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ABSTRACT

The aim of the study was to assess whether heart rate (HR) monitoring is suitable to estimate energy expenditure in spastic
cerebral palsied (CP) children, who are known to have very low levels of daily physical activity. Total daily energy
expenditure (TEE) predicted from HR recording(TEEHR, measured over 2 or 3 d) was therefore compared with TEE measured
by doubly labeled water (TEEDLW, measured over 14 d) in nine children with spastic diplegia/tetraplegia (mean ± SD age

10.7 ± 1.6 yr). At group level, there was no difference in TEEDLW (7.4± 2.1 MJ·d-1) and TEEHR (7.4 ± 2.2 MJ·d-1). Spearman
correlation between both methods was 0.88(P < 0.001). Individual estimates of TEEHR ranged from-16.9% to +20.0%, with
five TEEHR values within ± 10% of TEEDLW. It was concluded that also in children with low levels of daily physical activity,
HR monitoring (preferably 3 sampling days) can provide a close group estimate of energy expenditure. At the individual level,
the method is not suitable.

Physical activity is generally considered to be an important factor in the growth and development of children and adolescents
(17). Also the relevance of physical activity to clinical pediatrics has been gaining increasing attention, be it in diagnosis,
prevention, management, or etiology (2).

Measuring daily physical activity is one of the most difficult tasks for the physiologist (11) and probably even more difficult
in children than in adults. A problem encountered in measuring physical activity is the presence of contradictory aims. On the
one hand it is desirable to record the normal daily movements of a child, which usually means that the subject must be
burdened with equipment for measuring a number of body functions. On the other hand, the child's normal daily activities
should not be hindered (17).

Physical activity can be quantified by determining energy expenditure. At the moment, the doubly labeled water (DLW)
technique seems to be the most accurate low-interference technique for measuring total daily energy expenditure (TEE).
However, for large-scale application the method is limited because of its cost. Furthermore, the technique provides only an
overall estimate of energy expenditure for the entire observation period (17).

Heart rate (HR) monitoring is a simple and inexpensive method with little inconvenience to the subject, especially with the
new developments in microelectronics. Therefore, HR monitoring has become one of the most commonly employed methods
in physical activity studies in children (17). There are, however, certain disadvantages in using this method of prediction: the
relationship between HR and oxygen consumption(·VO2) is dependent upon the type of exercise (8); and, furthermore, the
method is less accurate at low levels of physical activity because of the influence of several factors(emotional stress, posture)
on the HR-·VO2 relation (4,7). Disadvantages of the HR method have been established in adults with metabolic disorders (7),
healthy adults (4-6,8,14,21,22,24), and healthy children (9,15).

Children with spastic cerebral palsy (CP) have very low levels of daily physical activity (3). Therefore, it might be
hypothesized that the HR method is unsuitable to predict energy expenditure in these children. The aim of the present study
was to compare HR monitoring with the DLW technique for the measurement of TEE in children with spastic CP. As far as
we know, no studies exist concerning the validity of HR monitoring to predict energy expenditure in a group of subjects with
such low levels of daily physical activity, as children with spastic CP are known to have.

SUBJECTS AND METHODS
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Subjects

Nine children with CP (5 boys and 4 girls), spastic diplegia (N = 6) or spastic tetraplegia (N = 3), volunteered to participate as
subjects. All children were between 8 and 13 yr of age and were day students at the children's rehabilitation center
Franciscusoord in Valkenburg (normal intelligence and mild mental retardation). Three children were ambulant and six were
wheelchair-bound. All children were Caucasian and participated in a 9-month sports program with 45-min aerobic exercise
sessions (cycling, wheelchair-driving, running) two times per week. The children and their parents were informed of all
aspects of the study, and written consent was obtained. The study was approved by the Medical Ethics Committees of the
University of Limburg and the Cooperating Rehabilitation Centers Limburg.

