@

Ant.post.

0 20 4’0 60 8I0 100
’ Gait Cycle [%]

Fig.3 Example of trunk acceleration during six strides (12
steps) walking in a young subject
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Fig. 4 Example of the trunk acceleration during six strides (12
- steps) walking in an elderly subject

lateral, vertical, and anterior posterior directions. Fig-
ure 4 shows the same elderly subject before intervention.
That subject illustrated more variability than young sub-
jects had in all directions. Table 1 shows results of anal-
yses with comparison between young and elderly sub-
jects. Significant differences were found in the step num-
ber, cadence, and walking speeds (p<0.05). Elderly sub-
jects walked significantly more slowly than young sub-
jects. The Lyapunov exponents of elderly subjects were
slightly higher than those of young subjects, indicating
less local dynamic stability, but no statistical significance
was observed (p = 0.05). Tt is noteworthy that elderly
persons demonstrated almost identical instability at much
~ slower walking speeds than did young subjects. Results
suggested that aging diminished the local dynamic stabil-
ity of walking, consequently decreasing elderly subjects’
walking speed to improve stability to compensate for vari-
ations of gait.

Table 2 shows results of male elderly subjects with
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Table 2 Comparison of a male elderly subject before and af-
tér thi exercise intervention. The standard deviation
is shgwn in parentheses. Significant differences (p <

0.05) ate marked with asterisks

R ‘Before “After

N - 28 i

Age -75.9(4.2) 75.9(4.2)
162.4(7.0)  1624(7.0)
65.6(12.0) - 66.3(12.1)
155(5.2) 17.6(5.6)
137.1(10.8)  138.3(7.9)

Strength [kg/BW] 1.22(0.24)* 1.45(0.31)*

Leg Extension 683.5(179.5) 686.2(212.8) ‘

Power [watts] :

Functional Reach

— Forward [cm] 26.4(4.8) 27.1(5.0)

— Lateral {cm] 15.9(2.4)* 19.7 (2:3)*

Step Number 17.5(1.4) 17.2(1.2)

Cadence 116.5(11.1) 118.7(7.9)

[step/min]
Walking Speed 1.27(0.16) 1.31(0.17)
[m/s]

CV Gait Cycle 0.067(0.067) 0.068 (0.042)

SD Lateral 0.076(0.036) 0.072(0.019)

SD Vertical 0.089(0.049) 0.081(0.026)

SD Ant. post. 0.068(0.032) 0.083(0.032)

LyEp Lateral 0.065 (0.026)* 0.048 (0.018)*

LyEp Vertical 0.057(0.026) 0.046(0.020)

LyEp Ant.post.  0.051(0.023)* 0.038(0.018)*

comparison between groups before aid after the exercise
intervention. Mean values of the right and the left side
records were calculated for the ROM, the hip abductors
muscle strength, the lower leg extensor power, and the -
functional reach. For male subjects, significant improve-
ments were found in the hip abductors muscle strength and
the Jateral functional reach (p <0.05). The Lyapunov ex-
ponents after the exercise intervention indicated signifi-
cantly lower values in the lateral and the anteroposterior
direction, which indicated improvement of local dynamic
stability. Table 3 shows that female elderly subjects also
presented significant improvements in the muscle strength
of hip abductors and the lateral functional reach. Addi-
tionally, a significant increase of the forward functional
reach and decrease of the step number were also observed.
The Lyapunov exponents of the group after exercise inter-
vention weére significantly lower than those of the before
group in-all directions. No remarkable differences in SD
and CV values were found between the groups before and
after, in either male or female elderly subjects.

According to those results, we hypothesized that
strengths of hip abductors contributed to improvement of
the local dynamic stability while walking. Figures 5 and 6
show relationships between the strength of hip abductors
and the Lyapunov exponents in the group of after exercise
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Table 3 Comparison of a female elderly subject before and af-
ter the exercise intervention. Significant differences

(p <0.05) ate marked with asterisks

‘Before After

N 24
Age 77.0(4.5) 77.0(4.5)
Height [cm] 146.0(5.2) 146.0 (5.2)
Weight [kg] 51.9(5.8) 51.6(8.8)
ROM Ankle [deg] 19.9(7.5) 18.0(5.5)

- ROM Knee [deg] 141.6(15.4)  141.4(15.2)
Hip Abductors
Strength [kg/BW] 0.89(0.25)*  1.07(0.28)*
Leg Extension 252.8(111.0) 264.4(100.2)
Power [watts] '
Functional Reach
—~Forward [cm]  23.4(5.2)* 24.7(4.7)*
—Lateral [cm]  15.1(2.5)* 18.0(3.3)*
Step Number 20.04 (2.27)*  19.67(2.24)*
Cadence 118.64(8.56) 117.98(8.42)

[step/min]
Walking Speed 1.14(0.18) 1.16(0.16)
[mys] '

CV Step 0.061(0.032) 0.074(0.038)
SD Lateral 0.071(0.018) 0.076(0.023)
SD Vertical 0.084 (0.025) 0.085(0.031)
SD Ant. post. 0.061(0.017) 0.077(0.021)
LyEp Lateral 0.075(0.032)* *0.056 (0.019)*
LyEp Vertical 0.073(0.038)* 0.048 (0.019)*

LyEp Ant. post.

0.062 (0.029)* 0.043 (0.014)*

intervention, respectively, for the male and female elderly
subjects. Remarkable correlations were observed in the
female elderly subjects (p < 0.05), but not in the male el-
derly subjects. Hip abductors are known to contribute to
stabilizing the pelvis in biped locomotion. Further inves-
tigation is required to ascertain specific effects of muscle
building or balance training on improvement of walking
stability.

Results of the traditional variability index used in this
study did not reveal significant differences between sub-
jects before and the after the intervention. Elderly per-
sons’ walking patterns réflect not only the direct effects
of aging, but also some adaptive mechanisms developed
to compensate for their diminished physical performance.
They acquired their own gait pattern, engendering vari-
ability in the acceleration waveform. However, standard
deviations merely provided a picture of the overall level
of variability in the gait patterns. Although they provided
a general picture of the level of variability, no information
is apparent about any temporal structure of the variations
involving with time!'?. In contrast, the technique used to
analyze nonlinear dynamic systems illustrates both spatial
and temporal aspects of the data.

In the experimental study, a shert walking distance
was chosen to avoid effects of fatigue from elderly per-
sons’ walking. According to a pre-experiment, 16 m was
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exercise intervention

a feasible and proper condition to assess stable continuous
walking. It is important to mention that estimation of Lya-
punov exponents is sensitive to the data size and the ob-
servation time!!”). Therefore, estimation accuracy of Lya-
punov exponents was rather low in this study. However,
we quantified the exponential rate of divergence of tra-
jectories, which followed trends of Lyapunov exponents.
Consequently, we assumed that our indices were reliable
for this inter-subjective study to assess relative improve-
ment of walking performance.

