization setup and final optimal weighting parameter sets can be
seen in Tables 3 and 4.

3.3 RMSE calculation for all models

After the parameter sets are identified for each walking case, they are used to evaluate the vali-
dation group’s energy expenditure using the joint-based MEE model. These joint-space model
results are compared to the MEE estimations from other MEE models and measured MEE as
shown in Fig 2. In Table 5, the validation group (4 subjects) RMSE values between the mea-
sured and estimated MEE for each model and each condition is calculated, including the

Table 4. Optimal weighting parameter set values for each condition.

Original (Roberts et al., 2016)

wy™" —2.27 x 10
wam —6.40 x 10
wam 1.61 x 10~
wam 1.43 x 10~
w 9.79 x 10~
w! 3.45 x 10~
w 1.07 x 10~
wi! —1.46 x 10~
wam 1.82 x 10"
wy —6.97 x 10~

https://doi.org/10.1371/journal.pone.0267120.t004

Level Uphill Downhill
- 4.49 x 10° 9.31 x 10° —8.94 x 107"
- 1.35 x 107? —1.64 x 107? —4.87 x 107°
6 —4.87 x 107* —1.06 x 107" —8.82 x 107°
: —1.39 x 10° —2.10 x 10° 8.77 x 107"
! —1.46 x 10° —9.03 x 10° 1.97 x 10°
4 —1.44 x 107? 3.95 x 1072 4.37x 107"
2 3.55 x 107* 2.00 x 107" 4.67 x 107
! 1.75 x 10° 2.11 x 10° —9.76 x 107"
—6.64 x 107 7.68 x 107 3.02 x 107
5 2.32 x 107° —2.24 x 107° —1.17x 107°
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(a) Level Walking (b) Uphill Walking (c) Downhill Walking
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Fig 2. MEE model comparison and error bars represent + 1 SD: (a) Level walking, (b) uphill walking, and (c) downhill walking.
https://doi.org/10.1371/journal.pone.0267120.g002

RMSE for all conditions. Table 6 also includes the training group and the validation group
RMSE values for each of the three walking conditions and the RMSE values for all condition.

For level walking, the average measured walking MEE is 4.60 + 0.49 J-kg '-m "' Our study
had the highest average calculation (4.68 + 0.60 J-kg “L.m 1) and Roberts has the lowest average
calculation (2.58 £ 0.18 J-kg Tm ™). Kim (2.80 + 0.19 J'kg “L.m ), like Roberts, largely under-
estimated the MEE measurement. The muscle-based models, Bhargava (3.00 + 0.31 J-kg ™
1 and Umberger (3.36 + 0.48 J-kg L.m ™), also underestimate MEE and do not fall within the
range of the measured MEE. The three empirical models, Pandolf (3.09 + 0.02 J-kg Tm™),
Ludlow (3.16 £ 0.35 J-kg Tm), and Looney (3.72 + 0.44 J-kg “L.m ), underestimate mea-
sured MEE. This study has the closest agreement and falls within the range of the measured
MEE with a RMSE of 0.45 J-kg '-m ",

During uphill walking, the average measured walking MEE is 7.02 + 0.99 J-kg *-m . Our
study has the highest estimation (7.91 + 0.86 J-kg "'-m ™) and Roberts has the lowest estimation
(2.89 +0.44 J-kg "m "). Kim (3.59 + 0.25 J-kg "'-m '), Bhargava (4.08 + 0.47 J-kg '-m ™),
Umberger (4.08 + 0.53 J-kg "-m '), Ludlow (5.43 + 0.22 J-kg "-m "), and Pandolf (5.89 + 0.02
J'kg “L.m 1) each underestimate the measured MEE. Looney (6.12 + 0.44 J-kg Lm Y also
underestimates the measured MEE, although part of its range overlaps with the measured with
a RMSE of 1.27 J-kg ""-m ™. Our study overestimates MEE but our range overlaps with the
measured MEE with a RMSE of 1.56 J-kg '-m .

