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Introduction

Heart failure is characterized by limited daily physical activity and an altersd autonomic -

control in the cardiovascular system (1). The abnormal autonomic responses have been
examined during a transient physical activity based on exercise tests. All-day locomotor
activity not only refiects endogenous circadian clock function in several animal species
(2), but also determines the input stimulus to the cardiovascular system. Because blood
pressure and heart rate vary according to mode and strength of physical activity throngh
under the antonomic mervous system, the relationship between physical activity and
hemodynamic variables serves as a marker of autonomic nervous function in various
physiological and pathological conditions, Recently, Leary et al. (3) examnined both 24-hr
monitoring of blood pressure and actigraphy and found that the magnitude of the morning
surge was closely associated with the level of physical activity in the hours after waking.
However, most devices already developed focused mainly on evaluation of physical
activity or rest/activity pattern but not on quantitative relationship between physical
activity and cardiovascular hemodynamics. These analyses might require simultaneous
and continuous recordings of all-day physical activity and hemodynamic variables to
handle multivariable data as the same time series.

In the present study, we developed a methed to continnously measure 24-hr
Holter electrocardiogram (ECG) and physical activity in terms of metabolic costs. To
examine instantaneous relationship between beat-by-beat RR intervals and Physical
activity throughout the day, these variables were expressed as the same time series by
the interpolation with the same sampling intervals. This new method was then applied
to patients with heart failure to analyze significance of autonomic dysregulation in
this syndrome.

Methods

Validation of the Accelerometer with Oxygen Consumption

Activity monitor (34 x 45 x 18 mm) is designed to detect acceleration along the vertical

axis up to 50 G with frequency responses up to 600 Hz. Since large muscle motion
determines body metabolic costs, the activity monitor was attached at the waist. To
examine whether the acceleration signals could reflect body energy expenditure during
physical activity, 7 healthy subjects and 3 heart failure patients performed cardiopul-
monary exercise test using four-stage graded treadmill walking at 0% grade. Foliowing a
2-min familiarization period with the treadmill, 2-min exercise bouts consisting of
walking were started from 1.25 mph. Then, the speed was increased progressively by 1.25
mph every 2 min. All measurements were performed while the subjects were walking at
0% grade, because walking is the most frequent dctwuy pattern observed in patients with
moderately severe heart failure.

During these procedures, oxygen uptake (VO2) was measured on breath-by-breath
basis using metabolic measurement cart equipped with an oxygen and carbon dioxide
analyzer (Minato AE-300, Osaka, Japan) and recorded simultaneously with acceleration
signals. These signals were digitized at 10 Hz per channel with an online analog-to-digital
converter (DT9804-USB, Data Translation, Marlboro, MA, USA) and directly stored on a
bard-disk memory system (Latitude €600, Dell Corp., Round Rock, TX, USA). The
acceleration signals were rectified and averaged from every 5 sec to every 100 sec to find
optimal averaged periods for physical activity closely related to energy expenditure. VO2
was divided by 3.5 mlkg/min and expressed as metabolic cost (METs).
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Activity Monitor with Holter ECG

The signals obtained from the acceleration-pickup sensor were recorded simultaneously
with Holter ECG devise (Morpheus, Teijin, Tokyo, Japan) at a sampling frequency
of 32 Hz. This devise could record not only ECG at a sampling frequency of 256 Hz,
but also other biological signals including respiration with chest and abdominal strain
gauges, oxyhemoglobin saturation, and air flow pressure. These data were stored in a
memory disk.

