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Abstract

This article presents an approach to estimating exer-
cise energy expenditure based on acceleration measure-
ments from a wrist-worn biaxial sensor. The method uses
the linear mixed model that makes it possible to model
both between-subject and within-subject variation in energy
expenditure. More precisely, a random-intercepts model
is used. The variance and mean of the acceleration sig-
nals at 15-second intervals as well as subject demograph-
ics (height, weight, body mass index, age and VOomax) are
used. Energy expenditure is modelled in four different ac-
tivities: walking, running, Nordic walking and bicycling.
This study introduces an effective backward model selec-
tion procedure for selecting the fixed-effect variables in the
model. The procedure uses leave-one-out cross-validation
to be able to effectively exploit the available data set and to
ensure the robustness of the model. Estimation accuracy in
test sets is used as a criterion of model performance. The
model selection procedure proposed notably improves esti-
mation accuracy. In walking, running, Nordic walking and
bicycling, average estimation errors of 3.9, 3.6, 1.9 and
13.5 percent are reached. The respective Pearson corre-
lations for these activities are 0.91, 0.98, 0.97, and 0.81.
These results are also compared to the performance of the
general linear model. It is discovered that the linear mixed
model outperforms the model that does not take the individ-
ual levels of energy expenditure of the subjects into account.

1 Introduction

There are more than 1 billion overweight adults in the
world and at least 300 million of them obese. These condi-
tions pose a major risk for chronic diseases, including type
2 diabetes, cardiovascular disease, hypertension and stroke,
and certain forms of cancer [15]. Reduced physical activity

is one of the main reasons for this problem. Therefore, de-
velopment of objective and reliable methods for accessing
physical activity is highly important.

Energy expenditure caused by physical activity is com-
monly accepted as the standard reference of physical ac-
tivity in humans [6]. Energy expenditure can be reliably
measured from a person’s oxygen consumption. However,
measurement of oxygen consumption requires the use of a
breath gas analyzer (indirect calorimetry) and is therefore
impractical and not feasible under free-living conditions.

Research on modelling physical activity in different ac-
tivities based on acceleration data has expanded over the
past two decades [2], [12]. Placement and orientation of
body-mounted accelerometers have been studied by several
authors. Sensors attached to the low back, near the centre
of gravity, have been commonly used [1], [10], [11], [14].
However, Mathie et al [7] point out that waist-mounted
accelerometers significantly underestimate activity concen-
trated in the upper body. Therefore, in some studies addi-
tional acceleration sensors have been attached to other body
parts such as chest, wrist, hip, thigh or ankle (e.g. [10]).

In most of the previous studies, regression methods have
been applied to accelerometer counts and oxygen consump-
tion simultaneously measured to determine the relationship
between the two measures and to define an equation to pre-
dict energy expenditure from acceleration [12]. The ac-
celerometer counts are usually obtained by integrating the
accelerometer signal [3]. Rothney et al [10] presented an
artificial neural network approach to estimating energy ex-
penditure based on features extracted from raw accelerom-
eter data and subject demographics.

A previous study by the authors [5] introduced the
idea of modelling energy expenditure based on accelera-
tion measurements using the linear mixed model. Instead
of the accelerometer counts, the variance of the raw ac-
celerometer signal at 15-second intervals was used. Oxygen
consumption was modelled based on measurements from



a wrist-worn biaxial accelerometer. This location was se-
lected since it is an easy and comfortable location for the
subject and does not disturb performance of the activity. In
walking, running and Nordic walking the model underes-
timated total energy expenditure by 13, 2 and 9 percent,
respectively, and in bicycling total energy expenditure was
overestimated by 7 percent. In that study, however, the per-
formance of the model was only tested on the measurements
of one subject not included in the training set.

The aim of this study is two-fold. First, the usefulness
of the mixed model-based approach is further validated and
new covariates are introduced to the model to improve es-
timation accuracy. Secondly, an efficient model selection
procedure is developed to more efficiently exploit the avail-
able data set and to ensure the robustness of the model.