The average measured metabolic cost during downhill walking is 3.68 + 0.62 J-kg '-m
Our study (3.46 + 0.89 J-kg ""-m ') has the highest estimation of MEE and Bhargava
(2.05+0.25 J-kg "-m ") has the lowest estimation of MEE. Kim (2.57 + 0.27 J-kg "'-m '), Pan-
dolf (2.29 £ 0.11 J-kg Lm ™), Ludlow (2.61 + 0.34 J-kg Tm), and Bhargava all greatly under-
estimate MEE. Umberger (2.83 + 0.48 J-kg “L.m 1), Roberts (2.96 + 0.43 J-kg Im™), and
Looney (2.76 + 0.34 J-kg "-m ™) also underestimate MEE, but their ranges overlap with the
range of the measured MEE. Our study underestimated MEE, but our range encompasses the
measured MEE with a RMSE of 1.05 J-kg "-m .

-1

Table 5. Validation group (4 participants) RMSE values (J-kg '-m ™) for each model during level, uphill, and downhill walking.

Model Level Uphill Downbhill (N = 8) All Conditions (N = 24)
(N=8) (N=8)

Kim 1.83 3.54 1.20 2.40
Roberts 2.06 4.31 0.92 2.81
Looney 0.95 1.27 1.05 1.10
Ludlow 1.48 1.86 1.17 1.53
Pandolf 1.58 1.46 1.53 1.52
Bhargava 1.67 3.04 1.73 2.24
Umberger 1.32 3.06 1.01 2.01
This Study 0.45 1.56 0.82 1.05

https://doi.org/10.1371/journal.pone.0267120.t005
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Table 6. Training group (8 participants) and the validation group (4 participants) RMSE values (J-kg "-m ') during level, uphill, and downhill walking.

Group Level Uphill Downhill All Conditions
Training 0.41 0.68 0.46 0.53
(N =16) (N =16) (N=15) (N =47)
Validation 0.45 1.56 0.82 1.05
(N=8) (N=8) (N=38) (N =24)

https://doi.org/10.1371/journal.pone.0267120.t006

3.4 Bland-Altman plots and T-test

The Bland-Altmann plots in Fig 3 show how closely the current study estimates MEE com-
pared to the measured MEE. For level walking, the plot shows a bias of -0.08 J-kg "-m " and
all data points fall within the 95% limits of agreement. The plot for uphill walking shows a bias
of -0.89 J-kg ':m "' and all but one data point fall within the 95% limits of agreement. Finally,
the downhill walking plot shows a bias of 0.21 J-kg ""-m ™" and all data points fall within the
95% limits of agreement.

Our independent-samples t-test results showed that there were no statistical differences
between the measured and estimated MEE values for level (#(14) = -0.292, p = 0.774), uphill (¢
(14) = -1.919, p = 0.076), or downhill walking (#(14) = 0.556, p = 0.587).

3.5 Respiratory exchange ratio values during walking trials

It is important to ensure that respiratory exchange ratio (RER) values remain in bounds of 0.7
to 1.0 when calculating metabolic rate. Koelewijn et al. [21] stated that they used the average
respiratory quotient over the time for each trial where the first three minutes of walking data
were discarded. We have replicated those average RER values using the raw data provided by
Koelewijn’s dataset for each trial in Table 7.