Analysis of Acceleration and ECG Data

Acceleration signals obtained by Holter ECG devise were rectified and integrated over
time intervals of 0.25 sec. Beat-by-beat RR interval was identified from each beat
and splined at 4 Hz to prodoce the same time series as the acceleration signals. [n the
present study, 24-hr RR intervals and acceleration data sampled at 4Hz were divided
into serial 5-min segments every 50 sec, which were averaged to produce 0.02 Hz
sampling time series. In each 5-min RR data, the maximal entropy method was applied

Table 1
Patient characteristics

New York Heart Association

H II/IIT

Number of subjects 12 12
Age (years) 55+ 17 5516
Male/fernale 1072 8/4
Mean blood pressure (mmHg) 85«15 84 + 12
LVEF (%) 46 £ 16 32 £ 24*
LVDd (min) 56 £ 10 52+ 14
Norepinephrine (pg/ml) 286 + 312 399 + 194
BNP (pg/dl) 141 = 94 526 x 499*
Underlying diseuses

Ischemic heart disease 2 1

Dilated cardiomyopathy 3 4

Valvular heart disease 2 2

Hypertensive heart disease 3 2

Others 2 3
Medication

Diuretics 4 9

ACE inhibitors 2 6

Angiotensin receptor antagonists 5 5

Nitrates 6 6

Digoxin 4 4

LVEF = left ventricular ejection fraction; LVDd = left ventricular end-diastolic dimension;
Bl\lP = brain natriuretic peptide; ACE = angiotensin-converting enzyme.
p < .05.



T1

F1

248 T. Yemazaki et al,

to evaluate spectral bands of RR-interval variability. The trend of these entire-day signals
sampled at 0.02 Hz was again subject to the maximum entropy method to extract the
ultradian rhythm.

The typical ultradian rhythwn, which has been well known as non-rapid-eye-
movement (REM)-REM sleep cycles, has a periodicity of 90 min. Similarly, the ultradian
rhythm alse has been found in daytime behavior and hormonal concentrations in animals
and infants, so-called *‘a basic rest-activity cycle’ (4, 5). In the present study we defined
the ultradian rhythm as oscillations with frequencies ranging from 0.0001 to 0.0003 Hz
because the average frequency of the maximal ultradian power in 9 patients with nor-
mal cardiac function was 0.00018 = 0.0001 Hz (mean + 2 standard deviation, SD) in
our institute,

Evaluation in Patients with Heart Failure

All-day monitoring of ECG and physical activity was then performed in 24 heart failure
inpatients (18 men and 6 women). They were asked not to £0 upstairs or downstairs but to
walk around freely in the hospital. Their left ventricular ejection fraction determined by
radionuclide or contrast ventriculography was 55% or less (Table 1). Blood pressure,
using cuff tonometry, plasma norepinephrine, and brain natrinretic peptide  were
measured in all patients in the morning on the day of the study. Subjects were
prospectively divided into two groups: 12 patients with asymptomatic cardiac
dysfunction, New York Heart Associations (NYHA) class I and 12 patients with
symptomatic heart failure (NYHA class IT: 7, IIT: 5).

Patients with lung disorders, atrial fibrillation, anemia, severe hypoxemia (partial
pressure of arterial oxygen < 80 mmHg), diabetes mellitus, or autonomic failure of other
origins were excluded from the present study. Underlying heart disease and concurrent
medications are listed in Table 1. None of the subjects had B-blockers and  history of
more than occasional alcohol consumption. Informed consent was obtained from all
patients. The study was approved by the Institutional Human Subjects Review Committee
of our university hospital.

Statistical Analysis
Data are expressed as mean + SD. A linear regression analysis was applied to test the
relationship between integrated acceleration signals and METs. Comparisons between the
two groups were performed with unpaired t-test. Chi-square test was performed to
compare prevalence of the ultradian thythm between two groups. The level of statistical
significance was set at p < .05,

Results

Prediction of Energy Cost with Acecelerometer

Integrals of rectified accelerometer signals increased in a parallel fashion with VO2
during graded treadmill walking (Figure 1). Close positive linear correlation was found
between the integral of acceleration signals and METs in all subjects when these data
were averaged for 50 sec or more (METs = 0.17 x integrals + 1.62, r = 0.87 + 0.08).
These results indicate the feasibility of acceleration signals in the vertical direction as
actual energy cost of walking.
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Figure 1. Simultancous recordings in a representative healthy subject of rectified acceleration
signals (upper, left panel) and oxygen consumption (VO2, lower, left panel) during treadmill
walking at 0% grade. These showed a paralle] increase along with an increase in treadmill speed
every 2 min. A close positive, linear correlation was found between the acceleraton signals and
metabolic cost (METSs) derived from oxygen consumption when these data were averaged for 50 sec
(right panel).