The proposed method was adequate to quantify the
nature of the dynamic system, which changes the states
continuously while walking. It should also be emphasized
that the method analyzes the dynamic stability of walk-
ing using a light-weight portable instrument that is easy
to wear and convenient to use. A quantitative measure
of walking stability might provide a promising method to
assess personal risk of falls. It might also contribute to
designing of proper training strategies and monitoring of
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their progress.
5. Conclusion

This study described a technique for assessing dy-
namic stability of walking using nonlinear time-series
analyses with a portable instrument. The proposed method
- was concluded to be feasible for revealing effects and ef-
ficacies of exercise interventions for elderly persons. The
method might be useful for scoring the degree of improve-
ment in terms of walking stability. This method is readily
applicable in the clinical field. Further application of the
present technique might help to predict personal risks of
falls.
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Original Article

Influence of Leisure-Time Physical Activity on the
Relationship between C-Reactive Protein and
‘Hypertension in a Community-Based Elderly
Population of Japan: The Tsurugaya Project

Kaijun NIU, Atsushi HOZAWA*** Kazuki FUITTA*** Kaori OHMORI*, |
Mitsuharu OKUTSU, Shinichi KURIY AMA*, Ichiro TSUJI*, and Ryoichi NAGATOMI

There are several studies indicating an association -between: C-reactive protein (CRP) and blood pressure
(BP) in the Japanese population, but the influence of physical activity has not béen considered. Therefore,
we designed a cross-sectional survey to :determine whether leisure-time physical activity (LTPA) modifies
the relation between CRP and hypertension among Japanese elderly. Our study population comprised 643
subjects aged 70:years and over in whom CRP, home BP, and self-reported LTPA were measured. LPTA was
categorized into three levels of intensity—walking, brisk walking, and sports—and a questionnaire was used
to estimate the level in each patient. Hypertension was defined as a home systolic BP of 135 mmHg or over
and/or home diastolic BP of 85 mmHg or ‘over or current:use of antihyperterisive agents. LTPA levels were
associated with both CRP and hypertension. After adjustment for factors affecting CRP and hypertension,
and additional adjustment for LTPA levels, the odds ratio (95% confidence interval) of hypertension by CRP
was 2.21 (range: 1.33-3.72), 1.99 (1.17-3.42), -and 2.38 (1.36-4.21) times higher in subjects in the second,
third; and fourth quartiles of CRP, ‘as compared to ‘subjects in the first quartile, respectively. A multiple
regression model showed a positive and significant relation between log-transformed CRP and systolic BP
after adjustment for potential confounding factors when participants taking antihypertensive medication
-were excluded. This is the first study to clarify that the positive significant relation between CRP and hyper-
tension was independent of LTPA levels among Japanese elderly. (Hypertens Res 2005; 28: 747-754)

Key Words: C-reactive protein,. leisure-time physical activity, hypertension, Japanese, community-dwelling
population
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Introduction

C-reactive protein (CRP) is a classical acute-phase marker
and a member of the pentraxin family of innate immune
response proteins (I, 2). The concentration of CRP in serum
is generally less than 2 pug/ml but increases by as much as
1,000-fold in response to stimuli such as tissue injury or
inflammation (3). Following removal of the inflammatory
stimulus, CRP levels decline rapidly. These features have
made CRP useful as a clinical marker of an inflammatory pro-
cess. Over the last several years, increasing evidence has sug-
gested that inflammation mechanisms are important in the
pathophysiology of hypertension (4—7). Furthermore, several
studies have shown that serum CRP levels are associated with
the development of hypertension (8, 9).

At the same time, numerous studies have indicated that
physical activity (PA), including leisure-time physical activ-
ity (LTPA), is inversely related to the prevalence of hyperten-
sion (10, /1) or serum concentration of CRP (/2-79). A more
recent study has also demonstrated that inflammatory mark-
ers including CRP were lower in older adults with higher lev-
els of exercise-and non-exercise PA (/2). Considering these
studies together, it is natural to assume that PA would be a
potent modifier of the relationship between CRP and hyper-

tension. But to our:knowledge, there are only three reports

that have investigated the relationship between CRP and
hypertension adjusted for the effect of PA (20-22), and their
results are inconsistent. -Furthermore, although there have
been several studies that indicated an assocjation -between
serum CRP level and :blood pressure (BP) in Japanese, the
influence of PA on this relationship has not been considered
(23-27). Therefore, we considered that it would be -worth-
while to examine whether .the relation between CRP and
hypertension is dependent of LTPA, and designed the present
cross-sectional analysis in Japanese community- dwelhng eld-
erly individuals for this purpose

Methods

Study Participants

Our study population was comprised of subjects aged 70
years and older who were living in the Tsurugaya area of Sen-
dai, one of the major cities in the Tohoku area of Japan. At the
time of the study in 2002, there were 2,730 individuals aged
70 years and older living in Tsuriigaya. We invited all of these
individuals to participate in a comprehensive geriatric assess-
ment, which included medical status, physical function, cog-
nitive function and dental status, and 1,178 of them did so,
giving their informed consent for analysis of the data. The
protocol of this study was approved by the Institutional
Review Board of Tohoku University Graduate School of
Medicine.

We excluded subjects whose high-sensitivity CRP had not
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been measured (n=29). Since we assessed hypertension using
self-measured BP at home (home blood pressure [HBP]) data,
subjects who did not measure HBP data more than 3 days dur-
ing the 4-wedk study period were also-excluded (n=182).

‘This criterion was based on our previous observation that

average BP values for the first 3 days did not differ signifi-
cantly from those obtained during the entife study period (28,
29). We also excluded those subjects whose serum CRP con-
centrations were higher than 10.0 mg/l (n=24), because those
with acute inflammatory conditions were frequently found to
have serum CRP levels >10.0 mg/l (30). Furthermore, we
excluded subjects who did not complete the questionnaire
items on LTPA (n=109). Finally, we excluded all potential
subjects with notable comorbidity factors that might inflo-
ence the frequency and degree of PA by a self-reported
decline of physical function using the Medical Outcome
Study (31) (physical functioning score <1; n=77) or arthritis
(n=114). As a result of these exclusions, the final study pop-
ulation comprised 643 subjects (mean age, 75.5+4.4 years;
men: 48.5%).

Measurements

Anthropometric measures -(height, body weight) were
recorded by a standardized protocol. HBP was measured with
an HEM7471C device (Omron Life Science Co., Ltd., Tokyo,
Japan), which uses the cuff-oscillometric method to generate
a digital display of.systolic and diastolic blood pressures
(SBP:and DBP). This device has been validated previously,
and satisfies the criteria-of the Association for the Advance-
ment of Medical Instrumentation (32). We used the following

-procedure to ascertain the accuracy of the HBP measurement.

