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Background: Good cardiorespiratory fitness has been associated
with reduced risk for clinical events of atherosclerotic vascular
diseases, but whether it is related to slower progression of early
atherosclerosis is unclear.

Objective: To study the association between cardiorespiratory
fitness and the progression of early carotid atherosclerosis.

Design: 4-year follow-up study.
Setting: Eastern Finland.

Participants: Population-based sample of 854 men 42 to 60
years of age.

Measurements: Maximal oxygen uptake (Vo,max [mL/kg per
minute]) was measured directly by using respiratory gas exchange
in a cycle ergometer exercise test. Carotid atherosclerosis was
assessed by using B-mode ultrasonography.

Results: After adjustments for age, technical covariates, and cig-
arette smoking, Voomax had strong, inverse, and graded associa-
tions with 4-year increases in maximal intima-media thickness
(IMT) (standardized regression coefficient = —0.120; P=

0.002), plaque height (8 = —0.140; P < 0.001), surface roughness
(B = —0.147; P<0.001), and mean IMT (8= —0.080; P=
0.035). These associations weakened but remained statistically
significant after additional adjustment for systolic blood pressure,
serum levels of apolipoprotein B, diabetes, and plasma fibrinogen
levels. The increases in maximal IMT, surface roughness, and
mean IMT (23%, 31%, and 100%, respectively) were larger
among men in the lowest quartile of Vo,max (<26.1 mL/kg per
minute) than among those in the highest quartile (>36.2 mL/kg
per minute).

Conclusions: Good cardiorespiratory fitness is associated with

“slower progression of early atherosclerosis in middle-aged men.

These findings are important because they emphasize that middle-
aged men can be evaluated for cardiorespiratory fitness to esti-
mate their future risk for atherosclerotic vascular diseases. Addi-
tional research is warranted to investigate a possible causal
relationship between cardiorespiratory fitness and atherosclerosis.
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Accumul’ating epidemiologic and clinical evidence
indicates that physical inactivity and poor cardio-
respiratory fitness are major risk factors for atherosclerotic
vascular diseases. The increased risk is similar to that
seen for conventional modifiable risk factors, including
hypercholesterolemia, cigarette smoking, and hyperten-
sion (1). Physical inactivity, which causes an estimated
12% of all deaths in the United States, is currently con-
sidered one of the most important public health prob-
lems (1). In prospective population studies, regular
physical activity (2-6) and good cardiorespiratory fit-
ness (6-9), as well as increased physical activity (10) and
improved cardiorespiratory fitness (11), have been asso-
ciated with reduced risk for clinical events of atheroscle-
rotic vascular diseases. Clinical trials have provided ad-
ditional evidence for the antiatherogenic effect of regular
physical activity and good cardiorespiratory fitness.
Physical activity alone (12), physical activity combined
with a low-fat diet (13, 14) or comprehensive lifestyle
modification (15-17), together with concomitant im-
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provement in cardiorespiratory fitness, slows the pro-
gression of angiographically quantified coronary athero-
sclerosis in patients with coronary heart disease.

Atherosclerosis in the human arteries develops from
an asymptomatic phase to a manifest disease over dec-
ades. The occurrence of clinically significant atheroscle-
rotic lesions and consequent symptomatic atheroscle-
rotic vascular diseases increases progressively in middle
age. Ultrasonography of the arteries allows noninvasive
investigation of preclinical stages of atherosclerosis in
unselected human populations (18, 19). When assessed
by ultrasonography, carotid intima—media thickening—
which is related to an atherogenic risk factor profile,
increased prevalence of coronary and peripheral athero-
sclerosis, and increased incidence of coronary heart dis-
ease and stroke (18—21)—is regarded as a valid indicator
of generalized atherosclerosis.