Heart Rate and Daily Physical Activity in Patients with Heart Failure

Table | shows clinical characteristics of patients with heart failure. There were no
differences in age and baseline blood pressure between the asymptomatic and the
symptomatic patients. Left ventricular ejection fraction was significantly lower and
plasma brain natriuretic peptide was significantly higher in the symptomatic patients than
in the asymptomatic patients. There were no differences in the prevalence in underlying
disorders and medications between the two groups.

Figure 2 shows circadian variation of heart rate, high-frequency components (0.12 -
0.5 Hz) of RR-interval variability, and physical activity in a representative asymptom-
atic patient. Instantancous changes in heart rate were quite concordant with those in
phystcal activity as shown in the lower panel of Figure 2. High-frequency components
of RR-interval variability rose immediately after cessation of activity when heart rate
was declining.

The symptomatic patients had lower mean energy expenditure assessed by tbe total
METs during 8-hr daytime periods but higher mean heart rate than the asymptomatic
patients (Figure 3). Consequently, the ratio of mean heart rate to the total METs was
significantly greater in the symptomatic patients, suggesting an increased chronotropic
drive during ordinary physical activity in the symptomatic patients as compared with the
asymptomatic patients.

Power spectral analysis for all-day heart rate and physical activity revealed that a
prominent rhythm (ultradian rhythm) existed in both heart rate and physical activity
(Figure 4). A more prominent ultradian rhythm of circadian changes in heart rate and
physical activity was found in 50% of the subjects studied, Their ultradian power
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Figure 2. All-day profile of heart mte (HR), high-frequency components (HF: 0.12-0.5 Hz) of
RR-interval variability, and physical activity in a representative asymptomatic patient.
Instantaneous changes in HR were quite concordant with those in physical activity as shown in
the lower panel. HF components of RR-interval variability rose immediately after the cessation of
activity when HR was declining.
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Figure 3. Mean daytime HR, physical activity expressed by metabolic costs (METS), and their
ratio in patients with heart failure. As compared with the asymptomatic patients (New York Heart
Association functional class I), the symptomatic patients {functional class 1T and IIT) demonstrated a
higher mean HR and a lower physical activity expressed by the total METs during 8-hr daytime
periods. A higher ratio of HR to physical activity suggests an increased chronotropic drive in the
symplomatic patients, *p < .05, **p < .01.
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Figure 4. Rhythmic daytime variations of heart rate (HR) and physical activity in a patient with
symptomatic heart failure (upper panel), Power spectral analysis with maximum entropy methad
revealed a prominent ultradian rhythm (arrows) in both HR and physical activity, which is similar
to that of sleep cycles (lower panel).

normalized by the total power averaged 36.3 = 5.4% in heart rate and 38.9 + 11.5% in
physical activity.

Discussion

Ultradian Dynamics of Heart Rate and Physical Activity

The behavior of the autonomic nervous function of free-living subjects can be properly
interpreted only when instantaneous and serial cardiovascular responses are related
quantitatively to daily physical activity. The present results showed that acceleration
signals in the vertica} direction well reflected actual energy cost of walking in healthy
subjects and heart failure patients. Using this devise, we performed simultaneous
recordings of Holter ECG and acceleration signals in the same time series to investigate
the dynamic relationship between ECG-derived variables and daily physical activity in
patients with heart failure. In patients with symptomatic heart failure, daytime heart rate
control was upregulated despite limited functional capacity. The increased chronotropic
drive during ordinary physical activity could be attributed to attenuated parasympathetic
and exaggerated sympathetic tone in the symptomatic patients (6). The present study is
the first that documented a prominent ultradian rhythm frequently observed in both
daytime heart ratc and physical activity in patients with heart failure. This ultradian
rhythm corresponds to an intrinsic basic rest-activity cycle (4) which is an extension of
the rhythmically recurring patterns of sleep cycles in the humans. Such an uliradian
rhythm with a periodicity of approximately 90—100 min has been reported in plasma
cortisol secretion and plasma noradrenarine concentrations in nonhuman primates (4, 7)
or daytime behavior in infants (5),
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However, no study has quantitatively documented the daytime wtradian rhythms of
physical activity and heart rate in patients with heart failure. Therefore, the appearance of
ultradian dynamics even under free-living patients suggests that physical activity could
become subject to the intrinsic thythm of body’s homeostasis with the development of
heart failore. Thus, the daytime dynamics and relationship between heart rate and
physical activity under free-moving conditions could serve as a quantitative guide to
investigate underlying autonomic and homeostatic mechanisms for cardiovascular
regulation in heart failure.