4. Discussion

The results from the optimal weighting parameter set provided interesting results. It was antic-
ipated that the level walking parameter set would closely align with the original parameter set
because Roberts et al. [18] validated their model under a similar walking condition. Instead,
the weighting values had some differences. Specifically, parameters w2, w4™, wy and, w}
increased in value from the original parameter values while the others decreased in value. The
values may have altered in response to our gait data including only 6 DOF (lower extremities)
instead of 42 DOF (whole body), as in Roberts’ original work. The uphill and downbhill param-
eter sets do not have any frame of reference for comparison, but some trends can be identified

among the three conditions. First, there is a consistent increase in value from downhill to level

(a) Level Walking (b) Uphill Walking (c) Downhill Walking
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Fig 3. Bland-Altman Plots for Measured MEE and Estimated MEE: (a) Level walking, (b) uphill walking, and (c) downhill walking. The solid blue line
represents the bias and the dashed red lines represent the 95% limits of agreement about the bias + 1.96-SD.

https://doi.org/10.1371/journal.pone.0267120.9003
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Table 7. Average RER values (non-dimensional) for each trial from Koelewijn et al. [22]. Note that there is no data for Subject 11 during downhill walking at 1.3 m-s '

as it was not available in the dataset.

Subject Level Level Uphill Uphill Downhill Downbhill

1.3ms ™! 0.8m-s ' 1.3ms ™! 0.8m-s ! 1.3ms ™! 0.8m-s !
1 0.83 0.87 0.83 0.87 0.87 0.90
2 0.78 0.81 0.84 0.81 0.75 0.81
3 0.82 0.92 0.91 0.95 0.80 0.92
4 0.76 0.77 0.82 0.77 0.77 0.78
5 0.84 0.78 0.83 0.83 0.80 0.77
6 0.80 0.79 0.83 0.80 0.81 0.77
7 0.84 0.81 0.84 0.81 0.85 0.88
8 0.91 0.92 0.96 0.90 0.92 0.86
9 0.82 0.83 0.85 0.79 0.84 0.84
10 0.82 0.84 0.85 0.82 0.86 0.84
11 0.74 0.75 0.81 0.74 N/A 0.81
12 0.75 0.74 0.81 0.78 0.77 0.77

https://doi.org/10.1371/journal.pone.0267120.t007

to uphill for parameters w%" and wi. Additionally, there is a consistent decrease in value from
downhill to level to uphill for parameters w5™, wi" and w;]. The remaining parameters do not
have any recognizable pattern.

The empirical predictive equations, Looney, Ludlow and Pandolf had RMSE values which
ranged from 0.95 to 1.86 J-kg '-m "'. All empirical predictive equations underestimated the
measured MEE values and followed a consistent trend of increasing MEE estimation when
adjusting from downbhill to level to uphill, which is consistent with the measured MEE trend.
Out of the three empirical models, Looney had the best overall performance for all three walk-
ing conditions with a RMSE values of 1.10 J-kg "'-m ™" for all conditions. Further, Looney had
the most accurate estimation for uphill walking out of all models tested in this study. This
trend aligns with what was seen in Looney’s original paper where their predictive equation had
the least bias in accuracy and precision of MEE estimation when compared to Pandolf’s equa-
tion [8]. The underestimation of MEE from the empirical predictive equations was unexpected
as previous publications showed close agreement with experimental measurements. This leads
us to believe that it is possible that the experimental measurements from Koelewijn could be
overestimations of MEE. One key advantage to using empirical predictive equations is the
wide range of walking conditions which can include more extreme grades and various walking
speeds. In addition, a carrying load can be taken into consideration. Despite these positive
attributes, these types of models are still limited to only walking. Therefore, the shortcoming
of these models would be that they are too general to use for activities beyond walking but are
useful for quick calculation and estimation of energy consumption during a walking activity.

The muscle-based models, Bhargava and Umberger, consistently underestimated MEE, but
Umberger had better overall performance during level and downhill walking. The current
study utilized a 6 DOF model that contained information for eight major muscles bilaterally
within the lower extremity but did not include musculature for the trunk or arms which may
explain the underestimated MEE calculation when using the muscle-based models. An advan-
tage of using the muscle-based MEE models is that it allows the user to break down MEE by
muscle and by joint, but it appears that it may not be capable of estimating whole body MEE
without muscle information throughout the body.

