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Abstract.
BACKGROUND: Ambulatory children with Spina Bifida (SB) often show a decline in physical activity leading to decondition-
ing and functional decline. Therefore, assessment and promotion of physical activity is important. Because energy expenditure
during activities is higher in these children, the use of existing pediatric equations to predict physical activity energy expenditure
(PAEE) may not be valid.
AIMS: (1) To evaluate criterion validity of existing predictions converting accelerocounts into PAEE in ambulatory children with
SB and (2) to establish new disease-specific equations for PAEE.
METHODS: Simultaneous measurements using the Actical, the Actiheart, and indirect calorimetry took place to determine
PAEE in 26 ambulatory children with SB.
DATA ANALYSIS: Paired T-tests, Intra-class correlations limits of agreement (LoA), and explained variance (R2) were used
to analyze validity of the prediction equations using true PAEE as criterion. New equations were derived using regression tech-
niques.
RESULTS: While T-tests showed no significant differences for some models, the predictions developed in healthy children
showed moderate ICC’s and large LoA with true PAEE. The best regression models to predict PAEE were: PAEE = 174.049
+ 3.861 × HRAR – 60.285 × ambulatory status (R2 = 0.720) and PAEE = 220.484 + 0.67 × Actical counts – 60.717 ×
ambulatory status (R2 = 0.681).
CONCLUSIONS: Existing equations to predict PAEE are not valid for use in children with SB for the individual evaluation
of PAEE. The best regression model was based on HRAR in combination with ambulatory status, followed by a new model
for the Actical monitor. A benefit of HRAR is that it does not require the use of expensive accelerometry equipment. Further
cross-validation of these models is still needed.
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1. Introduction

Spina Bifida (SB) is the most frequent congenital
deformity of the neural tube, with incidence ranging
from 3–4 new cases per 10,000 births in most indus-
trialized countries, while in some other countries, such
as Ukraine, France, Germany, Malta, Japan, and In-
dia, these numbers range from 7–12.8 [1]. Depend-
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ing on both type and level of the SB lesion, patients
can experience a variety of deficits in cognition, mo-
tor function, sensory function, and bowel and blad-
der function [2]. Due to advances in the medical ap-
proach, mortality rates have decreased in recent years
and 60–80% of children with SB can now be expected
to live to be healthy adults [3–6]. This requires a differ-
ent approach to the medical management of these pa-
tients from childhood through adolescence and adult-
hood, one that focuses not only on the pathological as-
pects, but also on the preventable medical and social
consequences of the disease [7].

As a result of reduced mobility, adolescents and
young adults are at risk of developing a negative spi-
ral deriving from an inactive lifestyle [8], which may
lead to obesity, risk factors for cardiovascular disease,
reduced quality of life, and even wheelchair depen-
dence [9]. In addition, Van den Berg-Emons et al. [8]
reported that physical activity (PA) levels in adoles-
cents and young adults with SB (particularly non-
ambulatory) were considerably lower when compared
to healthy peers. In this study, levels of objectively
measured PA seemed to be significantly related to am-
bulation level and fitness. In children with SB, stud-
ies have reported lower levels of physical activity, but
these levels were assessed either by subjective recall
in a diary [10] or expensive methods such as doubly-
labelled water [11]. In order to gain more insight into
daily physical activity levels in ambulatory children
with SB and how this relates to physical fitness, the use
of objective and mobile systems is recommended [10,
12], though currently not available.