Verbeke and Molenberghs [13] mention approximate
Wald tests, t-tests and F-tests, likelihood ratio tests and the
frequently used information criteria AIC, SBC, HQIC and
CAIC as means of selecting the fixed effect variables in
a linear mixed model. The Akaike Information Criterion
(AIC) have been used by Ngo and Brand [8], and the Gener-
alized Information Criterion (GIC) by Pu and Niu [9]. Fer-
nandez [4] used both the Corrected Akaike Information Cri-
terion (AICC) and the Minimal Description Length (MDL).
However, the weakness of all these methods is that they
go through all possible models and are therefore compu-
tationally expensive. Verbeke and Molenberghs [13] also
warn about using information criteria to discriminate be-
tween several statistical models and advise not to interpret
them as formal statistical tests of significance.

In this study a greedy backward model selection proce-
dure is presented for fixed-effect variable selection in lin-
ear mixed models. The method uses leave-one-out cross-
validation to select the best model. A t-test is used to mea-
sure the contribution of each term in the presence of other
variables in the model.

2 Methods

2.1 The Linear Mixed Model

The linear mixed model is very suitable for modelling
time series data such as oxygen consumption containing re-
peated measures from several subjects. The repeated mea-
surements are correlated with each other, which has to be
taken into account in the modelling.

Classical statistics assume that observations are indepen-
dent and identically distributed. The linear mixed model,
however, assumes two sources of variation: subject-specific
and population-specific. The vector of repeated measure-
ments of each subject is assumed to follow a linear regres-
sion model where some of the regression parameters are

common for all the subjects, whereas other parameters dif-
fer between subjects [13]. Therefore, the model offers the
possibility to provide each of the subjects with an individual
ground level of energy expenditure.

The linear mixed model is of the form

Y, = X8+ Zib; + &,

b; "~ N(0, D),

e "IN (0,3),

1 <7< N,

where N is the number of subjects, Y; is the n;-dimensional
vector of observations for subject i, X; and Z; are (n; x p)
and (n; X ¢) dimensional fixed matrices of known covari-
ates, ( is a p-dimensional unknown fixed-effects parameter
vector, b; is the g-dimensional vector of random effects, and
€ is an n;-dimensional vector containing the within-subject
error components. D is a general symmetric (¢ X ¢) covari-
ance matrix and X; is a (n; X n;) covariance matrix that has
the property that the set of unknown parameters in 3; do
not depend upon :. [13]

2.2 Model Structure

An overall intercept term was fitted to model the aver-
age level of oxygen consumption, and subject-specific in-
tercepts to model the individual ground level of each of
the subjects. No other subject-specific effects were spec-
ified. This is the so-called random-intercepts model [13],
where the regression coefficients are the same for each sub-
ject. When the model is applied to measurements outside
the data set used to train it, no information on the subject-
specific intercepts is available. Therefore, only the overall
intercept term and the fixed regression structure are used in
energy expenditure estimation.

The covariance structure ¥; for the error components &;
was specified to be first-order autoregressive (AR(1)). The
maximum likelihood estimation method was used to esti-
mate the covariance parameters.

2.3 Model Selection

A specific backward model selection procedure was de-
veloped for model selection in this application. It is based
on selection of the fixed-effect variables used in the model
by iterating training of the model and testing its perfor-
mance until the best model structure is found. Leave-one-
out cross-validation is used to test the model and choose the
explanatory variables to be used.

The search for the most parsimonious model structure is
started by fitting a model with all the explanatory variables
available. After that one variable at a time is excluded from
the model. The term to be excluded is chosen based on the



1. 2. 5 i
bt/ aining /1 2| training the Selection of
| set model - explanatory
| | variables
+
| | NO
| [
[ 3. Testing the topping 6.
est sel model criterion ves-»( Final mode
Test set odel terig Final model
| | performance fulfilled
| Leave-one-out |
| validation |

Figure 1. Backward model selection proce-
dure using leave-one-out cross-validation

significance probability of the fixed-effects in the model.
The exclusion of the variables is continued until a given
stopping criterion is fulfilled. The functionality of the pro-
cedure used is presented in Figure 1.

First, the data set is divided into leave-one-out cross-
validation data sets. Thus, there are as many training set-
test set pairs as there are subjects in the data. These sets are
marked with the number 1 and outlined with a dashed rect-
angle in Figure 1. The model selection is started by fitting
the linear mixed model to each of the training sets (step 2).
In step 3 the performance of the model is estimated using
the test sets. The total prediction error of the iteration is
defined as the average of the errors in the separate test sets.
On each iteration a check of whether or not a predetermined
stopping criterion is fulfilled is performed (step 4).