Doubly Labeled Water Technique

TEE was measured using the doubly labeled water technique (TEEDLW). This technique measures TEE over longer periods of

time by assessing the difference in disappearance rates of two stable isotopes, 18O and2 H (13). Measurements were
performed in the spring from April to June, during a normal school period. Individually calculated doses of 2H2

18O, which

were expected to create an excess of about 300 ppm 18O and 150 ppm 2H in the body water, were administered orally to the
children in the evening of day 0, after collecting a baseline urine sample. To avoid spillage of isotope due to oral motor
problems, a straw was used and children were asked to drink the water slowly. After emptying the dosage bottle, it was rinsed
with 50 ml of tap water, which was consumed through the same straw. In none of the children was loss of isotope observed.
Further urine samples were collected on days 1, 8, and 15 in the morning after the first voiding and before going to bed at
night. Isotope abundances in the urine samples were measured with an isotope ratio mass spectrometer (Aqua Sira, VG Isogas,
Middlewich, Cheshire, England). The 18O analyses were reproducible within 0.4 ppm and 2H within 0.2 ppm. Excesses of 18O
and 2H ranged from 282 to 388 ppm and from 136 to 178 ppm, respectively. Mean TEEDLW over 14 d was calculated using
an estimated fixed respiratory quotient (RQ) of 0.85 and the equation (20): Equation
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Equation 5A

where rCO2 = CO2 production rate (mol.d-1),N = total body water (mol); ko = elimination rate 18O; kH = elimination rate 2H;
rGf = correction factor for evaporative water loss, estimated by formula rGf = 1.05N(Ko - kH).

Heart Rate Monitoring

HR was monitored during the isotope-measurement period with a Sport Tester or Sport Tester PE3000 (Polar Electro,
Kempele, Finland). The HR transmitter was attached to the chest with two disposable pregelled electrodes or if possible with
an electrode belt. Plasters were used to consolidate the attachment. The receiver was worn on the wrist, with the function keys
masked. Pulse was recorded at 1-min intervals. Data were retrieved via an interface unit and microcomputer.

Sampling days included two school days (one with physical training during school time and one without) and one weekend
day. Heart rate was measured during waking hours; energy expenditure at night was assumed to be equal to resting metabolic
rate (RMR). Because of malfunction of some HR recorders, a number of measurements was too short to estimate energy
expenditure from HR. However, all children had >=2 d of complete HR recordings and four subjects completed 3 d.

Subject Calibration

Each subject was individually calibrated under standardized conditions to establish the relation between HR and ·V2. In the
ambulant children, four calibration points were obtained by simultaneous measurements of HR and ·VO2 during sitting,
standing, and cycling on a mechanically braked ergometer (Universal Ergostat Fleisch, Metabo, Epalinges, Switzerland) at
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30% and at 70% of their previously determined peak aerobic capacity. ·VO2 was measured using a face mask connected to a
Jaeger EOS-sprint analyzer (Jaeger Nederland, Breda, The Netherlands) and heart rates were taken from an ECG monitor. A
preliminary equilibration period of 2 min was allowed for each activity, followed by a 4-min sampling period. The calibration
point for each activity was computed as the mean of the 4-min sampling period of the HR and ·VO2. For the children in
wheelchairs, two calibration points were obtained: during sitting and during arm cranking. Arm cranking tests were performed
on the Fleisch ergometer with one arm, while the children were sitting in their own wheelchair beside the ergometer. It turned
out to be impossible to perform ·VO2 measurements while cranking with two arms, because when sitting behind the
ergometer, the distance between cranks and face was so small that the cranks constantly hit the tube that connected the mask
with the analyzer. Children performed the arm cranking tests at about 30% of their peak aerobic capacity for work with two
arms. It was impossible to measure HR and ·VO2 at higher intensities, because when the resistance was increased, the children
lowered their cranking speed and showed no increase in HR and·VO2.