Different techniques can be used for the acquisi-
tion of data on postures and motions in daily living,
such as questionnaires, diaries, gyroscopes, pedome-
ters, accelerometers, or heart rate monitors. Each tech-
nique has its own benefits and limitations when ob-
jectively measuring physical activity energy expendi-
ture (PAEE) performed throughout the day. In healthy
children several accelerometers have been proven to be
a valid instrument to accurately estimate PAEE dur-
ing activities of daily living [13–15]. One of them is
the Actical (Philips Respironics, Mini Mitter Co, Inc.,
Bend, OR), which records both duration and inten-
sity of PAEE performed throughout the day. At the
same time, the Actical seems less accurate for de-
tecting changes in more energy-consuming gait pat-
terns [16]. For this reason, heart rate (HR) could bet-
ter distinguish between different types of walking, as
it has the advantage of being a physiological variable
that is directly related to oxygen uptake (VO2). HR by

itself, however, can be elevated due to other factors,
such as stress, dehydration, and environmental fac-
tors, e.g. temperature [17]. Therefore, a combination
of the two techniques can lead to improved estimation
of PAEE. The Actiheart (Cambridge Neurotechnology,
Cambridge, UK) is a commercially available device
that combines heart rate monitoring and accelerometry
into a single unit that has also be proven suitable for
use with healthy children [13,14].

Earlier studies have shown higher levels of PAEE
during ambulation in patients with SB. Higher levels
of PAEE are associated with a pathological gait pattern
due to muscle weakness in the lower extremities [18–
20]. With different energy expenditure and locomotion
patterns, the question is whether existing PAEE equa-
tions developed in healthy children are valid for am-
bulatory children with SB. Thehypothesis of this study
is that due to the higher energy cost of locomotion,
existing PAEE equations underestimate the true PAEE
in patients with SB for two reasons. Firstly, the dif-
ferent gait pattern may result in a different registra-
tion of activity counts. Secondly, more energy expen-
diture per activity count might result in an underesti-
mation of true PAEE during daily activities. In a more
recent publication, new prediction models have been
proposed for children with chronic disease [21]. How-
ever, this study did not include populations known to
have different patterns of energy expenditure during lo-
comotion, as children with SB do. The second hypoth-
esis of the current study is that the prediction models
for children with chronic disease would underestimate
energy expenditure in children with SB as well.

Therefore, the first aim of this study was to test the
hypotheses that prediction equations derived by Corder
et al. [13,14] and those by Takken et al. [21] used to
estimate PAEE in children are not valid in ambulatory
children with SB. Secondly, if this hypotheses turned
out to be correct, the next aim was to develop new
regression models to predict the PAEE in ambulatory
children with SB.

2. Methods

2.1. Study population

This study was part of a larger study (the Utrecht
Spina Bifida And Graded Exercise (USAGE) study)
regarding exercise and physical activity in ambulatory
children with SB [22]. Study procedures took place
at the Child Development and Exercise Center of the
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Table 1
Ambulation level by Hoffer et al., adapted by Schoenmakers et al. [24]

Level of ambulation Description
Normal ambulation Independent and unrestricted ambulation without use of assisted devices
Community ambulation Independent outdoor ambulation with or without use of braces and/or assisted devices; using wheelchair for

longer distances
Household ambulation Using braces or assisted devices for indoor ambulation; using wheelchair for outdoor locomotion
Non-functional ambulation Walking only in therapeutic situations
Non-ambulation Wheelchair dependent

Wilhelmina Children’s Hospital. All study procedures
were approved by the local Medical Ethics Committee.
Parents and children signed informed-consent forms
prior to testing.

Children were included when they were: (1) at least
community ambulatory according the adapted Hoffer
scale [23,24]; (2) able to follow instructions regarding
testing; (3) willing and able to correctly wear the phys-
ical activity monitor for three consecutive days; (4) be-
tween six and 18 years of age; and (5) when complete
data for all measurements was available.

2.2. Demographics and disease specific variables

Data concerning medical history were obtained from
medical records. These data included the level of le-
sion, the ambulation level, age, and sex.

2.3. Anthropometrics

Weight (kg) was measured using an electronic scale.
Height (m) was measured while standing using a wall-
mounted stadiometer. Body mass index (BMI) was cal-
culated as weight (kg)/height (m)2.

Body composition was assessed using the sum of
seven skin folds according to Pollack et al. [25].
The measurements were taken with a Harpenden skin
fold caliper at the biceps, triceps, supra-iliacal, mid-
abdominal, sub scapular, medial thigh, and calf, at the
right and left side of the body.