Surprisingly, the joint-based models, Kim and Roberts, had good agreement during down-
hill walking despite both being validated for level walking. They had the largest RMSE for the
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uphill and level walking conditions across all models tested in this work. Some reasons for this
misalignment could be that only 6 DOFs were observed which was reflected in the underesti-
mations of MEE, although Kim was originally validated with only lower extremity walking
data. In addition, when we calculated MEE using Roberts’ original weighting parameter set,
we used the same estimated maximum knee torque according to sex as we did for the current
work. This lack of subject-specificity might explain why Roberts’ model did not perform as
well as it could have. In addition, the inclusion of subject-specific parameters was meant to
give Roberts’ an edge on its predecessor, but Kim’s model was more accurate during level and
uphill walking.

The new weighting parameter sets from this study had the best overall performance with a
RMSE value of 1.05 J-kg "'-m ™' for all conditions. The model overestimated MEE during level
walking, but its range aligned well with the measured MEE values as shown by its RMSE of
0.45 J-kg "-m "". The Bland-Altman plot for level walking (Fig 3A) shows that the new parame-
ter set of level walking for estimating MEE can be reasonably comparable to the measured
MEE found through indirect calorimetry. The model overestimated MEE during uphill walk-
ing and had a range that deviated more than the ranges during level and downbhill walking, as
shown by its RMSE of 1.56 J-kg "-m "'. Of all the models included in this study, the joint-space
model with the new parameter set of uphill walking had the third lowest RMSE. The Bland-
Altman plot for uphill walking (Fig 3B) has the largest bias among the three walking conditions
and one out of the eight data points falls just outside of the limits of agreement. Despite that,
the plot shows good agreement between the measured MEE and the estimated MEE values.
During downhill walking, the model underestimated MEE and maintained good agreement
with the measured MEE range as indicated by its RMSE of 0.82 J-kg '-m "'. The Bland-Altman
plot for downhill walking (Fig 3C) shows that the new parameter set of downhill walking for
estimating MEE can be reasonably comparable to the measured MEE. Lastly, our t-test results
support that the differences between the measured MEE and the estimated MEE values are not
statistically significant for each condition.

In Roberts’ original paper, it is stated that the parameter set identified was calculated using
level walking data, but that it should be capable of evaluating other tasks without altering those
values. In this study, we found that the original parameter set did not perform well when using
our 6 DOF lower extremity motion dataset for level walking, nor for uphill or downhill walk-
ing. Recall that the original parameter set was validated with a 42 DOF full-body data set dur-
ing level walking. It is possible that the original parameters from Roberts’ paper could have
performed better if a 42 DOF dataset had been evaluated. Considering this, the three new opti-
mal parameter sets found in this study may be considered suitable for level, uphill, and down-
hill walking when using a 6 DOF model.

This study has the following limitations. First, the published data used in this work only
included joint moments and velocities for 6 DOFs. Roberts’ model was originally validated
using a 42 DOF model within Visual3D software (C-Motion, Germantown, MD, USA), cap-
turing full body motion. While the results from our optimization is promising, it is reasonable
to assume that a different parameter set could be identified when using 42 DOF data that
would result in more accurate estimations of MEE. Regardless, our results align closely with
the values from whole-body measurements via calorimetry. Therefore, it is reasonable to say
that the parameter sets we have identified are sufficient to predict whole-body MEE while
walking under the conditions described in this study if only 6 DOFs (in the lower extremities)
are available. In addition, in this work we chose to estimate maximum MEE for each partici-
pant trial in response to not having access to resting heart rate from the published data, mean-
ing that we could not estimate maximum VO,. In Roberts’” work, the maximum VO, is the
maximum possible oxygen uptake just before total exhaustion and they use it to estimate the
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maximum energy expenditure possible for the given task duration. It is sensible to presume
that this estimated maximum MEE should be much higher than the measured MEE during a
comfortable energetic task such as walking. The values we chose during optimization ranged
from 10% to 15% larger than measured MEE. Although we made this estimation, the parame-
ter sets found still produce promising results. Another limitation in this work includes the esti-
mation of maximum knee torque for each participant. In Roberts’ work, the maximum
isometric extension torque of the knee was experimentally measured for each participant. This
maximum knee torque was intended to make the MEE calculation more subject-specific.
Again, this measurement was not collected by Koelewijn et al. [22] in their data, therefore we
estimated the value for maximum knee torque by sex. While this could be considered a crude
estimation, our results demonstrate that this method is sufficient for a reasonable estimation
of MEE under these circumstances. Lastly, this work has the small sample size for each walking
condition for validation (n = 8). We were able to identify another open-source study that pro-
vided the necessary kinematics, kinetics, and measured metabolic expenditure, however, it
would have provided us with a smaller total number of participants [27]. The data used in this
study is the largest and best suited data set known to the authors.