First, physicians informed the population about HBP record-
ing and taught them how to measure their own BP. The daily
measurement was made within 1 h of awakening and before -

breakfast, with the 'subject seated and having rested for at

least 2 min. In subjects receiving antihypertensive drugs,
HBP was measured before taking the drugs. The HBP of an
individual was defined as the mean of all measurements
obtained for that person. The mean (£SD) number of HBP
measurements was 15.9110.5 (range, 3-49).

Blood samples were drawn from the antecubital vein of the

. seated subject with minimal tourniquet use. Specimens were

collected in siliconized vacuum glass tubes  containing
sodium fluoride for blood glucose, and no additives for lipids
and CRP analyses.

Total choledtérol (T-C), triglycerides (TG), high-density
lipoprotein cholesterol (HDL-C) levels and blood glucose
levels were measured by enzymatic methods (T-C, Denka
Seiken, Tokyo, Japan; TG, Kyowa Medex, Tokyo, Japan;
HDL-C, Daiichi Pure Chemicals, Tokyo, Japan; blood glu-
cose, Shino-Test, Tokyo, Japan). Serum uric acid levels were
determined according to a urjcase method (33) with the
Olympus autoanalyzer AU-5000 (Olympus Corp., Tokyo,
Japan).
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Table 1. Definition of Physical Activity Level

Niu et al: LTPA, CRP and Hypertension among Japanese 749

Level 1 Level 2 Level 3 Level 4 Level 5 Level 6

N 147 131 148 71 80 66
Walking None Low High Any Any Any
Brisk walking None None None Low High Any
Sports None None None None None Low and High
Walking (N)

None 147 0 25 49 30

Low 0 ©131 0 21 2 19

High 0 148 25 29 17
Brisk walking (V)

None 147 131 148 0 0 41

Low .0 0 0 71 0 12

High 0 0 0 0 80 13
Sports () '

None 147 131 148 71 80 0

Low 0 0 0 0. 0 58

High 0 0 0 0 0 8

High: at least 3—4 times per week for at least 30 min each time; Low: reporting some activity in the past year but not enough to meet
high levels; None: no leisure-time physical activity. N: number of subjects. :

CRP levels were determined using an immunotechnique on
a Behring BN II analyzer (Dade Behring, Tokyo, Japan). The
BN II high-sensitivity assay utilizes a monoclonal antibody
coated on polystyrene particles and fixed-time kinetic
nephelometric measurements (34). The BN Il nephelometer
uses a 1:400 dilution to measure CRP concentrations between
3.5 and 210 mg/l. The assay has been approved by the US
Food and Drug Administration for use in assessing the risk of
cardiovascular and peripheral vascular disease.

Questionnaire of LTPA

LTPA was measured through a self-reported single-item
question and corresponding response sets. The question asked
whether the subject had performed any activities from the fol-
lowing categories in the previous 12 months; walking, brisk
walking, or-sports (e.g., acrobics, tennis, swimming, jogging,
etc.). If they had participated in a given activity, the frequency
and duration spent in the activity were ascertained using the
following categories: for frequency, 1) 1-2 times per month,
2) 1-2 times per week, 3) 3—4 times per week, or 4) almost
every day; and for duration (per walk or workout), 1) 0-30
min, 2) 0.5-1h, 3) 1-2h,4) 2-3 h, 5) 3—4 h, or 6) 4 h or more.

Statistical Analysis

Hypertension was defined as a home SBP of 135 mmHg or
over and/or 2 home DBP of 85 mmHg or over or using anti-
hypertensive agents (35, 36). Based on the recently proposed
cutoff point for CRP, we also categorized the study partici-
pants as having a low (less than 1.0 mg/l) or high level (at
least 1.0 mg/l) of CRP (37, 38). The high-sensitivity CRP
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value (ng/ml) was used for calculating the log-transformed
CRP. :

“Among the levels of exercise intensity, sports were consid-
ered the highest, followed in order by brisk walking and walk-
ing. Each of the three types was further classified into three
subcategories according to the frequency and duration of the
walks or workouts as follows ({1, 39): 1) High, at least 34
times per week for at least 30 min each time; 2) Low, some
activity in the past year, but not enough to meet the criteria for
the high group; and 3) None, no LTPA. Finally, we used these
categories and subcategories to define the following six levels
of LTPA (Table 1): 1) Level 1, no sports, no brisk walking, no
walking; 2) Level 2, no sports, no brisk walking, low amount
of walking; 3) Level 3, no sports; no brisk walking, high
amount of walking; 4) Level 4, no sports, low amount of brisk
walking, any amount of walking; 5) Level 5, no sports, high
amount of brisk walking, any amount of walking; 6) Level 6,
any amount of sports, any amount of brisk walking, any
amount of walking. Since only 8 stibjects reported participat-
ing in a high amount of sports activity, we combined high-
and low-level sports activity into a single category. Table 1
also shows the number of participants according to the LTPA
levels.

Diabetes was defined as a free blood glucose level of 200
mg/dl or over or current use of antidiabetic medication.
Hypercholesterolemia was defined as a level of total choles-
terol of 220 mg/dl or over, or current use of non-statin lipid-
lowering agents. Gout was defined as a serum uric acid level
of 7.0 mg/dl or over or current use of antihyperuricemic med-
ication. Information on smoking status, drinking status and
histories of prior cardiovascular diseases (CVD) were
obtained from the questionnaire survey. Current drinkers
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Table 2. Association bétween High Sensitive C-Reactive Protein Levels and Cardiovascular Disease Risk Factors

C-reactive protein (mg/l)

: p value
0.05-0.27 0.28-0.54 20.55-1.16 1.17-9.96

No. of participants . 160 161 161 161 '
Age (years) 752444 75.6+4.1 75.8+4.8 75.2+4.5 0.51
Sex (male %) 41.9 49.1 51.6 51.6 0.26
BMI (kg/m?) 22.0+3.1 23.5+£2.9 24.313.0 25.0+£3.3 <0.01
Hypertension (%) 54.4 75.2 75.8 79.5 <0.01
SBP (mmHg) 132.7£184 139.2£17.2 141.6+18.8 144.6+19.1 <0.01
DBP (mmHg) 74.7£9.0 76.3+10.0 77.9+9.4 79.1£9.8 <0.01
Hypercholesterolemia (%) 30.0 335 36.7 38.5 0.40
HDL-C (mg/dl) 60.8+14.5 55.9+13.5 53.8+13.3 52.2+14.3 <0.01
Diabetes (%) - 3.1 8.7 ' 11.8 13.7 <0.01
Gout (%) 10.0 16.8 174 25.5 <0.01
Smoker ' »

Current smoker (%) 11.3 14.3 12.4 18.0 0.32

Ex-smoker (%) 22.5 323 37.2 373 0.01

Non-smoker (%) 63.1 52.8 48.5 44.7 <0.01
Alcohol consumption (g) 11.8+29.3 12.7£32.7 13.5428.7 11.9424.2 0.95
Use of statin drugs (%) 13.8 16.8 21.1 174 038
Use of aspirin drugs (%) 50 106 10.6 13.7 0.07
History of CVD (%) 11.9 14.9 143 ‘ 19.3 0.02

BMI; body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein-cholesterol; CVD,
cardiovascular diseases. Variables are pressented as mean+SD. Hypertension: home SBP 135 mmHg or over and/or home DBP 85

mmHg or over or using antihypertensive agents.