Ambulatory function was rated on the adapted Hof-
fer scale [23,24], see Table 1.

2.4. Test protocol

During a six-minute walk test (6MWT), study par-
ticipants were simultaneously wearing an Actical, an
Acitheart, and a mobile gas-analysis system (indirect
calorimetry). In doing so, PAEE as predicted by the ac-
celerometers could be compared to PAEE as measured
by indirect calorimetry during the same period.

2.4.1. Indirect Calorimetry (IC)
During rest and ambulation, physiologic responses

were measured using a heart rate monitor (Polar) and
calibrated mobile gas analysis system (Cortex meta-
max B3, Cortex Medical GmbH, Leipzig, Germany)
for breath-by breath analysis. All measurements and
calibrations were performed according to the manu-
facturer’s instructions and guidelines. The mask was
checked for possible leakage before the test. The Cor-
tex Metamax is a valid and reliable system for measur-
ing gas-exchange parameters during exercise [26,27].

Resting measurements were recorded while the par-
ticipants were sitting reading a comic book for 10 min-
utes. PAEE was measured during a 6MWT. The
6MWT test was chosen for two reasons: (1) an ear-
lier study had shown it is possible to reach a steady
state of VO2, which is a prerequisite for estimating
EE [28], and (2) ambulation was the most commonly
cited way of being active in ambulatory children with
SB (unpublished report). The test was performed on a
13-meter track in a straight corridor and not on the rec-
ommended 30-meter track, since this was not feasible
in the testing facility used. Participants were instructed
to cover the largest possible distance in six minutes
at a self-selected walking speed. The encouragements
during the test were performed in accordance with the
American Thoracic Society guidelines [29].

2.4.2. Energy expenditure analysis
Steady State (SS) normalized oxygen uptake (O2·

kg−1·min−1) was calculated as the average value
over the period during which oxygen uptake changed
not more than 5%. For this purpose, VO2 was plot-
ted for visual inspection. Within the period of least
differences, a SS of two minutes was determined.
Respiratory exchange ratio (RER) was calculated as
VCO2/VO2 during steady state. Resting energy expen-
diture (REE) and gross energy consumption (EEgross)
were subsequently derived. Physical activity energy
expenditure (PAEE) was calculated as EEgross minus
REE. PAEE was expressed in J·kg−1·min−1, using
VO2 and RER in the following equation: J·kg−1·min−1

= (4.960 × RER during steady state + 16.040) ×
VO2·kg−1 [30].
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2.4.3. Heart rate measures
Heart rate above rest (HRAR)

HRAR was calculated as HR during the steady state
of walking minus resting HR. Resting HR was taken
from the resting measurements (see above) prior to the
6MWT.

Heart rate above sleep (HRAS)
For HRAS, both real HRAS and predicted HRAS

were calculated, because existing prediction equations
often use predicted HRAS, while in this study real
measured HRAS was available. HRAS was calculated
as HR during the steady state activity minus HR during
sleep. For heart rate during sleep, the 10th lowest HR
observed during sleeping (from 00:00 until 03:00 AM)
was taken to obtain a robust estimate of this parameter
according to Brage et al. [31].

For the predicted HRAS, predicted heart rate during
sleep was estimated using the following equation by
Corder et al. [13]. Predicted heart rate during sleep =
0.4195 × resting heart rate +27.4. Predicted HRAS
was then calculated as HR during steady state minus
predicted HR during sleep.

2.4.4. Activity monitors
Actical (AC)

The AC is a compact (28 × 27 × 10 mm) and
lightweight (17 g) omni directional accelerometer that
records accelero counts, further referred to as “acti-
counts”. It is sensitive to movements in the 0.5- to 3-Hz
range. It is most sensitive to vertical accelerations of
the torso when placed on the hip (31;13). The AC was
mounted on an elastic waist strap and placed at the left
hip of the participants. The AC monitors the amount
and intensity of motion. The AC was set to record data
in 1 minute epochs.