5. Conclusion

In this work, we were able to identify three new optimal weighting parameter sets which can
be used with 6 DOF lower extremity motion data to better estimate whole body MEE in differ-
ent walking conditions. In our comparison, a variety of models perform differently under dif-
ferent walking conditions. The new optimal parameter sets that we found produced the lowest
RMSE for level and downhill walking and the third to lowest RMSE for uphill walking. Fur-
ther, there was no statistical difference between the measured MEE and the estimated MEE
using the new parameter sets for the three walking conditions. The process of identifying these
parameter sets via optimization leads us to believe that other parameter sets can be found for
other tasks with varying availability of DOFs motion data. We believe that this work is a step
towards identifying a single robust parameter set that allows for accurate estimation of MEE
during any task, with the potential to mitigate a limitation of indirect calorimetry requiring
lengthy steady state motion. Future work should include continued testing of Roberts’ model
with a larger full-body (42 DOF) dataset as well as an expansion of tasks such as running, lift-
ing, climbing, and jumping. In addition, the incorporation of extreme temperature and its
influence on MEE could be explored and implemented in the joint-space MEE model.

Supporting information

S1 File. Metabolic energy consumption models. Describes each of the metabolic energy con-
sumption models used within this study.
(DOCX)

Acknowledgments

We would like to thank Dr. Joo H. Kim (New York University) and Dr. Anne Koelewijn (Uni-
versity of Erlangen-Nuremberg) for their availability in answering questions concerning their
publications that we used as the foundation of this work.

Author Contributions

Conceptualization: James Yang.

PLOS ONE | https://doi.org/10.1371/journal.pone.0267120  April 14, 2022 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0267120.s001
https://doi.org/10.1371/journal.pone.0267120

PLOS ONE

Heat coefficients for joint-space metabolic energy expenditure model

Data curation: Jazmin Cruz.

Formal analysis: Jazmin Cruz.

Funding acquisition: James Yang.

Investigation: Jazmin Cruz.

Methodology: James Yang.

Supervision: James Yang.

Writing - original draft: Jazmin Cruz.

Writing - review & editing: James Yang.

References

1.

10.

1.

12.

13.

14.

Glass S, Dwyer GB. ACSM'’s metabolic calculations handbook. ACSM’s Metabolic Calculations Hand-
book. Lippincott Williams & Wilkins; 2006. 1-111 p.

Minetti AE, Ardigo LP, Saibene F. Mechanical determinants of the minimum energy cost of gradient run-
ning in humans. J Exp Biol. 1994; 195(November 1994):211-25. https://doi.org/10.1242/jeb.195.1.211
PMID: 7964412

Minetti AE, Ardigo LP, Saibene F. Mechanical determinants of gradient walking energetics in man. J
Physiol. 1993; 472(1):725-35. https://doi.org/10.1113/jphysiol. 1993.sp019969 PMID: 8145168