Table 3. Correlation between Physical Activity and Blood Pressure or C-ReactiveProtein

- Physical activity
i _ p for trend
) Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 v
Walking None Low High Any Any © Any
Brisk walking ‘None - None None Low : High Any
Sports None None None None None Low and High
N (total: 643) 147 131 148 71 - 80 66
Hypertension (%) 75.5 779 74.3 69.0 57.5 60.6 <0.01
SBP (mmHg) 142.6+1.5 142.1+1.6 139.3+1.5 136.6+2.2 137.0%2.1 1344423 0.13
‘DBP (mmHg) 78.1£0.8 77.9+0.8 76.4+0.8 76.9+1.1 75.7+1.1 75.8+£1.2 0.12
log-hsCRP (ng/ml)  6.5%0.1 6.5%0.1 6.3%+0.1 6.3+0.1 6.2+0.1 6.2+0.1 0.14
High-CRP (%) 36.1 30.5 27.0 28.2 22.5 21.2 <0.01
Odds ratio (95% CI) ’ :

Hypertension* 1.00  1.09 (0.61-1.96) 0.97 (0.56-1.67) 0.89 (0.47-1.73) 0.53 (0.29-0.97) 0.62 (0.33-1.19) 0.02
High-CRP* 1.06 0.70 (0.41-1.20) 0.64 (0.38-1.08) 0.70 (0.36—1.34) 0.57 (0.29-1.10) 0.49 (0.24-0.98) 0.04

N: number of subjects. SBP, systolic blood pressure; DBP, diastolic blood pressure; log-hsCRP, log-transformed high sensitivity C-reac-
tive protein (CRP); CI, confidence interval. Variables are pressented as mean®SD. High-CRP: CRP=1.0 mg/l. *Adjusted for age, sex,
body mass index; and smoking status. High: at least 3—4 times per week for at least 30 min each time; Low: reporting sdme activity in
the past year, but not enough to meet high levels; None: no leisure-time physical activity.

were further asked about drinking frequency, beverage types
usually consumed, and amount consuined on a single occa-
sion. From these responses, we calculated the average daily
alcoho! consumption in g. We also treated statin agents as
independent confounding factors because they have been
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reported to lower CRP levels (40, 41). The drug information
was confirmed by a well-trained pharmacist.

The clinical and biochemical data of the subjects are pre-
sented as the means+SD, or as the median and interquartile
range for variables with a skewed distribution or percentages.
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Tabled. Adjusted Relationships of High Sensitive C-Reactive Protein Levels (Quartile) to Hypertension
' Level of C-reactive protein (mg/l)
X p for trend
0.05-0.27 0.28-0.54 0.55-1.16 1.17-9.96
All ’
N (total: 643) 160 161 161 161 —
N of hypertensives 87 121 122 128 —
Odds ratio (95% CI)
Age- and sex-adjusted 1.00 2.57 (1.60-4.18) 2.67 (1.66-4.35) 3.41 (2.08-5.67) <0.01
Muttiple adjusted* 1.00 2.26 (1.36-3.78) 2.05(1.21-3.50) 2.45 (1.41-4.31) 0.03
Multiple* and PA levels adjusted 1.00 2.21(1.33-3.72) 1.99 (1.17-3.42) 2.38 (1.36-4.21) 0.04
Level of C-reactive protein (mg/1) _ for trend
0.05-0.29 030-057 058-134 135-9.96 piortren
Participants without brisk walking or sports activity '
N (total: 426) 106 107 106 107 —_—
N of hypertensives 64 86 84 89 —
Odds ratio (95% CI) _
Age- and sex-adjusted 1.00 2.81 (1.52-5.32) 2.60(1.42-4.89) 3.38 (1.80-~6.55) <0.01
Multiple adjusted* 1.00 2.46 (1.28-4.86) 1.98 (1.00-3.96) 2.48 (1.21-5.19) 0.11
Level of C-reactive protein (mg/l)
— p for trend
0.05-0.23 0.24-0.51 0.52-0.93 0.94-9.25 '
Participants with sports or brisk walking activity ‘ '
N (iotal: 217) 53 55 54 55 —
N of hypertensives 25 31 38 41 —
Odds ratio (95% CI)
Age- and sex-adjusted 1.00 1.52 (0.71-3.33) 2.85(1.28-6.51) 3.52 (1.56-8.27) <0.01
Multiple adjusted™ 1.00 1:30 (0.57-2.98) 2.00(0.81-5.00) 2.67 (1.06~6.94) 0.04

N: number of subjects. PA, physical activity; CI, confidence interval. *Adjusted for age, sex, bociy' mass index, hypercholesterolemia,

high-density lipoprotein-cholesterol, gout, history of cardiovascular diseases, diabetes, smoking, alcohol consumption, use of aspirin

Differences in variables among the CRP groups were exam-
ined by analysis of variance (ANOVA) for continuous vari-
ables, or by the x? test for variables of proportion. Multiple
logistic regression analysis and analysis of covariance
(ANCQVA) were used to examine the relation of LTPA with
hypertension, SBP, DBP, log-transformed CRP and high-
CRP (=1.0 mg/) after adjustrent for age, gender, body mass
index (BMI), and smoking status. p values for linear trénds
were calculated using the level of LTPA as a continuous vari-
able. The odds ratio (OR) and 95% confidence interval (CI) of

hypertension for increasing CRP ilevels with the lowest level

as the reference was also calculated using multiple logistic
regression analysis. When we calculated the OR, we used an
age-sex adjusted model and a multivariate model adjusted for
age, sex, BMI, hypercholesterolemia, HDL-C; gout, history
of CVD, diabetes, smoking habits/history, alcohol consurp-
tion, use of aspirin, and use of statin drugs; the final multivari-

able model was further adjusted for LTPA levels. p values for

linear trends were calculated using the median (mg/l) of CRP
levels. Multiple linear regression analysig was used to estab-
lish the relationship between BP and CRP after adjustment for
age, gender, BMI, hypercholesterolemia, HDL—C, gout, his-
tory of CVD, diabetes, smoking, alcohol consumption, and
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LTPA levels in the subjects who were not using antihyperten-
sive agents, aspirin, and statin drugs. Values of p<0.05 were
considered to indicate statistical significance. All statistical
analyses were performed using the Statistical Analysis Sys-
tem (version 9.1 for-Windows; SAS Institute Inc., Cary,
USA).