RMR

In all the subjects, RMR was determined under standard conditions in a comfortably warm room by an open-circuit ventilated
hood system (Oxycon Beta, Mijnhardt, The Netherlands). The children arrived by car at the university between 7:30 and 8:15
a.m., having fasted for 12 h. They were transported to the ventilated hood room in wheelchairs. After a period of 5-min bed
rest, RMR was measured during 20 min while the children were watching TV or listening to stories (supine position). RMR
was calculated according to the formula of Weir (25).

Estimation of Energy Expenditure by Heart Rate Method

TEE was calculated from HR (TEEHR) using a modification of the method of Saris et al. (18), as was validated by Spurr et al.
(22). This requires the definition of a“FLEX” HR for each subject, above which there is a strong relation between HR and
·VO2, and below which the two variables are rather poorly correlated.

In the present study, FLEX HR in the ambulant children was defined as the mean of the highest HR for the standing activity
and the lowest HR of the exercise activities. Energy expenditure during rest was calculated as the mean·VO2 of lying
(ventilated hood), sitting, and standing. Energy expenditure for periods of the daytime when the HR was <= FLEX HR, was
calculated on basis of this mean ·VO2. When HR was above FLEX HR, energy expenditure was derived from the
minute-by-minute recorded HR and the subject's calibration curve obtained on the bicycle. In the wheelchair-bound children,
FLEX HR was defined as the mean HR for sitting. For periods of the daytime when the HR was <= FLEX HR, energy
expenditure was calculated on basis of the mean ·VO2 of lying (ventilated hood) and sitting; when the HR was above the
FLEX HR, energy expenditure was calculated from the HR recordings and the individual calibration curves obtained from HR
and·VO2 measurements during sitting and arm cranking. TEEHR was computed by summing the estimated energy expenditure

from HR (using an energy equivalent of 20.50 kJ·l-1) and adding energy expenditure at night (=RMR).

Body Composition

Body mass and total body water (TBW) were measured at the start of the experimental period and redetermined at the end.

Body mass was obtained with an electronic balance (August Sauter GmbH, Albstadt, Germany) in the mornings of day 1 and
day 16, before subjects consumed any food/drink and while wearing underclothing. Children who were unable to stand
upright were measured while sitting on a chair, using the same balance.

At the start of the experimental period, TBW was assessed by analyzing the urine samples collected on the evening of day 0
(baseline sample) and on the morning of day 1 after the first voiding. At the end of the experimental period, i.e., before going
to bed at night on day 15, a 2H2O(deuterium) dilution was orally administered to the children, after emptying the bladder

(baseline urine sample). The dosage was expected to create an excess of 100 ppm 2H. A second urine sample was collected on
day 16 in the morning, after the first voiding. TBW from deuterium dilution was calculated as the deuterium dilution space
divided by 1.04, to account for the overestimate of TBW due to proton exchange that occurs between the tracer and
nonaqueous hydrogen of body solids (12). Percentage body fat was calculated from TBW, assuming that water is 75% (boys)

Ovid: VAN DEN BERG EMONS: Med Sci Sports Exerc, Volume 28(4).April 1996.496-501

file:///T|/Tekst/keur-dare/Saris (11717)/Ovid VAN DEN...Sci Sports Exerc, Volume 28(4)_April 1996_496-501.htm (4 of 9) [18-2-2005 9:50:48]



and 76% (girls) of the fat-free mass (FFM) (10).

Height measurement were taken once during the experimental period. Subjects were measured while standing against a wall,
or if unable to stand independently, while lying on a bed with a wooden T-square or a flexible tape. Physical characteristics of
the subjects are presented in Table 1.
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TABLE 1. Characteristics of the nine children with cerebral palsy.

Statistical Analysis

Comparisons between data were made using the Wilcoxon test for paired observations ([alpha] = 0.05). Agreement between
methods was assessed with the method of Altman and Bland (1). Dispersion between HR sampling days was expressed as the
coefficient of variation (CV). Bivariate correlations were performed by Spearman's rank order correlation(rS).