If the stopping criterion is not met, one fixed-effect vari-
able is excluded from the model (step 5). The term to be
dropped is selected on the grounds of the significance prob-
ability of the variables. The p-values for the t-tests measure
the contribution of each explanatory variable in the presence
of all other variables in the model. The fixed effect whose
average p-value in the separate models fitted to each of the
training sets is largest is excluded from the model, presum-
ing that this value is greater than a prespecified threshold
value. The use of average significance probability is possi-
ble since all the models have the same structure.

Iteration of steps 2-5 is continued until the stopping cri-
terion is met. The stopping criterion consists of two alterna-
tive conditions. The iteration is stopped if either the maxi-
mum of the average p-values of the fixed effects in the mod-
els is less than the threshold value, or if there are only one
fixed-effect variable left in the model. Finally, the model
structure that has the smallest average estimation error in
the leave-one-out test sets is selected as the final model. Ex-
ecution of the procedure ends at step 6.

In this study, the model selection procedure presented is
applied to selection of fixed-effect variables in a random-
intercepts model. However, the method can also be applied
to selection of fixed effects variables in any general linear

Men (n=8) Women (n=2)
Age (years) 29.8 + 4.7 (22-37) 24.5 + 4.9 (21-28)
Height (cm) 181 4 5.6 (169-188) 164 £ 1.4 (163-165)
Body mass (kg) 82.6 £ 13.1 (62-104) 56.5 + 7.8 (51-62)
BMI (kg/mz) 25.1 +3.4(21.6-31.1) 21.0 £2.5(19.2-22.8)
VO;max (ml/kg/min) 51.0 + 13.7 (36-76) 49.5 £ 2.1 (48-51)

Table 1. Physical characteristics of the sub-
jects (mean, standard deviation, range)

mixed model presuming that all the models compared in-
volve the same random effects. In addition, explanatory
variables in a general linear model can be selected using
the method as is done in the next Section where the linear
mixed model performance is compared to the general linear
model.

3 The study

3.1 Experimental Protocol

The data were collected from ten healthy subjects (eight
men and two women). The physical characteristics of the
participants are shown in Table 1. Body mass index (BMI)
was calculated by dividing the body mass (kg) by the height
squared (m?). The maximal oxygen consumption of the
subjects (VOomax) was measured using indirect calorime-
try in treadmill running until voluntary exhaustion.

The participants performed four different activities:
walking, running, Nordic walking and bicycling. Each of
the subjects performed one ten-minute test in each of the
activities. Before the test period the subjects performed a
warm-up for five minutes in order to raise the level of oxy-
gen consumption before the actual testing period. However,
in spite of the warm-up period, the oxygen consumption
level ascended steeply during the first minute as the par-
ticipants began the exercising. Therefore, the first minute
of measurements was not included in modelling.

3.1.1 Measurement of Energy Expenditure

Oxygen consumption VOs (ml/min) of the subject was
measured during the exercise using indirect calorimetry.
Breath-by-breath data were collected using the Cosmed
K4b? breath gas exchange measurement system. The K4B?
is a light portable gas analyzer that uses a face mask. The
concentration of expiration gases was measured at intervals
of 15 seconds. The effect of the weight of the subject was
taken into account by dividing the values of oxygen con-
sumption by the weight of the subject hence converting the
unit of measurement to ml/kg/min.



3.1.2 Measurement of Acceleration

The physical activity of the subject was measured using a
biaxial accelerometer worn on the left wrist. The measur-
ing device was composed of two 1-dimensional capacitive
accelerometers (VTI Technologies) positioned perpendicu-
lar to each other. The sampling frequency was 100 Hz. The
acceleration signals were preprocessed by replacing erro-
neous values falling outside the measurement range of the
accelerometer (41.5 g) by the mean of the signal values.

3.1.3 Data Sets

The bicycling data contain measurements from nine sub-
jects (seven men, two women), the walking and Nordic
walking data are comprised of seven tests (six men, one
woman) and the running data consist of measurements from
six of the participants (five men, one woman). Although all
ten participants performed the four activities, the measure-
ment data could not be received from all the activities due
to technical problems with the accelerometer data logger.