Resuilts

Association between High-Sensitivity CRP Lev-
els-and Cardiovascular Disease Risk Factors

Table 2 shows the association betweén high-sensitivity CRP
levels (quartile) and CVD risk factors. Both SBP and DBP
were significantly higher in the highest CRP quartiles. BMI
was also significantly higher in the highest CRP quartile and
the mean HDL-C was lower in the highest CRP -quartile.
Mean age and alcohol consumption did-not significantly dif-
fer among the CRP groups. The proportion of subjects with
hypertension, diabetes, gout, history of smoking (i.e., ex-
smokers), and subjects with a history of CVD was larger in
the highest CRP quartile. The proportion of subjects with no
history of smoking was significantly smaller in the lowest
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Table 5. Results of Multivariate Modelling for log-Trans-
formed C-Reactive Protein

log-CRP (ng/ml) (n=318)

_ B coefficient (SEM) p value
SBP 0.008 (0.003) <0.01
Age 0.013 (0.014) 0.34
Sex -0.086 (0.183) 0.64
BMI 0.090 (0.020) <0.01
Hypercholestero]emia 0.275 (0.126) 0.03
HDL-C -0.009 (0.005) 0.06
Gout 0.242 (0.170) 0.i6
History of CVD -0.114 (0.218) 0.60
Diabetes 0.241 (0.207) 0.25
Current smoker 0.492 (0.200) 0.01
Ex-smoker - 0.291(0.183) 0.11
Alcohol consumption —0.003 (0.002) 0.20
PA Level 2 -0.038 (0.180) 0.83
PA Level 3 -0.237 (0.169) 0.16
PA Level 4 -0.287 (0.202) 0.16
PA Level 5 ~0.096 (0.186) 0.61
PA Level 6 -0.073 (0.206) 0.72

log-CRP, log-transformed C-reactive protein; SBP, systolic
blood pressure; BMI, body mass index; ‘HDL-C, high-density
lipoprotein—cholesterol; CVD, cardiovascular diseases; PA, phys-
ical activity.

CRP quartile. The gender ratio, the number of current smok-
ers, and the rates of hypercholesterolemia, statin user, and
aspirin use did not differ significantly among the CRP groups.

Correlation between LTPA Levels and BP or CRP

Table 3 shows the relationship between LTPA levels and the
prevalence of hypertension, SBP; DBP, Jog-transformed high
sensitivity CRP, or high-CRP.after adjustment for age, gen-
der, BMI and smoking status. In the crude model, increasing
PA levels showed a significant inverse relationship with both
-the prevalence of hypertension (p for trend <0.01) and high-
CRP (p for trend <0.01). Even after the adjustment for sex,
age, BMI and smoking status, the significant inverse relation
between PA levels and hypertension or high-CRP was
unchanged (p for trend =0.02 and 0.04, respectively).

‘Relationships between High-Sensitivity CRP Lev-
«els (Quartile) and Hypertension

Adjusted relationships between CRP levels (quartile) and the
iprevalence of hypertension are shown in Table 4. The age-
and sex-adjusted OR of hypertension increased from the low-
est (reference) to the highest CRP quartiles in all subjects.
These results were somewhat attenuated when we adjusted
for other potential confounders: the ORs for hypertension of
the second, third, and fourth CRP quartiles were 2.26 (95%

CI: 1.36-3.78, p<0.01), 2.05 (95% CL: 1.21-3.50, p<0.01),
and 2.45 (95% CI: 1.41-4.31, p<0.01), compared with the
first group ay a reference, and the frequency of hypertension
was significantly higher in the high CRP group. When we
additionally adjusted for the LTPA levels, which are potential
confounding factors, the significantly positive association
was unchanged: the ORs for hypertension of the second,
third, and fourth CRP quartiles were 2.21 (1.33-3.72), 1.99
(1.17-3.42), and 2.38 (1.36-4.21), respectively. We also ana-
lyzed the relation between the CRP quartiles adjusted for
hypertension and the subgroups, i.e., participants who partic-
ipated in sports or brisk walking (L'TPA levels 4-6) and those
who did not (LTPA levels 1-3). The relations between CRP
and hypertension were mostly identical among these sub-
groups (p for interaction =(.95). '

Multiple Regression Model Analysis of the Rela-
tionship between log-Transformed CRP and BP

To confirm the relationship between CRP and SBP values, we
performed a multiple regression analysis among subjects who
did not use antihypertensive medication, aspirin, or statin
drugs. The multiple regression model showed a positive and
significant relationship between log-transformed CRP and
SBP after adjustment for potential confounding factors,
including LTPA levels (Table 5). The SBP distinctly showed
a significant relationship with log-transformed’ " CRP
(p<0.01). BMI, hypercholesterolemia, and current smoking

‘were also positively related to log-transformed CRP. There

was no significant interaction between LTPA levels and SBP
for log-transformed CRP values (p for interaction =0.63).

Discussion

Hypertension is one of the most important modifiable risk
factors for CVD in Western and Asian populations (42,43).1t
is well known that lifestyle changes (e.g., diet, weight loss,
exercise and smoking cessaﬁon, efc.) can reduce cardiovascu-
lar risk; in particular, regular PA reduces coronary and cardio-
vascular morbidity and mortality, independently from the
other risk factors (44, 45). PA is one of the most important
independent contributors to the prevalence of hypertension
(10, 11). In this cross-sectional sutvey of Japanese commu-

nity-dwelling elderly individuals, we found LTPA levels in
daily life were inversely correlated with both serum CRP and

the prevalence of hypertension.

Since the LTPA level was inversely related with both CRP
and the prevalence of hypertension, we tested our hypothesis
that the relation between CRP and hypertension would be
dependent of LTPA levels. However, the positive significant
relation between CRP and hypertension remained even after
adjustment for the LTPA levels. Furthermore, there was a
strong relation between the CRP and SBP values that was
independent of the LTPA level among participants not taking
antihypertensive or statin drugs or aspirin. Thus, we were able
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to conclude for the first time that the relation between CRP
and hypertension was independent of LTPA levels in a Japa-
nese elderly population.

Several prospective studies have employed the amount of
subjects’ PA as one of the confounding factors in their multi-
variate analysis of the causal relationship between serum CRP
and the development of hypertension and/or metabolic syn-
drome (20-22). In two of these studies (21, 22), the amount of
exercise did.not-attenuate the relationship between CRP and
BP. The-third prospective cohort study (20) also considered
the influence of PA on the relation between CRP and BP, but
in contrast to the other two studies, the results indicated that
CRP was not a significant predictor of the development of
hyperténsion or other metabolic syndromes. Although the
reason for these discrepancies remains unclear, our data are
similar to the first two studies, which indicated that CRP may
be related to hypertension independent of PA levels.