RESULTS

Individual results of the HR monitoring and the DLW method are presented in Table 2. Four children completed 3 d (1
weekend day and 2 school days) of HR recording; four children completed only two school days and one child had one
complete school day and one weekend day. Because the CV in TEEHR between the sampling days was relatively small (5%,

mean TEEHR = 7.1 MJ·d-1, pooled SD = 0.35 MJ·d-1), the average (unweighted) TEEHR of the sampling days was used for
comparison with TEEDLW. Daytime HR was 15.6 ± 18.1% above (P = 0.07) sitting HR (range -13.3% to +42.9%). FLEX HR
was on average 4.0 ± 12.9% lower (NS) than daytime HR (range -27.6% to+15.3%). On average, the children spent 54.1 ±
32.0% of the daytime at HR > FLEX HR. There was no significant correlation between percentage of time spent above FLEX
HR and the discrepancy between HR monitoring and the DLW method, nor between level of daily physical activity
(calculated as TEEDLW/RMR) and the discrepancy between the methods. At group level, there was no difference in TEEDLW
and TEEHR. Spearman correlation between both methods was 0.88 (P < 0.001). Individual estimates of TEEHR ranged from

-16.9% to +20.0% (-2.1 MJ·d-1 to +1.8 MJ·d-1), with 5 (=56%) TEEHR values lying within ± 10% of TEEDLW.
Intra-individual differences between the methods were larger (P = 0.05) in the children with two sampling days (13.5 ± 6.3%)
than in the children with three sampling days (5.9 ± 5.8%). In six children, TEEHR was lower than corresponding TEEDLW.
There was no statistically significant difference in TEEHR of the school day with a training session and the school day without
training (N = 8). Spearman correlation between TEEHR of the two school days was 0.98 (P < 0.001). There was also no
significant difference in TEEHR of the school days and the weekend day, but this comparison could only be made in five
children.
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TABLE 2. Total energy expenditure estimated from heart rate (HR) monitoring(TEEHR) and from
doubly labeled water (TEEDLW) in nine children with cerebral palsy.

In Figure 1, the difference in TEE between HR monitoring and the DLW method is plotted against the average measurement
according to Altman and Bland (1). There was no significant relation between the difference and the average.

Graphic
[Help with image viewing]
[Email Jumpstart To Image]

Figure 1-Difference in total daily energy expenditure (TEE) determined by the doubly labeled
water method (TEEDLW) and heart rate monitoring (TEEHR) versus average TEE.
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DISCUSSION

To assess whether HR monitoring is suitable to estimate energy expenditure in children with very low levels of daily physical
activity, TEE predicted from HR was compared with TEE measured by DLW in nine children with spastic CP.

The ratio of TEEDLW to RMR (=index for the level of daily physical activity) in the children with CP was 1.28 ± 0.22 (Table
2). Although different methods were used to assess physical activity, comparison with studies in healthy children indicates
that the children with CP are considerably less active than healthy children(activity levels in healthy children in The
Netherlands (3) and Northern Ireland (15) were found to be, respectively, 1.83 ± 0.23 and 1.77 ± 0.21). The low physical
activity in the children with CP is in agreement with our previous study in children with diplegic CP (3).

The DLW method has been validated in adults (16) and infants (26) and is considered to be the gold standard for
measurements of energy expenditure. Using a fixed RQ for the calculation of energy expenditure over longer periods of time,
has been shown to produce minimal error (error in estimation is 1% for each unit RQ)(19). The Sport Tester PE3000 has been
validated against ECG heart rates in children in laboratory and field settings (23). It was concluded that the device provides
valid readings of children's HR across a wide range of exercise involving upper- and lower-body movements.

Because of earlier measurements, the children of the present study were familiar with the calibration procedure. Therefore, the
calibration was not an event of high excitement for them. In spite of this, two children (Table 2, numbers 12 and 15) had a
high HR during sitting(was even higher than daytime HR), probably still due to emotional stress during the calibration.