In some cross-sectional population-based studies,
regular physical activity (22, 23) and good cardiorespi-
ratory fitness (24) have been associated with reduced



prevalence of early atherosclerosis, as indicated by ultra-
sonographically assessed carotid intima—media thicken-
ing. However, no prospective evidence from population-
based studies shows that physical activity or good
cardiorespiratory fitness is related to slower progression
of early atherosclerosis. We therefore investigated the
associations of cardiorespiratory fitness and physical ac-
tivity with the progression of carotid atherosclerosis in a
population-based sample of middle-aged men. Cardio-
respiratory fitness was evaluated by directly measuring
maximal oxygen uptake (VO,max), and physical activity
was assessed by using a detailed quantitative question-
naire. Atherosclerosis in the common carotid arteries
was assessed over a 4-year period by using high-resolu-
tion B-mode ultrasonography to evaluate maximal
intima—media thickness (IMT), plaque height, surface
roughness, and mean IMT.

MEeTHODS
Participants

We studied participants in the Kuopio Ischemic
Heart Disease Risk Factor Study (KIHD), an ongoing
population study designed to investigate risk factors for
atherosclerotic vascular diseases and related outcomes.
The study involves men from eastern Finland (25), an
area known for its high prevalence and incidence of ath-
erosclerotic vascular diseases (26). The study group is a
representative sample of men who lived in the town of
Kuopio or neighboring rural communities and were 42,
48, 54, or 60 years of age at baseline examinations be-
tween March 1984 and December 1989. Of 3235 eligi-
ble men, 2682 (82.9%) participated. The KIHD was
approved by the Research Ethics Committee of the Uni-
versity of Kuopio, Kuopio, Finland. Each participant
gave written informed consent.

A total of 1229 men who had undergone ultrasono-
graphic examination of the common carotid arteries in
the KIHD baseline study between February 1987 and
December 1989 were invited to participate in the
KIHD 4-year follow-up study. Of the invited men,
1038 (84.5%) participated; 107 declined; 52 could not
participate because of death, severe illness, or relocation;
and 32 could not be contacted. Of the 1038 partici-
pants, 184 had missing baseline data on some of the
study variables. Our study is based on the remaining
854 men who had complete data on all study variables.
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Of these 854 men, 73 were in the pravastatin treatment
group in the Kuopio Atherosclerosis Prevention Study
(KAPS) between 1990 and 1993 (27).

Assessment of Cardiorespiratory Fitness

Cardiorespiratory fitness was assessed in the baseline
study between August 1986 and December 1989 by use
of a maximal but symptom-limited exercise test on an
electrically braked 400 L-cycle ergometer (Medical Fit-
ness, Mearn, the Netherlands), as explained in detail
elsewhere (6). For safety reasons, and to obtain reliable
information about exercise test variables, the tests were
supervised by an experienced physician with the assis-
tance of an experienced nurse. The exercise tests were
performed between 8:00 a.m. and 10:00 a.m. by using a
standardized testing protocol, which called for a linear
increase in the workload by 20 W/min. Oxygen con-
sumption was measured by using the breath-by-breath
method of respiratory gas exchange (Medical Graphics,
St. Paul, Minnesota). The VO,max was defined as the
highest value for or the plateau in oxygen uptake and
was indexed by body weight (mL/kg per minute).

Assessment of Physical Activity

Physical activity was assessed in the baseline study
between August 1986 and December 1989 by using the
KIHD 12-Month Leisure-Time Physical Activity His-
tory, as explained elsewhere (6, 28). This detailed quan-
titative questionnaire deals with the most common
physical activities of middle-aged Finnish men and en-
ables the assessment of all components of physical activ-
ity, including energy expenditure, duration, frequency,
and mean intensity (28). Physical activity was catego-
rized according to type: 1) conditioning physical activity
(walking; jogging; cross-country skiing; bicycling; swim-
ming; rowing; ball games; and gymnastics, dancing, or
weightlifting), 2) nonconditioning physical activity
(crafts, repairs, or building; yard work, gardening, farm-
ing, or shoveling snow; hunting, picking berries, or
gathering mushrooms; fishing; and forest work) and 3)
walking or bicycling to work.