In this study, we used HBP measurement. HBP makes it
possible to obtain multiple-measurements over a-long obser-
vation period under relatively controlled conditions (46, 47).
It has been reporied that multiple measurements eliminate
observer-bias and regression dilution bias; therefore, HBP
measurements are more reliable than conventional BP mea-
surements taken in medical settings (office BP) (46—48). We
also adjusted for a considerable number of confounding fac-
tors. In this way, we were able to confirm the positive and sig-

nificant relation between log-transformed CRP and SBP in

subjects who were not using antihypertensive agents.

This study had several limitations. First, most of the partic-
ipants were sufficiently active to participate in the survey.
Therefore, we' lacked ‘the participation of those who were
physically dependent or disabled due to metabolic syndromes
or hypertension, leading to underestimation of the relation
between CRP and hypertension. Second, since this study was
a cross-sectional study, we could not conclude that CRP
causes hypertension or that hypertension leads. to increased
CRP among subjects aged 70 years and over. Third, we did
not directly measure the exercise intensities of walking, brisk
walking and sports. Still, one may easily discriminate one’s
own “brisk walking” from ordinary walking. We therefore
believe that the categorization. of relative walking intensity
based on the subjects’ own perceptions was reliable. It is well
known that ratings of perceived exertion correspond well to
exercise intensity as measured by oxygen uptake (49).

In conclusion, we have demonstrated that among elderly
subjects 70 years and older the higher LTPA levels were asso-
ciated with reductions of serum CRP levels and hypertension
prevalence, but that the positive significant relation between
CRP and hypertension was independent of LTPA levels.
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Abstract This paper describes a method to evaluate daily
physical activity by means of a portable device that
determines the type of physical activity based on accel-
erometers and a barometer. Energy consumption of a
given type of physical activity was calculated according
to relative metabolic ratio (RMR) of each physical
activity type that reflects exercise intensity of activities.
Special attention was paid to classification algorithms for
activity typing that identify detailed ambulatory move-
ments considering vertical movements, such as stair/
slope climbing or use of elevators. A portable measure-
ment device with accelerometers and a barometer, and a
Kalman filter was designed to detect the features of
vertical movements. Furthermore, walking speed was
calculated by an equation which estimates the walking
speed as a function of signal emergy of vertical body
acceleration during walking. To confirm the usefulness of
the method, preliminary experiments were performed
with healthy young and elderly subjects. The portable
device was attached to the waist. A standard acceler-
ometer based calorie counter was also attached for
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comparison. Experimental results showed that the
proposed method feasibly classified the type of ambula-
tory physical activities; level walking, stair going up and
down and elevator use. It was suggested that the con-
sideration of vertical movements made a significant
improvement in the estimation of energy consumptions,
and the proposed method provides better estimation of
physical activity compared to the conventional calorie
counter.

1 introduction

Physical activity is a determining factor of quality of life.
A practical and reliable method to investigate individ-
ual’s daily physical activity allows better assessment
such as of outcomes of medical interventions. Currently,
the amount of energy consumption due to daily physical
activity is widely accepted as an important factor in the

prevention of obesity, diabetes, hyperlipidemia, cardio-

vascular disease, and muscle wasting in the aged people.
Information such as intensity of exercise, types of
activities is also necessary to appropriately formulate
safe and beneficial exercise program on individual basis.
Ambulatory movement is the most accessible type of
exercise easy to perform that does not require any spe-
cial equipments. Therefore, a reliable assessment -of
ambulatory movements in daily life, such as walking,
climbing stairs or slopes up and down, is essential for
exercise prescription in the clinics as well as in health
promotion programs. ’
Conventionally, clinicians simply recorded patients’
recall of daily exercise to evaluate energy expenditure of
patients. A variety of methods have also been used to
quantify daily energy expenditure in a more precise
manner, by means of heart rate monitoring, oxygen
uptake measurement or doubly labeled water. However,
these methods are either unreliable, cumbersome or
impractical in recording daily energy expenditure of free
living people. In order to overcome these problems,
various advanced small calorie counters have been



developed utilizing an accelerometer or an angular
velocity sensor attached on the waist, wrist or ankle.
Accelerometers are preferable to detect frequency and
intensity of vibrational human motion (Moris et al.
1973; Bouten et al. 1997). Many studies have demon-
strated the usefulness of accelerometry for the evalua-
tion of physical activity, mostly focusing on the
detection of level walking or active/rest discrimination
(Tamura et al. 1997; Nakabara et al. 1999; Aminjan
et al. 1999; Mathie et al. 2002). However, with regard to
vertical movements such as stair climbing, evaluation of
energy consumption has been still insufficient even
though stair climbing requires more than twice the en-
ergy of level walking. This is because of difficulties in the
detection of vertical movement. As for the detection of
vertical position shift, DGPS as an infrastructure-
dependent positioning technology made better mea-
surement of vertical positioning. However, it has serious
problems of coarse time resolution and limited avail-

ability of the satellite service. Walking speed also con- -

tributes to energy consumption, though it is still difficult
to estimate accurately under unconstrained ambulatory
conditions from acceleration data. New methods have
been proposed utilizing a neural network or'a mechan-
ical biped model that needs tuning each time (Aminian
et al. 1995, 2002; Miyazaki et al. 1997). Uses of multiple
wearable vital sensors still involves some restrictions and
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discomfort that may interfere with natural and sponta-
neous daily physical activity.

Main objective of this study was to present a method
to quantify energy consumption of detailed ambulatory
movements, both indoors and outdoors in daily life, by
use of a portable measurement device employing accel-
erometers and a barometer. Special attention was paid
to advanced classification algorithms and walking speed
estimation, which was robust to measurement condi-

‘tions, individual differences, and aging effect. Potential

usefulness of the proposed method was investigated by
comparing the new method with the conventional
accelerometer based calorie counter in the experimental
study.

2 Method
2.1 Portable measurement device

We developed a portable device consisted of monolithic
IC accelerometers (AnalogDevices, ADXL202E, +2
[G]) with 16-bit duty cycle converter, a packaged silicon
piezoresistive pressure sensor (Fujikura, X3AM-
115KPASR), Li-Ionic batteries, micro processor units
and CompactFlash card, as shown in Figure 1. This
equipment (Instruments Technology Research, Intelli-
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gent Calorie Counter: ICC) was small (100x55%x18.5
[mm]) and light enough to carry without any restriction.
Sampling frequency was selectable from 10, 33.3, 100
[Hz). Data was downloaded via USB, and processed
offline by a workstation. The equipment was designed to
be attiched on the waist as shown in Figure 2. Although
the equipment provided three-dimensional acceleration,
vertical acceleration and air pressure data were applied
to thé classification method of ambulatory movement

typing.