Margaria R. Positive and negative work performances and their efficiencies in human locomotion. Int
Zeitschrift fir Angew Physiol EinschlieBlich Arbeitsphysiologie [Internet]. 1968 Dec [cited 2021 Sep 20];
25(4):339-51. Available from: https://link.springer.com/article/10.1007/BF00699624 PMID: 5658204

Ardigo LP, Seibene F, Minetti AE. The optimal locomotion on gradients: Walking, running or cycling?
Eur J Appl Physiol. 2003; 90(3—4):365—71. https://doi.org/10.1007/s00421-003-0882-7 PMID:
12898263

Minetti AE, Moia C, Roi GS, Susta D, Ferretti G. Energy cost of walking and running at extreme uphill
and downhill slopes. J Appl Physiol [Internet]. 2002 [cited 2021 Mar 2]; 93(3):1039-46. Available from:
https://pubmed.ncbi.nim.nih.gov/12183501/ https://doi.org/10.1152/japplphysiol.01177.2001 PMID:
12183501

Santee W, Blanchard L, Speckman K, Gonzalez J, Wallace R. Load carriage model development and
testing with field data. Natick, MA: U.S. Army Research Institute of Environmental Medicine
ADA#415788; 2003.

Looney DP, Santee WR, Hansen EO, Bonventre PJ, Chalmers CR, Potter AW. Estimating Energy
Expenditure during Level, Uphill, and Downhill Walking. Med Sci Sports Exerc. 2019; 51(9):1954—-60.
https://doi.org/10.1249/MSS.0000000000002002 PMID: 30973477

Pandolf KB, Givoni B, Goldman RF. Predicting energy expenditure with loads while standing or walking
very slowly. J Appl Physiol [Internet]. 1977 Oct 1; 43(4):577-81. Available from: https://www.
physiology.org/doi/10.1152/jappl.1977.43.4.577 PMID: 908672

Ludlow LW, Weyand PG. Walking economy is predictably determined by speed, grade, and gravita-
tional load. J Appl Physiol [Internet]. 2017 [cited 2021 Mar 2]; 123(5):1288-302. Available from: http://
www.jappl.org1288

Lichtwark GA, Wilson AM. A modified Hill muscle model that predicts muscle power output and effi-
ciency during sinusoidal length changes. J Exp Biol [Internet]. 2005 Aug 1 [cited 2021 Mar 3]; 208
(15):2831-43. Available from: https://jeb.biologists.org/content/208/15/2831 https://doi.org/10.1242/
jeb.01709 PMID: 16043588

Houdijk H, Bobbert MF, De Haan A. Evaluation of a Hill based muscle model for the energy cost and effi-
ciency of muscular contraction. J Biomech. 2006 Jan 1; 39(3):536—43. https://doi.org/10.1016/].
jbiomech.2004.11.033 PMID: 16389094

Bhargava LJ, Pandy MG, Anderson FC. A phenomenological model for estimating metabolic energy
consumption in muscle contraction. J Biomech. 2004; 37(1):81-8. https://doi.org/10.1016/s0021-9290
(03)00239-2 PMID: 14672571

Umberger BR, Gerritsen KGM, Martin PE. A model of human muscle energy expenditure. Comput
Methods Biomech Biomed Engin. 2003; 6(2):99—111. https://doi.org/10.1080/1025584031000091678
PMID: 12745424