3.2 Feature extraction

The variance and mean of the absolute value of the orig-
inal acceleration signals were calculated at intervals of 15
seconds. These features present the information contained
in the original signals measured at a frequency of 100 Hz
in a more compact form and also focus the acceleration
measurements to the measurements of oxygen consumption
made every 15 seconds.

3.3 Implementation of the Model

Oxygen consumption was set as the response variable
in the model. The covariates include the variances and the
means of the two acceleration signals, the interaction terms
between the two variance variables and between the two
mean variables, respectively, as well as information on the
physical characteristics of the subjects. The subject demo-
graphics include height, weight, body mass index, age and
the maximal oxygen consumption of the subject. In addi-
tion to the acceleration measurements made simultaneously
to the oxygen consumption measurements, five lagged val-
ues of acceleration were also used. This means the influence
of acceleration from 90 seconds preceding the oxygen con-
sumption measurement were taken into account. The model
gives an estimate of the oxygen consumption of the subject
at 15-second intervals. The model was fitted using the SAS
MIXED procedure (SAS Release 9.1.3.).

For each of the four activities, the optimal linear mixed
model structure was found using the model selection proce-
dure described in Subsection 2.3. All the explanatory vari-
ables presented above were used in the first iteration of the

procedure and after that the less significant fixed-effect vari-
ables were dropped from the model one by one. The thresh-
old value of 0.05 was used for the significance of the effects.
The prediction error was estimated by comparing the total
energy expenditure calculated from the oxygen consump-
tion measurement and the respective estimate.

3.4 Results

The model was tested by the measurements of each of the
subjects in the data set in turn. The measurements of one of
the subjects were excluded from the data set and the model
was trained using the measurements of the other subjects.
The energy expenditure of the one subject constituting the
test set was then estimated. This was repeated for all the
subjects.

The modelling results in the four activities (walking,
running, Nordic walking and bicycling) are shown in Fig-
ures 2 a) - d). The vertical axis represents the average
energy expenditure during the nine-minute exercise calcu-
lated from the oxygen consumption measured using indi-
rect calorimetry. The value on the horizontal axis is the
energy expenditure calculated from the estimate given by
the linear mixed model. Energy expenditure is here pre-
sented in units of metabolic equivalents, MET. It is the ra-
tio of the working metabolic rate of a person relative to the
resting metabolic rate. One MET equals an energy expendi-
ture of 3.5 ml/kg/min. Thus, estimated oxygen consumption
(VOq/kg) is converted to METs by dividing by 3.5.

It can be seen from Figures 2 a) - d) that the model es-
timates energy expenditure very accurately. For walking,
running and Nordic walking, the correlation between esti-
mated and measured energy expenditure is almost perfectly
linear. For bicycling, the group of markers is more scattered
but the results are nevertheless very good. The Pearson cor-
relation coefficients between measured and estimated en-
ergy expenditure in walking, running and Nordic walking
are 0.91, 0.98 and 0.97, respectively, and 0.81 in bicycling,
as seen in Table 2.

The average estimation errors of energy expenditure in
the different activities are shown in Table 2. In walking,
running, Nordic walking and bicycling the average estima-
tion errors are 3.9, 3.6, 1.9 and 13.5 percent, respectively. In
walking, running and Nordic walking the arms of the person
perform an intense cyclic movement. In cycling, however,
the arms are mostly immobile. Therefore, the fact that it is
more difficult to estimate energy expenditure in bicycling
based on measurements from a wrist-worn accelerometer
feels natural.

There were altogether 31 covariates from which the
backward model selection procedure presented in Section
2 selected the final set of variables to be used in the model.
For each of the activities, a distinct set of variables was se-
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Figure 2. Estimation results of energy expen-
diture (EE) in four different activities. a) Walk-
ing b) Running c) Nordic walking d)Bicycling

lected. The number of explanatory variables in the mod-
els for different activities varies considerably. For walking,
running, Nordic walking and bicycling the models have 4,
12, 13 and 3 fixed effect variables, respectively. The model
selection procedure significantly improves the accuracy of
estimation. If all the explanatory variables available were
used in the linear mixed model with no selection at all, the
estimation errors for the same activities would be 206.1, 7.6,
27.7 and 32.6 percent. Hence, the model selection proce-
dure presented in this study indeed notably improves the
model’s accuracy.