Acceleration Signals as Energy Expenditure

Because of a growing interest in the assessment of daily physical activity, electronic
accelerometers have been introduced to directly measure the frequency and intensity of
physical activities from acceleration and deceleration signals of the body motion. Unlike
questionnaires and diary techniques, this method is based on the concept that physical
activity is reflected by body movement produced by large skeletal muscles and resuttant
energy expenditure. As shown in our present study, a close correlation between
accelerometer output and oxygen consumption has been reported in normal subjects
performing short-term exercise tests and in free-living subjects (8-10). Sun and Hill (8)
found a strong linear relationship between mechanical work, performed on the body
center of mass, and energy expenditure during walking,

However, most devises equipped with the accelerometer focused exclusively on
physical activity. The essential for evaluation of physical activity in free-living patients
with heart failure is not only to evaluate their functional capacity, but to understand the
cardiovascular regulation in relation to daily physical activity, Recently, devises that
record physical activity and heart rate or blood pressure have been introduced (11).
Although showing promise in measuring physical activity, these equipments only
involved accelerometer with pulse rate counter or intermittent ECG recordings. This is
because these devices have been intended not to analyze the relationship between Holter
ECG and physical activity in free-moving subjects but to quantify global pattern of daily
physical activity. The present method allows us to examine instantaneous and serial
relationship between all-day ECG-derived variables and physical activity by reconstruct-
ing the same time series according to the purpose of the study.

Limitations
The integral of the absolute value of accelcration in the vertical direction was used for the
assessment of physical activity like walking, because the major acceleration component
during walking is seen in the vertical direction (12). Of note is that the uniaxial
accelerometer may not be able to detect the torsional aceeleration, However, data from
carly activity studies (9, 13) suggest that uniaxial accelerometer devices may be as
effective as triaxial accelerometer devices in quantifying human physical activity. Bouten
et al. (%) compared uniaxial and triaxial accelerometer output during nonlocomotor
sedentary activities and treadmill walking and found that for each activity, movement
recorded in the anteroposterior and mediolateral planes was accompanied by movement
detection in the vertical axis. Similar observations were reported by other investigators
(13). Another problem of accelerometer is underestimation of energy expenditure in
activities like walking upstairs, eycling, rinning, or static exercise that are commonly
secn among daily physical activities of normal subjects.

However, heart failure is characterized by limited physical activity; walking is the
most frequent activity pattern in patients with moderate heart failure. Saris et al. 14)
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stated that a disproportional increase in energy expenditure during static exercise is not a
serious problem under free-living conditions, because the contribution of static exercise
to daily physical activity is negligible. Thus, as far as applied to evaluation of energy
costs of ordinary physical activity using large muscle mass, the accelerometer potentially
provides a gquantitative basis to gain an insight into activity-related autonomic and
kemodynamic responses in patients with heart failure.

Conclusions

The simultaneous analysis of Holter ECG-derived variables and all-day physical activity
offers potential benefits for investigation of underlying autonomic and homeostatic
mechanisms in heart failure. Owing to the same time series, this method also allows us to
consider physical activity and cardiac parameters as input-output signals to identify a
system’s behavior. -
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