Actiheart (AH)
The AH is a compact (7 × 33 mm) and lightweight

(8 g) device that records acticounts and HR. A detailed
description is available elsewhere [16]. Briefly, the
AH was placed with two standard electrodes (3Mtm

Red Dottm 2271 Monitoring Electrodes, 3M Neder-
land BV, Zoeterwoude, the Netherlands) on the partic-
ipants chest. The AH is able to measure acceleration,
HR, HR variability, and ECG magnitude for epoch set-
tings of 15, 30, and 60 seconds (s). Data is recorded
with a memory capacity of 128 kbytes. Acceleration is
measured by a piezoelectric element with a frequency
of 1–7 Hz (3 dB). AH monitors were calibrated by the
manufacturer. The monitor was set to record data in
15 s epochs.

2.5. Data analyses for activity monitor data

First, the measurement data from the activity moni-
tors was downloaded using a docking station and pro-
prietary software. It was then exported to a spread sheet
that showed both the activity counts and HR.

Data from the AC was converted in PAEE using a
prediction equation for healthy children by Corder et
al. [13]:

– Actical hip (AC): PAEE (J·kg−1·min−1) = 0.2
acticounts + 168.7

Data from the AH was converted in PAEE using three
prediction equations by Corder et al. [13,14]:

– Actiheart Activity Counts (AH1): PAEE (J·kg−1·
min−1) = 0.22 acticounts + 29.3 gender + 144.3

– Actiheart Activity HR (AH2): PAEE (J·kg−1·
min−1) = 6.1 HRAR − 6.7 gender + 1.4 (gender
× HRAR) − 12.1

– Actiheart Activity Combined (AH3): PAEE (J·
kg−1·min−1) = 4.4 HRAR + 0.08 acticounts –
2.7 gender + 1.1 (gender × HRAR) + 15.1

– Actiheart Activity Combined (AH4): PAEE (J·
kg−1·min−1) = 5.17 × predicted HRAS + 0.61
× gender × HRAS + 0.07 × acticounts − 0.6 ×
gender – 74 (girls = 0; boys = 1)

Data for the AH was converted in PAEE using the
following prediction for children with chronic dis-
ease [21]:

– Actiheart (Takken): PAEE = −93.7 + 4.8 ×
HRAS + 0.04 × acticounts + 39.8 × gender
(girls = 0; boys = 1)

In predictions equations using HRAS (AH4 and
Takken), both real HRAS and predicted HRAS were
entered.

2.6. Statistical analyses

2.6.1. Part I: Validity of prediction equations
All variables were checked for normal distribution

using the Kolmogorov-Smirnov test and visual inspec-
tion of Q/Q plots. For descriptive purposes, parametric
descriptive statistics were used (mean ± SD). Paired
samples T-tests were carried out to check for differ-
ences in (1) predicted HRAS and actual HRAS and (2)
PAEE and the predictions by Corder and Takken.

For validity of the predicted PAEEs derived from
Corder et al. [13,14] and Takken et al. [21], intra-class
coefficients (ICC) were computed to explore the rela-
tionship between predicted PAEE and the PAEE de-
rived from the indirect calorimetry. An ICC of 0.8 or
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Table 2
Participant characteristics

All children (n = 26) Normal ambulatory children Community ambulatory children
Mean (SD) (n = 7) Mean (SD) (n = 19) Mean (SD)

Age (years) 10.6 (2.8) 11.9 (3.5) 10.1 (2.4)
Weight (kg) 43.9 (21.1) 45.7 (19.1) 43.3 (22.3)
Height (cm) 141.8 (18.6) 149.7 (18.1) 138.9 (18.4)
BMI 20.6 (5.3) 19.4 (3.5) 21.0 (5.8)
Sum skinfolds (mm) 115.9 (62.9) 102.8 (46.9) 120.8 (68.3)
Resting energy expenditure (J.kg−1.min−1) 155.0 (59.3) 146.6 (66.1) 158.1 (58.2)
Resting heart rate 86.4 (14.1) 81.0 (14.3) 88.4 (13.9)
Acticounts actical during ambulation 2547.9 (1024.9) 2983.1 (1168.0) 2387.6 (950.5)
Acticounts actiheart during ambulation 857.3 (394.3) 1153.9 (311.3)* 748.0 (369.0)

Legend: SD = Standard deviation; BMI = Body Mass Index; * = significant difference (p = 0.015); J = Joules; 1J = 0.239 Calories.