In the ambulant children the calibration activity for the active part of the HR-curve was cycling. No significant difference was
found in the HR-·VO2 relationship between walking on a treadmill and cycling in six ambulant children with CP (including
the ambulant children of the present study) measured in our laboratory.

The low TEEDLW to RMR ratio in the CP group (1.28 ± 0.22,Table 2) seems to be in contrast with the mean HR during

daytime (101 bts·min-1) and the percentage of the daytime spent at HR > FLEX HR (54.1%): in healthy, more active children
(physical activity index = 1.77 ± 0.21) in Northern Ireland (15), mean daytime HR and percentage of daytime spent at HR >
FLEX HR were, respectively, 104 beats·min-1 and 41.3%. However, both studies cannot be compared properly because the
slopes of the regression lines between HR and ·VO2 may differ between CP and healthy children and the definition of the
FLEX HR differs between the studies.

The TEEDLW to RMR ratios in two children with CP (numbers 11 and 15,Table 2) were extremely low. These children were
severely affected, but the measured ratio in these children may be an underestimation of their actual ratio. Possibly, these
children were not fully “at rest” during the RMR measurement.

Because of the low levels of daily physical activity in children with CP, it is to be expected that the HR method is less suitable
in these children than in healthy children with relatively high activity levels or adults with intermediate levels. The limited
number of calibration activities at different intensities that are possible in severely affected wheelchair-bound children and the
fact that, for practical reasons, no calibration points could be obtained for wheelchair-driving and arm cranking had to be
performed with one arm, might further decrease the accuracy of the HR method in children with CP.

However, the results of the present study do not confirm this hypothesis. At group level, HR monitoring resulted in a good
prediction of TEE. Individual TEEHR and TEEDLW discrepancies ranged from -16.9% to +20.0%, but are similar to
discrepancies found in healthy children and adults (Table 3). Apparently, the low activity level in children with CP and the
limitations in calibration activities do not result in poorer accuracy of the HR method in children with CP than in healthy
subjects. No significant correlation was found between percentage of time spent at HR > FLEX HR or TEEDLW to RMR ratio
and the discrepancy between TEEHR and TEEDLW. This may be due to the small number of subjects. However, from the
studies presented in Table 3, also no tendency can be seen that the level of physical activity is a limiting factor in the accuracy
of predicting TEE from HR.

TABLE 3. Validation studies (using doubly labeled water (DLW) or indirect calorimetry (CAL) as reference method) of heart

Ovid: VAN DEN BERG EMONS: Med Sci Sports Exerc, Volume 28(4).April 1996.496-501

file:///T|/Tekst/keur-dare/Saris (11717)/Ovid VAN DEN...Sci Sports Exerc, Volume 28(4)_April 1996_496-501.htm (6 of 9) [18-2-2005 9:50:48]



Graphic
[Help with image viewing]
[Email Jumpstart To Image]

rate monitoring for the estimation of total daily energy expenditure (TEE) in healthy subjects.

Saris (17) suggested that one of the inaccuracies of the minute-by-minute HR method might be due to a slower return of HR to
resting levels than the return of ·VO2 after bouts of activity. It may be possible that the relatively few bouts of activity in
children with CP, compensate for the possibly decreased accuracy of the HR method due to low activity levels and limitations
in calibration activities in this group.

In conclusion, results of the present study indicate that the HR method can provide a close group estimate of energy
expenditure in children with spastic CP with extremely low levels of daily physical activity (preferably 3 sampling days).
Apparently, in contrast with what was expected, low physical activity does not necessarily result in poor accuracy of the HR
method. The method is limited in the prediction of energy expenditure in individuals, but in comparison with the expensive
DLW method, HR monitoring seems to be the most suitable method in large-scale activity studies to predict energy
expenditure for groups with reduced physical activity (for example in rehabilitation research).
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