Also a general linear model with no subject-specific in-
tercepts to model the individual ground levels of oxygen
consumption was fitted to the data using the same fixed-
effect variable selection method. The average estimation
errors in the four activities were 11.1, 7.6, 5.7 and 13.9 per-
cent, hence being inferior to the results obtained using the
linear mixed model.

3.5 Discussion

The results of the linear mixed model-based approach
to exercise energy estimation presented in the preceding
section are excellent. Compared with the estimation er-
rors in the same activities reported in the previous article
by the authors [5], the results have improved substantially.
In addition, the results have now been further validated by
testing the model’s performance using leave-one-out cross-
validation and comparing the estimation accuracy to that of
the general linear model.

In this study, a special model selection procedure for se-
lecting fixed effect variables in a linear mixed model was

Table 2. Number of subjects and explanatory
variables, correlation, and estimation error:
general linear model, linear mixed model and
linear mixed model without model selection

presented. The method is a backward procedure in which
leave-one-out cross-validation is used to effectively exploit
the available data set and to minimize the effect of between-
subject variation in energy expenditure. Significance proba-
bility of the fixed effects is used to measure the contribution
of the explanatory variables in the model. The presented
method makes model selection in linear mixed models au-
tomated and efficient. It can also be applied to selection of
explanatory variables in general linear models.

Different information criteria are often used in model se-
lection to discriminate between several models. Interpre-
tation of the information criteria is, however, not straight-
forward and there are problems in using them in model se-
lection. In this study the estimation accuracy of the model
in a test set was used as the criterion of goodness of the
model. Leave-one-out validation was used in testing the
performance of the candidate models.

Several methods have been proposed for model selection
in linear mixed models. The methods of Ngo and Brand [8],
Pu and Niu [9] and Fernandez [4] are based on the use of
different information criteria in comparing candidate mod-
els. However, the weakness of all these methods is that they
rely on an exhaustive search of all the possible models. This
makes the methods computationally very expensive if the
number of available effects is large. The procedure pre-
sented in this paper is based on backward selection of the
fixed effect variables. Hence, not all the possible models are
tested. Therefore, the method has an evident computational
advantage. There were altogether 31 available explanatory
variables in this study. An exhaustive search of all possi-
ble effect combinations would have required evaluation of
231 — 1 > 2. 10 candidate models. Using the backward
selection method, only 31 models were evaluated. Never-
theless, excellent modelling results were obtained.

A backward method for model selection was selected
because of its easy implementation. Even though the pro-



cedure only explores a small proportion of all the possible
models, the results of this study show that, combined with
cross-validation, the backward method is an effective choice
for selecting linear mixed models. The cross-validation
approach could also be applied with other more complex
model selection algorithms.

Compared with the methods that use different informa-
tion criteria, the weakness of the method presented in this
study could be claimed to be that it does not penalize for a
large number of effects in the model. However, as the num-
ber of available effects in this application is relatively small
and the procedure seems to select models where the num-
ber of fixed effects is small or at most moderate, this is not
a problem.

In this study energy expenditure was modelled based on
acceleration measurements from a biaxial wrist-worn sen-
sor. The same approach could of course be applied to ac-
celeration measured from other body parts. Estimation ac-
curacy would probably be even improved if multiple sen-
sors were used. However, for the convenience of the user
and ease of use of the energy expenditure monitor, only one
wrist-worn sensor was chosen to be used in this study.

4 Conclusions and Future Work

In this study, the use of a linear mixed model in esti-
mating exercise energy expenditure based on acceleration
measurements from a biaxial wrist-worn sensor was dis-
cussed. A unique model selection procedure for selecting
the model structure was introduced. The procedure is based
on backward selection of the fixed effects in the model by
iterating training of the model and testing its performance
until the optimal model structure is found. Leave-one-out
cross-validation is used to test the model and choose the co-
variates to be used. The selection of variables is done on
the grounds of significance probability of the effects in the
model. The procedure enables efficient exploitation of the
available data set in selecting the model structure and en-
sures robustness of the model by minimizing the effect of
between-subject variation in energy expenditure.

Excellent results were obtained in modelling energy ex-
penditure in four different activities. However, in this study
the model selection was optimized to the data set available.
For the performance of the model selection procedure to be
further validated it should be applied to larger data sets with
separate validation sets. The presented approach could also
be applied to measurements from other activities. In addi-
tion, other more complex model selection algorithms than
the backward method used in this study could be used.
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