PLOS ONE | https://doi.org/10.1371/journal.pone.0267120  April 14, 2022 14/15


https://doi.org/10.1242/jeb.195.1.211
http://www.ncbi.nlm.nih.gov/pubmed/7964412
https://doi.org/10.1113/jphysiol.1993.sp019969
http://www.ncbi.nlm.nih.gov/pubmed/8145168
https://link.springer.com/article/10.1007/BF00699624
http://www.ncbi.nlm.nih.gov/pubmed/5658204
https://doi.org/10.1007/s00421-003-0882-7
http://www.ncbi.nlm.nih.gov/pubmed/12898263
https://pubmed.ncbi.nlm.nih.gov/12183501/
https://doi.org/10.1152/japplphysiol.01177.2001
http://www.ncbi.nlm.nih.gov/pubmed/12183501
https://doi.org/10.1249/MSS.0000000000002002
http://www.ncbi.nlm.nih.gov/pubmed/30973477
https://www.physiology.org/doi/10.1152/jappl.1977.43.4.577
https://www.physiology.org/doi/10.1152/jappl.1977.43.4.577
http://www.ncbi.nlm.nih.gov/pubmed/908672
http://www.jappl.org1288
http://www.jappl.org1288
https://jeb.biologists.org/content/208/15/2831
https://doi.org/10.1242/jeb.01709
https://doi.org/10.1242/jeb.01709
http://www.ncbi.nlm.nih.gov/pubmed/16043588
https://doi.org/10.1016/j.jbiomech.2004.11.033
https://doi.org/10.1016/j.jbiomech.2004.11.033
http://www.ncbi.nlm.nih.gov/pubmed/16389094
https://doi.org/10.1016/s0021-9290%2803%2900239-2
https://doi.org/10.1016/s0021-9290%2803%2900239-2
http://www.ncbi.nlm.nih.gov/pubmed/14672571
https://doi.org/10.1080/1025584031000091678
http://www.ncbi.nlm.nih.gov/pubmed/12745424
https://doi.org/10.1371/journal.pone.0267120

PLOS ONE

Heat coefficients for joint-space metabolic energy expenditure model

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Delp SL, Anderson FC, Arnold AS, Loan P, Habib A, John CT, et al. OpenSim: Open source to create
and analyze dynamic simulations of movement. IEEE Trans Biomed Eng [Internet]. 2007/11/21. 2007;
54(11):1940-50. Available from: https://www.ncbi.nim.nih.gov/pubmed/18018689 https://doi.org/10.
1109/TBME.2007.901024 PMID: 18018689

Winters JM. Hill-Based Muscle Models: A Systems Engineering Perspective. In: Multiple Muscle Sys-
tems [Internet]. Springer New York; 1990 [cited 2021 Mar 3]. p. 69-93. Available from: https://link.
springer.com/chapter/10.1007/978-1-4613-9030-5_5

Kim JH, Roberts D. A joint-space numerical model of metabolic energy expenditure for human multi-
body dynamic system. Int j numer method biomed eng [Internet]. 2015 Sep 1 [cited 2020 Mar 12]; 31(9):
e02721. Available from: http://doi.wiley.com/10.1002/cnm.2721 PMID: 25914404

Roberts D, Hillstrom H, Kim JH. Instantaneous metabolic cost of walking: Joint-space dynamic model
with subject-specific heat rate. PLoS One [Internet]. 2016 [cited 2019 Apr 28];11(12). Available from:
https://journals.plos.org/plosone/article/file?id = 10.1371/journal.pone.0168070&type = printable
https://doi.org/10.1371/journal.pone.0168070 PMID: 28030598

Anderson FC, Pandy MG. A dynamic optimization solution for vertical jumping in three dimensions.
Comput Methods Biomech Biomed Engin. 1999; 2(3):201-31. https://doi.org/10.1080/
10255849908907988 PMID: 11264828

De Groote F, Kinney AL, Rao A V., Fregly BJ. Evaluation of Direct Collocation Optimal Control Problem
Formulations for Solving the Muscle Redundancy Problem. Ann Biomed Eng 2016 4410 [Internet].
2016 Mar 21 [cited 2021 Nov 1]; 44(10):2922-36. Available from: https:/link.springer.com/article/10.
1007/s10439-016-1591-9 PMID: 27001399

Koelewijn AD, Heinrich D, van den Bogert AJ. Metabolic cost calculations of gait using musculoskeletal
energy models, a comparison study. PLoS One [Internet]. 2019; 14(9):1-19. Available from: https://doi.
org/10.1371/journal.pone.0222037 PMID: 31532796