2.2 Estimation of energy expenditure

Energy expenditure is calculated as shown in Equation
1. Total energy consumption E is the summation of
energy consumed by exercise E,, and individual’s: basic
metabolism E,. The relative metabolic rate (RMR)
represents the ratio of energy expenditure that is re-
- quired for the exercise-and one’s basal metabolism. The
basal metabolic rate (BMR) is the number of calories
burned in a day while lying down, which depends on
one’s age or gender. The notation ¢ and w represent the
exercise time length and the body weight respectively. It
should be noted that the type of exercise ‘and intensity
are determinant factors of RMR, as shown in Table 1
(“Guidelines for graded exercise testing and exercise
‘prescription” published by American College of Sports
Medicine. 1986; Ainsworth et al. 1993). Therefore, a
precise evaluation of energy expenditure in daily life
with the new device requires detailed classification of
ambulatory movements with stair/slope-climbing activ-
ity taken into consideration:

E=E,+F

E,=RMR x BMR x t x w 43
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Fig. 2 Photo of the portable measurement devicef Intelligent
Calorie Counter (ICC) :
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Table I RMR (Relative Metabolic Rate)

Type of Motion RMR
Rest(Standing) 0.4
Rest(Sitting) 0.0~0.2
Rest(Lie Down) 0.0
-Walking Speed-

50 m/min 1.5
60 m/min , 1.9
70 m/min ' 24
80 m/min 32
90 m/min 4.0
100 m/min 5.0
110 m/min 6.4
120 m/min 8.5
-Slope Walking- .

-9 % 1.3
-5 % 1.7
5% 3.8
10 % 54
15 % 7.2
20 % 9.4
-Stair-

Up 10.0
Down 2.5

2.3 Detection of walking phase

The body acceleration reflects characteristics of ‘the
biped locomotion. The walking periodicity appears as a
frequency peek f, in a spectrum, and the intensity of
movement corresponds to amplitudes and the signal
energy of acceleration, as shown in Figure 3. Therefore,
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Fig. 3 Vertical acceleration and power spectrum during walking



walking phases were defined by the acceleration as a

condition with a variance S over 0.02 [G] and frequency
peak inside f, 1-3 [HzZ] in the spectrum.

2.4 Estimation of walking speed

Furthermore, a method of walking speed estimation was
developed. It is known that natural human gait has a
clear relationship between step length and cadence. These
factors reflect frequency and intensity of the vertical
trunk vibration during walking (McMahon 1984).
Therefore, we focused on the relationship between signal
energy and natural walking speed. The signal energy in
the frequency bandwidth 1-3 [Hz] was considered as a
determinant of omne’s natural walking speed. The rela-
tionship between signal energy and natural walking
speed was formulated from walking test results of 199
young (Age: 25.0+1.63) and elderly (Age: 75.2+7.83)
subjects. From the result of the experiment, an approx-
imate expression as a clear logarithmic relationship was
found among the signal energy and the walking speed, as
shown in Figure 4. Estimation equation of walking speed
was thus formulated as Equation 2. The notation x
represents the signal energy of 1-3 [Hz] frequency
bandwidth of vertical acceleration. The notation y rep-
resent the walking speed standardized by subject’s
height. This method does not require any personal tem-
plate of biped model, pre-investigation of step length, but
applicable to walking speed estimation of elderly people.

y=0.17221n(x) — 0.3346 (2)
2.5 Detection of vertical movement

In order to classify ambulatory including vertical position
shift, a practical methods was developed to detect slight

altitude changes by use of a barometer. Direct measure-
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Fig. 5 The model of air pressure measurement

ment of the air pressure or its differential hardly gives
precise altitudes change, because of the effect of weather
conditions, artifacts, and high frequency measurement
noise. Weather conditions sometimes cause larger air
pressure changes than that of the vertical altitude change
caused by one’s motion. However, the change in the
atmospheric pressure due to weather changes appears to
be much slower than that caused by one’s motion. On the
other hand, air pressure differentials practically indicate
vertical position shifts. It is also beneficial that the mea-
surement of air pressure differentials provides wider dy-
namic measurement range as compared to absolute air
pressure measurement. Considering the above points, a
Kalman filter with following characteristics was designed
to eliminate effects of such disturbances and to get opti-
mal estimation of the air pressure differential.

To construct the filter, a model of the air pressure

-measuremert system was proposed as shown in Figure 5

(Sagawa et al. 1998). The notation x; and x, represent
an air pressure and its differential of the state variable x
respectively. The notation v is the sensor noise and y is
the output of the barometer. The notation w represents a
virtual -signal that corresponds to a dynamic error be-
tween a signal- generation model and the actual air
pressure. An optimal filter to estimate a state variable
X = [x; x]” using the sensor output y will be written by
a Kalman filter as follow.

=A% +K(y~ 3)

The equation provides a transfer function Gi(s) from
the sensor output y to the optimal estimation of the air
pressure differential X;.

Cx)

a)kzs

5% + 20 ons + 0F

Gr(s) = 4)
where wk and Ck are patural frequency and damping

ti vely. Moreover; an amplifier and an low
pass ﬁlter wrth 4 cut-off frequency of 10 [Hz] is applied
to the output 51gnal ‘The bode dragram of the con-
structed filter is shown in ‘Figure 6. The filter works as
differentiation m the frequency range lower than 0.3
Hz.
‘A-value of air pressure differential corresponds to a
direction and speed of the vertical movements. There-
fore, types of vertical motion or kinds of transporter can
be identified according to the value of air pressure dif-
ferential combined with the result of walking phase
deteetron
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2.6 Classification algorithm

There were four steps in the classification algorithm. The
first step was the separation of ambulatory and resting

states. The- second step was the detection of vertical

position shift and detailed identification of up/down
movements. The third step was the estimation of walk-
ing speeds and slope inclination to evaluate the intensity
of the movement. Threshold and clustering approach
provided classification of level walking, climbing up/
down the stair/slope, going up/down in an elevator, and
rest (Static). The threshold value and the classification
condition were described as Equation 5— Equation 10.
The value of air pressure differentials d4,=1 [Pa] cor-
respond to vertical position shift of 8.49 [cm]. The
threshold values were determined considering reported
characteristics of human walking and the Japanese
guideline of elevator design. The threshold values were
experimentally adjusted and verified by the preliminary
investigation of six kinds of elevators (Lifting speed:
58.9 - 101.5 fm/min]) and four kinds of stairs (Inclina~
tion pitch: 3.5 - 30.0 [deg.]). In the classification algo-
rithm, short term movements less than 3 second was
negligible to assess main series of ambulatory move-
ments.