Table 3
ICC, T-test, and Limits of Agreement (LoA) of predicted PAEE in 26 ambulatory children with SB

Gold standard (J.kg−1.min−1) Predictions (J.kg−1.min−1) Difference *(p) ICC (CI) LoA R2

PAEE 347.05 (97.5) AC 678.3 (205.0) −331.2 (0.000)** 0.60 (0.28–0.80) +616.70/−45.77 0.61
PAEE 347.05 (97.5) AH1 349.8 (86.4) −2.7 (0.88) 0.49 (0.12–0.74) +189.12/−183.6 0.24
PAEE 344.1 (98.3) AH2# 380.9 (148.7) −33.8 (0.22) 0.74 (0.49–0.88) +243.72.2/−176.1 0.59
PAEE 347.105 (98.3) AH3# 371.04 (121.0) −25.0 (0.26) 0.80 (0.59–0.91) +180.72/−132.74 0.65
PAEE 347.105 (97.5) AH4 predHRAS 337.07 (48.1) 10.0 (0.62) 0.12 (−0.28–0.48) +194.14/−214.10 0.02
PAEE# 347.05 (97.5) Takken predHRAS 269.02 (38.7) 78.03 (0.001)** 0.018 (−0.37–0.40) +129.81/−285.87 0.0007
PAEE 347.105(97.5) AH4 true HRAS 430.4 (135.8) −83.3 (0.000)** 0.71 (0.45–0.86) +263.11/−96.42 0.56
PAEE 347.105(97.5) Takken true HRAS 351.8 (113.4) −4.7 (0.76) 0.73 (0.48–0.87) +159.46/−149.96 0.55

Legend: *T-test; ICC- intra-class correlation; CI = Confidence Interval; LoA = Limits of Agreement; R2 = explained variance; ** = significant;
PAEE = Physical Activity Energy Expenditure; HRAS = heart rate above sleep; AC = Actical; AH = Actiheart; #outlier removed; J = Joules;
1J = 0.239 Calories.

higher was considered good [32]. A p-value of less
than 0.05 was used to determine statistical significance.

Subsequently, Bland-Altman plots were used to
check the degree of heteroscedasticity and the limits of
agreement (LoA) between the predicted PAEE and the
real PAEE measured by IC. The closer the mean is to
zero and the smaller the standard deviations, the better
the agreement [33]. Explained variance (R2) was cal-
culated in order to be compare these models with the
new regression models.

2.6.2. Part II: New regression models
First, correlation coefficients were computed to ex-

plore the relationship between anthropometric, phys-
iological, and disease-related variables and the main
outcome parameter PAEE. Variables with significant
correlations of > 0.5 were entered into the regression
model to predict PAEE. At the same time, these cor-
relations were used to check for possible co-linearity.
When co-linearity was present, only the highest corre-
late would enter the stepwise regression. T-tests were
carried out to test differences in PAEE between girls
and boys and between normal and community ambu-
latory children. The regression models were evaluated
by significance differences in the sum of least squares

(F-statistic). Only significant models were evaluated
for the highest explained variance (R2) in prediction of
PAEE.

Statistical analyses were performed using SPSS for
Windows (version 17.0, SPSS Inc., Chicago, Ill).