Koelewijn AD, Heinrich D, van den Bogert AJ. Dataset for Metabolic Cost Calculations of Gait using
Musculoskeletal Energy Models, a Comparison Study. 2018 Dec 5 [cited 2020 Dec 15]; Available from:
https://zenodo.org/record/1973799

Tanaka H, Monahan KD, Seals DR. Age-predicted maximal heart rate revisited. J Am Coll Cardiol [Inter-
net]. 2001 [cited 2021 Mar 4]; 37(1):153—6. Available from: https://pubmed.ncbi.nim.nih.gov/11153730/
https://doi.org/10.1016/s0735-1097(00)01054-8 PMID: 11153730

Uth N, Serensen H, Overgaard K, Pedersen PK. Estimation of VO2max from the ratio between HRmax
and HRrest—The heart rate ratio method. Eur J Appl Physiol. 2004; 91(1):111-5. https://doi.org/10.
1007/s00421-003-0988-y PMID: 14624296

Statistics Laerd. Statistical tutorials and software guides [Internet]. 2017 [cited 2020 Dec 3]. Available
from: https:/statistics.laerd.com

Harris JA, Benedict FG. A Biometric Study of Human Basal Metabolism. Proc Natl Acad Sci [Internet].
1918 Dec 1 [cited 2022 Feb 8]; 4(12):370-3. Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC1091498/ https://doi.org/10.1073/pnas.4.12.370 PMID: 16576330

Gonabadi AM, Antonellis P, Malcolm P. Differences between joint-space and musculoskeletal estima-
tions of metabolic rate time profiles. PLoS Comput Biol [Internet]. 2020 [cited 2021 Sep 7];16(10). Avail-
able from: https://doi.org/10.1371/journal.pcbi.1008280

PLOS ONE | https://doi.org/10.1371/journal.pone.0267120  April 14, 2022 15/15


https://www.ncbi.nlm.nih.gov/pubmed/18018689
https://doi.org/10.1109/TBME.2007.901024
https://doi.org/10.1109/TBME.2007.901024
http://www.ncbi.nlm.nih.gov/pubmed/18018689
https://link.springer.com/chapter/10.1007/978-1-4613-9030-5_5
https://link.springer.com/chapter/10.1007/978-1-4613-9030-5_5
http://doi.wiley.com/10.1002/cnm.2721
http://www.ncbi.nlm.nih.gov/pubmed/25914404
https://journals.plos.org/plosone/article/file?id
https://doi.org/10.1371/journal.pone.0168070
http://www.ncbi.nlm.nih.gov/pubmed/28030598
https://doi.org/10.1080/10255849908907988
https://doi.org/10.1080/10255849908907988
http://www.ncbi.nlm.nih.gov/pubmed/11264828
https://link.springer.com/article/10.1007/s10439-016-1591-9
https://link.springer.com/article/10.1007/s10439-016-1591-9
http://www.ncbi.nlm.nih.gov/pubmed/27001399
https://doi.org/10.1371/journal.pone.0222037
https://doi.org/10.1371/journal.pone.0222037
http://www.ncbi.nlm.nih.gov/pubmed/31532796
https://zenodo.org/record/1973799
https://pubmed.ncbi.nlm.nih.gov/11153730/
https://doi.org/10.1016/s0735-1097%2800%2901054-8
http://www.ncbi.nlm.nih.gov/pubmed/11153730
https://doi.org/10.1007/s00421-003-0988-y
https://doi.org/10.1007/s00421-003-0988-y
http://www.ncbi.nlm.nih.gov/pubmed/14624296
https://statistics.laerd.com
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1091498/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1091498/
https://doi.org/10.1073/pnas.4.12.370
http://www.ncbi.nlm.nih.gov/pubmed/16576330
https://doi.org/10.1371/journal.pcbi.1008280
https://doi.org/10.1371/journal.pone.0267120