{Level_ walking

—1.86 < dd, < 1.86 [Pa/s]

{ Stair Slope ©)

52> 0.02 [G], 1< f, <3 [Hz]
Going Up

dd, > 1.86 [Pa/s]

{ Stair/Slope

§2>002[G], 1< f,<3 [Hz]} )
Going Down

dA, < ~1.86 [Pa/$]
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§22002[6], 1</, <3 [Hzl} (5)

Elevator 0<52<0.02[qG) ®)
Going Up | dA, > 8.64 [Pa/s]
{ Elevator 0<5%<0.02[G] } ©)
 J0<s2<0021[6] |
{ReSt. (Statio)) _§'64 < dd, < 8.64 [Pa/s] } (10)

3 Experiment

Two kinds of preliminary experiments were performed
with healthy young subjects. All subjects gave signed
informed consent. Subjects .wore their own shoes. The
measurement data was processed offline by the proposed
classification algorithm.

First experiment (Experiment 1) was demonstrated to
show the usefulness of the method to 1dent1fy and clas-
sify detaﬂs ‘of ambulatory movements. Subjects were
thirteen young volunteers (Age: 23.9+2.02). The por-
table device ICC was attached on the waist of subject.
Sampling frequency was 100 [Hz]. Subjects were in-
structed to move in the sequence of ‘‘static standing,
going down in an elevator, walking through level cor-
ridor, climbing up stairs, walking climbing down stairs
walking, and going up in an elevator™.

The second experiment (Experiment 2) was per-
formed to investigate whether the detailed classification
provides significant differences in the evaluation of en-
ergy consumption as compared with conventional .ac-
celerometry. Subjects were five young volunteers (Age:
23.24:2.39). In addition to ICC, accelerometer based
calorie¢ counter (Kenz, Lifecorder) as a standard of
conventional method was attached on the other side of
the waist. Sampling frequency was 100 [Hz]. The accel-
erometer based calorie counter provides data of exercise
intensity every four seconds. Subjects were instructed to
walk along a course three times in the sequence of “level
walking, climbing down stairs, walking, climbing up
stairs, and walking”. Walking speed was changed every
round in the order of “normal, slow, and fast” on their
own decision.

" The third experiment (Experiment 3) was performed
to assess the validity of the method in a community
environment. Two elderly subjects (Age: 71 and ‘82)
volunteered for a two day monitoring of physical
activity in their personal lives. They carried ICC for 16
hours each day. To enable long-term recordings, sam-
pling frequency was reduced to 33.3 [Hz]. Types of
ambulatory movement in their daily life were investi-
gated.



4 Result

Typical result of Experiment 1 was shown in- Figure 7
illustrating vertical accelerations (top), air pressure dif-
ferentials (middle) and classification results of the
movements (bottom). The value of air pressure differ-
ential changed according to the direction and the speed
of vertical movements. All types of ambulatory move-
ments were successfully classified. Indeed, a few steps in
and out of the elevator cage was detectable just before
and after the use of elevator. Such short walking less
than three second were neglected in the classification
process. The series of ambulatory movements could be
accurately classified in all the subjects and the trials. The
algorithm made about 1.5 second delay for classifica-
tion, which is negligible in the evaluation of energy
expenditure. On the other hand, large ripples were ob-
served in the air pressure differential, probably caused
by the pre-amp of the barometer. This ripple made a
limitation in the classification method. When climbing
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pressure differentials (middle) as measured, and classification
results of the ambulatory movements (bottom). The notation
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up/down stairs/slopes less than 10 [deg] angle, frequent
miss classification was observed because of less variation
of air pressure differential than that of the ripple.

The result of Experiment 2 was shown in Figure 8
illustrating exercise intensity estimated by ICC compared .
with the result of standard calorie counter. ICC provided
the exercise intensity as RMR. Note that ICC success-
fully evaluated exercise intensity of the vertical move-
ments whereas the conventional accelerometer based
calorie counter ignored them. This result suggested that
the conventional evaluation of stair climbing upwards
was underestimated, and stair climbing downwards was
overestimated. As illustrated in Figure 8, during the
second round when subjects thoved slower, the conven-
tional accelerometer overestimated stair climbing
downwards. This can be explained by the fact that con-
ventional accelerometer calculates energy consumption
simply according to the intensity of acceleration. Speed

50
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20

10

Energy censumption [Keal]

Conventiona!
Calorie Conter IcC

Fig. 9 Comparison of estimated total energy consumption by the

proposed method and the conventioanal accelerometer based

calorie counter
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Table 2 Distribution of daylong physical activity

Subject No. Level walk [min} Stair up/down
®RMR < 7) [min] -
1 © l1st'day 101.95 9.15
2nd day 88.68 7.12
2 1st day 55.42 1.67
’ 2nd day 53.27 0.98

of level waking was also evaluated correctly in a good
agreement with the result of the conventional method.
Figure 9 shows the comparison of the total amount of
expenditure during the trial. The energy consumption
estimated by ICC was larger than the conventional
method. It was suggested that the consideration of ver-
tical ambulatory movements may provide a significant
improvement in the evaluation of energy expenditure in
daily activities. However, the reliability of the estimated
values is still uncertain. The measurement of the oxygen
uptake should be performed to confirm the reliability of
the estimation. The stepping speed of stair climbing was
not addressed in our method. This is because RMR table
has not addressed the intensity of stair climbing speed
sufficiently, even though the calculation of stair walking
speed would not be difficult.

The result of Experiment 3 was shown in Table 2.
The proposed method successfully illustrates the classi-
fication of ambulatory movements in daily lives. This
information may be helpful in formulating more
appropriate and safer exercise program on individual
basis. This method should be extended to cover other
types of movements in order to realize wider application
and a more precise assessment of daily physical activity.
Further clinical and community-based studies with a
larger number of subjects are our future studies.

$ Conclusion

In this article, an alternative method to evaluate energy
expenditure of ambulatory movements was described. A
small portable device utilizing accelerometers and a
barometer was developed, which detects features of
ambulatory movements including vertical position
shifts. The classification method based on a frequency
analysis of body acceleration and data processing of air
pressure variation provided identification and classifi-
cation of one’s ambulatory movements without signifi-
cant limitations and restrictions. Furthermore, walking
speed was estimated from the signal energy of the
acceleration. Experimental results have shown that the
proposed method is able to effectively classify and
evaluate level walking, stair/slope climbing, elevator use,
and walking speed. The proposed method provides
better estimation of energy expenditure and exercise
intensity as compared to conventional accelerometer
based calorie counters. '
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This device is feasible for community-based studies.
Further application of the present technique may be
helpful in the health promotion of both young and el-
derly, and in the management of obese, diabetic, hy-
perlipidemic and cardiac patients. Efforts are being
directed to make the device smaller and allow data
collection for longer time periods. Implementation of
real-time processing firmware and encapsulation of the
hardware are our future studies.
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