3. Results

3.1. Population

The study population came from a database con-
sisting of 39 ambulatory children with SB. Partici-
pants were included in the study when data from both
the indirect calorimetry, the AC, and the AH where
complete. Data of 13 participants were not taken into
account due to missing data and software/hardware
difficulties of the IC, AC or AH. This resulted in a con-
venience sample of 26 ambulatory children (15 boys/
11 girls) with SB. Data were distributed normally. The
characteristics of the participants are shown in Ta-
ble 2. According to the adapted classification for func-
tional ambulation, seven children were normal ambu-
latory and 19 children were community ambulatory.
There were no significant differences for anthropomet-
ric measurements and resting measures between these
two groups.
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Table 4
Pearson correlations between Physical Activity Energy Expenditure
(PAEE) and anthropometric and disease-related variables and acti-
counts

PAEE pearson correlation (p value) n = 26
Age 0.211 (0.323)
HR rest −0.056 (0.789)
HRAS 0.725 (0.000)*
HRAS predicted −0.107 (0.604)
HRAR (n = 25) 0.805 (0.000)*
BMI 0.121 (0.556)
Height 0.291 (0.149)
Weight 0.198 (0.333)
Sum of skinfolds 0.163 (0.427)
Level of lesion# 0.042 (0.842)
AC counts 0.779 (0.000)*
AH counts 0.526 (0.006)*

Legend: * = significant; # = Spearman correlation; PAEE = Phys-
ical Activity Energy Expenditure; HRAS = heart rate above sleep;
HRAR = heart rate above rest; BMI = Body Mass Index; AC= Ac-
tical; AH = Actiheart.

3.2. Part I: Validity of predicted PAEE

After the first analysis of the data, one outlier was
removed for data concerning HRAR derived measures,
due to extreme measures.

Differences between PAEE as measured by indirect
calorimetry and predicted PAEE, ICC, LoA, and ex-
plained variance can be found in Table 3.

First of all, a significant difference (p = 0.01) of
17.5 beats per minute was noted between HRAS (80.0
(23.0)) and predicted HRAS (63.6 (5.9)), with a large
difference in the SD as well. Differences between pre-
dicted PAEE and actual PAEE were large and signif-
icant for the prediction based on Actical prediction.
ICC for models using HRAR (AH2 and AH3) and
models using real HRAS (AH4 and Takken) showed
good ICC’s, large LoA, and explained variance ranging
from 55% to 65%. Models using Actiheart acticounts
only (AH1) or predicted HRAS (AH4 pred HRAS and
Takken pred HRAS) had low ICC’s, large LoA, and
very low explained variance (0.07% to 24%). Based on
these results, new equations were derived.

3.3. Part II: New prediction equations

First correlations were calculated between PAEE
by IC and anthropometric, physiological, and disease-
related variables (see Table 4).

Significant correlations were present between PAEE
and heart rate measures, except for predicted HRAS.
At the same time, acticounts from both the AC and AH
measures correlated significantly with PAEE. These
variables were entered into the regression analyses.

Table 5
New PAEE prediction models for children with SB

Model Prediction equations R2

Actical (n =26) PAEE = 220.484 + 0.67 * AC
counts – 60.717 * ambulatory status

0.68

Actiheart (n =25) PAEE = 174.049 + 3.861 * HRAR –
60.285 * ambulatory status

0.72

Legend: PAEE = Physical Activity Energy Expenditure; HRAR =
heart rate above rest; ambulatory status: 0 = normal ambulation and
1 = community ambulation.

Furthermore, T-test showed a significant difference
(p = 0.02) for PAEE between normal (PAEE =
420 J/kg/min) and community ambulatory children
(PAEE = 319 J/kg/min), but not between boys and
girls. Therefore, ambulation level was entered as a di-
chotomous variable into the regression analyses. Co-
linearity was found between HRAR and HRAS, and
thus HRAR was entered into the model. The signif-
icant models with the highest explained variance are
displayed in Table 5.

4. Discussion

The first aim of this study was to test the valid-
ity of existing equations for predicting PAEE in chil-
dren with SB using both the Actical and Actiheart ac-
celerometry.