Assessment of Carotid Atherosclerosis

The extent and severity of carotid atherosclerosis
were assessed in the baseline study between February
1987 and December 1989 and in the 4-year follow-up
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study between March 1991 and December 1993. High-
resolution B-mode ultrasonography was used to examine
a 1.0- to 1.5-cm section at the distal end of the left and
right common carotid artery proximal to the carotid
bulb, as explained in detail elsewhere (18). Time from
the baseline exercise test to baseline carotid ultrasonog-
raphy was less than 1 month (range, 0 to 812 days) for
94% of the men. The ultrasonographers and the exercise
testers were blinded with regard to each other’s findings.
Average time from baseline to follow-up carotid ultra-
sonography was 4.2 years (range, 3.8 to 5.2 years).

Four indicators of carotid atherosclerosis were used
in our study: 1) the maximal IMT (the average of the
maximal IMT values from the right and left common
carotid arteries, an indicator of how deep the intima—
media layer protruded into the lumen), 2) plaque height
* (the average of the differences between the maximal and
minimal IMT of the right and left common carotid
arteries, an indicator of how steeply atherosclerotic le-
sions protruded into the lumen), 3) surface roughness
(the standard deviation of the approximately 100 IMT
measurements from the right and left common carotid
arteries, an indicator of variability in IMT [for example,
roughness of the surface of the artery wall]), and 4) the
mean IMT (the mean of the approximately 100 IMT
values from the right and left common carotid arteries,
an overall indicator of atherosclerosis).

The baseline IMT recordings were classified into
four categories according to their severity: 1) no athero-
sclerotic lesion, 2) intima-media thickening (a distance
of >1.0 mm between the lumen—intima and the media—
adventitia interfaces), 3) a nonstenotic plaque (a distinct
area of mineralization or focal protrusion into the lu-
men), and 4) a large stenotic plaque (obstruction of
>20% of the lumen diameter). A participant was con-
sidered to have advanced atherosclerosis if he had a non-
stenotic plaque (category 3) or a large stenotic plaque
(category 4). '

Assessment of Other Variables :

The examination protocol (25) and the assessment
of medical history, medications, cigarette smoking, di-
etary intake of nutrients (29), blood pressure, body mass
index, waist-to-hip ratio (30), and adult socioeconomic
status (29) have been described in detail elsewhere. Col-
lection of blood specimens and the measurement of lev-
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els of serum lipids and lipoproteins (29), blood glucose,
serum insulin (30), and plasma fibrinogen (29) have
been presented in detail elsewhere. All of these variables
were assessed in the baseline and 4-year follow-up studies.

Statistical Analysis

The heterogeneity of the means of baseline variables
between the quartiles of VO,max was tested by using
analysis of variance. Baseline risk factors for a 4-year
increase in indicators of carotid atherosclerosis were se-
lected by using multiple linear regression analyses. First,
each potential risk factor was forced one at a time into a
linear regression model with age and technical covariates
(examination years, follow-up time, baseline zooming
depth given separately for right and left side, baseline
indicator of carotid atherosclerosis, baseline sonogra-
pher, and pravastatin treatment in KAPS). Second, all
baseline risk factors that were statistically significantly
associated with a 4-year increase in any of the indicators
of carotid atherosclerosis (except those that were
strongly correlated with one another, such as serum lev-
els of low-density lipoprotein cholesterol and triglycer-
ides, coronary heart disease, and cardiovascular or pul-
monary reasons for stopping the exercise test) were
entered simultaneously into the linear regression model
by using a stepwise method. A P value less than 0.05 was
used as a selection criterion, and age and the technical
covariates were again forced into the model. From these
analyses, we selected as covariates for the fixed analyses
only variables that remained statistically significant pre-
dictors of a 4-year increase in any of the indicators of
carotid atherosclerosis. The heterogeneity of the means
of the 4-year increase in these indicators between the
quartiles of VO,max was tested by using covariance
analyses, and the linear trend across these quartiles was
tested by using multiple linear regression analyses. Sta-
tistical analyses were performed by using SPSS 9.0 for

~ Windows (SPSS, Inc., Chicago, Illinois) (31).