4.1. Prediction models using acticounts only

Contrary to the findings of other recent studies with
healthy children [34], the AC model showed an large
overestimation of the real PAEE. This overestimation
was almost twice the PAEE as measured by the IC. The
AC is sensitive to movements of the trunk and there-
fore the attachment at the hip may play an important
factor in explaining these results. Children with SB
often show excessive horizontal compensatory move-
ments due to weakness of the hip musculature, proba-
bly leading to excessive amounts of acticounts which
are only partly being accounted for in the true energy
expenditure. Indeed, when looking at the AC counts in
the study population (2547.9 ± 1029.9), the acticounts
are higher and much more varied than in healthy chil-
dren (1641 ± 410) [35]. Interestingly, acticounts are
lower in community ambulatory children. This is most
likely explained by the fact that they ambulate a much
shorter distance than do their peers who are considered
normal ambulatory [20]. The concern about the Actical
not being able to register different gait patterns seems
to be irrelevant in thispopulation, as reflected by the in-
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creased acticounts during walking. However, the main
source of error in the prediction of PAEE seems to be
the coefficient by which the acticounts predict PAEE.
At the same time, the AH model using acticounts only
showed a lower ICC and explained variance of only
29%. AH acticounts in healthy children are again much
lower (250–500 counts) [13] than in the study popu-
lation (857 ± 394.3). There was only a moderate cor-
relation between the AH acticounts and PAEE, lead-
ing to the hypothesis that, unlike in the case of the AC,
AH acticounts by themselves are not good predictors
of PAEE in children with SB. The pathological gait
pattern in combination with the placement of the ac-
celerometer at the chest may not be optimal.

4.2. Prediction models using heart rate data
combined with acticounts

Except for the AH predictions using predicted
HRAS, the other models using HRAR and true mea-
sured HRAS overestimated PAEE compared to PAEE
measured with indirect calorimetry. An overestima-
tion was not expected because children with SB have
a higher cost of locomotion [18–20]. Another factor
might be the increased number of acticounts, as dis-
cussed earlier, in combination with an even more so
increased HRAR during normal walking. Corder et
al. [13] reported a HRAR between 28 and 43, while
the children in this study showed an average of 55.2
(±18.4; range 28–98) during the 6MWT. The absolute
HR is similar to that of healthy peers [36], but with a
much smaller distance covered. This then leads to ac-
tivity occuring at the same HR, which in the prediction
equation accounts for more PAEE, and is thus an over-
estimation. A recent study in children with SB showed
an increased heart rate response for VO2 due to decon-
ditioning [20]. This subsequently results in higher HR
with similar PAEE, again causing an overestimation of
PAEE when using HR assumptions in healthy children.
Secondary database analysis showed a significant, but
only moderate correlation of 0.4 between measured
HRAS and the AH acticounts, but a nonsignificant cor-
relation between HRAR and AH acticounts. Indeed,
when using the model for children with chronic dis-
ease based on (predicted) HRAS as well, differences
are much smaller, possibly due to similar problems of
deconditiong in these children with chronic disease.
Takken’s model was most promising in the study pop-
ulation as well, with an ICC of 0.73 and the smallest
LoA (still quite large); however, this model yielded an
explained variance for children with SB of only 55%.

Finally, looking at the models using predicted
HRAS, ICC and R2 were extremely poor, which was
also reflected in the lack of correlation between pre-
dicted HRAS and PAEE. T-tests also showed a large
significant difference of 17.5 beats per minute and poor
correlation between predicted and measured HRAS.

4.3. New equations

Considering the correlations between PAEE and an-
thropometric and physiological variables, a couple of
results stand out. First, unlike in healthy children,
PAEE did not decrease with age, while REE did, as
expected. This is in line with earlier unpublished data
from the current investigators, which includes 70 chil-
dren. Whereas in healthy children PAEE during ambu-
lation declines with age due to improved biomechan-
ics and oxygen utilization, in children with SB, am-
bulation often becomes more difficult with age due to
possible deconditioning and insufficient muscle power
combined with increasing height and weight. Sec-
ondly, there was a significant difference in PAEE and
acticounts between normal and community ambulatory
children, in line with earlier results regarding energy
cost of locomotion in children with SB [20,22]. There-
fore, Hoffer classification and not age was entered into
the models. Finally, unlike in healthy children, there
were no differences between boys and girls except for
skinfolds. Skin folds, just like height, weight, BMI, and
predicted HRAS did not correlate with true PAEE and
were therefore not included in the regression analyses.

The regression model for the Actiheart using HRAR
and Hoffer classification provided the most accurate
prediction model (R2 = 0.720) for the PAEE in chil-
dren with SB, followed by the AC model using ac-
celerocounts and Hoffer classification (R2 = 0.681).
The accelerocounts by the Actiheart were removed
from the models, because they did not add signifi-
cantly to the prediction in addition to the other vari-
ables. In the correlation analysis, the AH accelero-
counts only showed a moderate correlation to PAEE.
This seems in line with the models of Corder [12,13]
and Takken [20], in which accelerocounts only account
for a small part of the variation in predicted PAEE. In
those models, most of the variation seems to be ex-
plained by (predicted) HR measures as well. The ex-
plained variance of the new Actiheart model was 72%,
while that of the new Actical model was 68%. These
numbers are comparable to Corder and Takken, who
reported 65% (for the AC) and 65% for the AH in chil-
dren with chronic disease, but still lower than Corder’s
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equations for healthy children with an explained vari-
ance of 86% for the AH. The lower explained variance
compared to healthy children could be explained by
the large variability in motor function, HR, and REE
within the children with SB. For example, two children
with the same level of lesion can experience different
limitations in motor function, walking pattern, fitness
level, and energy cost of locomotion. This is also in
line with the finding that adding ambulatory status im-
proved all models.

This study had some limitations. It was conducted
with ambulatory children with SB during ambulation
only; the results of this study are neither applicable to
the whole SB patient population nor for all activities.
At the same time, it is known from this population that
ambulatory activities account for most of the PAEE.
For further validation of the newly derived models, the
prediction equations should ideally be cross-validated
in both a different group of ambulatory children with
SB and in more activities of daily life. Another method
would be to compare the models using a generalized
F-test, but this is only possible when the models are
“nested”, which is the case when they are using the
same variables. Since these new models have a dis-
ease specific variable (ambulatory status) in the model,
this is not possible. The new models, however, have
improved the explained variation without adding more
variables into the equations. Whereas the original AC
model showed a R2 of 0.61, this was improved to 0.68,
and for the AH, the original explained variance ranging
from 7% to 65% improved to 72%.

Some limitations in feasibility were noted in using
the activity monitors. There were some difficulties due
to malfunctioning of the Actiheart and Actical soft-
ware/hardware: the data of 13 children could not be re-
trieved. In addition, the participants complained about
the AH: the ECG electrodes resulted in irritating reac-
tions on the skin at the place of attachment. The use of
a less expensive heart rate monitor might reduce these
reactions. The AC, on the other hand, was easier to at-
tach and more user friendly.

A major strength of this study is the use of directly
measured HRAS. Where several other studies have
used unpublished data from Corder’s study [13] to pre-
dict sleeping heart rate, this study obtained true sleep-
ing heart rate from the three-day period during which
the participants were being monitored. Corder’s pre-
diction was derived from 12- and 13-year-old healthy
children, which could explain some of the differences.
In this study, large differences and no correlation were
found between predicted HRAS and measured HRAS

or PAEE. Because of this, the use of directly measured
HRAS is recommended when this is a variable of in-
terest, instead of the predicted HRAS.

5. Conclusion

The present study shows that existing equations to
predict PAEE using the activity monitors AC and AH
are not valid for use in children with SB for the indi-
vidual evaluation of PAEE. The best regression model
derived during this study seems to be registration of
heart rate above rest, followed by a new model for
the AC, both including a variable for ambulatory sta-
tus. An additional benefit of registration of heart rate
above rest only would be that it does not require the use
of expensive accelerometry equipment and can eas-
ily be performed by clinicians working with these pa-
tients. Cross-validation of these regression models is
still needed.
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