RESULTS

Maximal Oxygen Uptake and Other Baseline
Characteristics

The mean = SD of VO, max was 31.6 & 8.2 mL/kg
per minute (range, 6.4 to 58.0 mL/kg per minute). The
means = SD of maximal IMT, plaque height, surface
roughness, and mean IMT were 0.947 = 0.231 mm
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Table 1. Baseline Characteristics according to Quartiles of Maximal Oxygen Uptake*
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Characteristic

mm

Plaque height, mm

Surface roughness, mm

Mean intima—~media thickness,
mm’

Advanced atherosclerosis, %

Age,y

Score for adult socioeconomic
statust

Body mass index, kg/m?

Waist-to-hip ratio

Systolic blood pressure, mm Hg

Diastolic blood pressure, mm Hg

Cigarette smoker, %

Cigarette smoking, pack-years

Dietary intake of vitamin C,
mg/d

Energy expenditure of physical
activity, k//d

Mean intensity of physical
activity, MET

Plasma fibrinogen level, g/L

Serum low-density lipoprotein
cholesterol level, mmol/L
(mg/dL)

Serum high-density lipoprotein
cholesterol level, mmol/L
(mg/dt)

Serum triglyceride level, mmol/L
(mg/dL)

Serum apolipoprotein B level,
g/L

Fasting serum insulin level,
pmol/L

Diabetes, %

Coronary heart disease, %

Heart failure, %

Stroke history, %

Claudication, %

Asthma, %

Chronic obstructive pulmonary
disease, %

Pulmonary tuberculosis
history, %

Cardiovascular or pulmonary
reasons for stopping exercise
test, %%

Maximal intima-media thickness,

Medication for dyslipidemia, % -

Quartiles of Maximal Oxygen Uptake

<26.1 mL/kg
per minute

1.047 = 0.300
0.430 = 0.221
0.100 % 0.053

0.834 + 0.207
48.4
56.1 55

92x37
281 +3.8
0.969 *+ 0.056
1329 £17.3
87.9 = 10.6
38.5
10.7 £ 18.7

75.2 £ 427
1411 £ 1235
4.3 £ 0.9
3.20 £ 0.55

3.87 + 0.90 (150 * 35)

1.22 £ 0.27 (47 £ 10)
1.68 * 1.00 (149 =+ 89)
1.047 £0.230

89 * 49
5.2
44.1
13.2 .
3.8
85
741

8.0
4.7

26.8
2.8

26.1-30.9 mL/kg
per minute

0.956 £ 0.216
0.385 + 0.164
0.090 * 0.045

0.766 % 0.151
29.0
526+ 63

7640
271%£33
0.946 * 0.053
134.4 £ 159
89.7 £ 9.9

34.6
85 %144

86.3 + 58.5
1596 + 1210
45+1.0
3.06 + 0.56

3.92 + 0.84 (152 * 32)

1.29 £0.29 (50 £ 11)
1.38 £ 0.68 (122 + 60)
1.025 £ 0.203

81+ 45
3.7
21.0
2.8
33
23
.19

7.0
4.2

10.3
0.5

31.0-36.2 mL/kg
per minute

0.916 + 0.184
0.370 + 0.137
0.085 = 0.031

0.737 £ 0.143
18.7
50.0 + 6.2

70£34
26529
0.934 + 0.049
131.6 £ 14.7
88.0 = 10.2
324
7.9 £14.2

85.6 + 49.9
1554 + 1436
45+ 1.0
2.87 = 0.47

3.95 + 0.97 (153 + 38)

1.29 £ 0.30 (50 = 12)
1.44 = 1.01 (128 *x 89)
1.027 £ 0.246

72 =30
33
13.6
3.8
0.9
0.5
33

5.6
0.9

33
0.5

>36.2 mL/kg
per minute

0.868 *+ 0.162
0.356 £ 0.142
0.083 * 0.032

0.697 = 0.119
10.3
469 £ 5.0

6.0+ 4.0
253 %24
0.907 £ 0.064
1279 =127
85.5+9.2

22.7
3.6 x84

100.9 + 49.7
1827 = 1466
54+13
2.81 +£0.53

3.61 £ 0.85 (140 £ 33)

1.41 £0.29 (55 = 11)
1.10 * 0.56 (97 = 50)
0.938 £ 0.216

59 =22
0.9
47
1.4
0.0
0.0
1.4

3.3
1.2

4.7
0.0

P Value

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

0.012
<0.001
<0.001

<0.001

<0.001

<0.001

<0.001

<0.001
0.102
<0.001
<0.001
0.013
<0.001
0.005

0.190

0.061

<0.001
0.011

* Values presented with a plus/minus sign are the mean % SD and are derived from analyses of variance. MET = metabolic equivalent of oxygen consumption.

T A low value indicates high adult socioeconomic status.

¥ Dyspnea, chest pain, ischemic electroc

Li- oh

(range, 0.552 to 2.705 mm), 0.385 = 0.171 mm (range,
0.086 to 2.044 mm), 0.090 = 0.042 mm (range, 0.022
‘to 0.445 mm), and 0.759 % 0.166 mm (range, 0.422
to 2.116 mm), respectively. Baseline characteristics of
participants in each quartile of VO,max are shown in
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diographic changes, arthythmia, a marked change in blood pressure, dizzi

Table 1. Unadjusted inverse associations were seen
between VO,max and all baseline indicators of carotid
atherosclerosis (maximal IMT, plaque height, surface
roughness, mean IMT, advanced atherosclerosis), age,
body mass index, waist-to-hip ratio, systolic and dia-
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Tuable 2. Baseline Risk Factors for the Progression of Carotid Atherosclerosis*

Risk Factor 4-Year Increase in 4-Year Increase in 4-Year Increase in 4-Year Increase in
Maximal Intima-Media Plaque Height Surface Roughness Mean Intima-Media
Thickness Thickness
B Coefficient P Value g Coefficient PValue B Coefficient P Value B Coefficient P Value
Maximal oxygen uptake -0.132 0.001 -—0.146 <0.001 -0.162 <0.001 -0.094 0.014
Cigarette smoking 0.101 0.004 0.060 0.071 0.118 <0.001 0.108 0.002
Systolic blood pressure 0.098 0.003 0.070 0.024 0.062 0.037 0.094 0.004
Plasma fibrinogen level 0.090 0.007 0.061 0.053 0.072 0.016 0.092 0.005
Cardiovascular or pulmonary reasons for
stopping exercise testt 0.080 0.018 0.096 0.002 0.109 <0.001 0.074 0.028
Score for adult socioeconomic status¥ 0.078 0.021 0.055 0.085 0.063 0.036 0.083 0.013
Waist-to-hip ratio ' 0.073 0.031 0.061 0.054 0.054 0.071 0.064 0.054
Serum triglyceride level ’ 0.071 0.034 0.067 0.033 0.098 0.001 0.044 0.186
Coronary heart disease 0.067 0.051 0.084 0.008 0.103 . 0.001 0.036 >0.2
‘Heart failure ) 0.055 0.099 0.070 0.025 0.063 0.032 0.044 0.177
Serum apolipoprotein B level 0055 . 0.107 0.079 0.013 0.100 0.001 0.061 0.068
Serum low-density lipoprotein cholesterol level 0.046 0.196 0.078 0.018 0.079 0.012 0.051 0.145
Dietary intake of vitamin C —0.042 >0.2 —0.069 0.026 —0.076 0.009 -0.033 >0.2
Diabetes 0.034 >0.2 0.027 >0.2 0.089 0.002 0.022 >0.2
Claudication 0.030 >0.2 0.062 0.049 0.085 0.004 0.033 >0.2

* Data are derived from multiple linear regression analyses in which each risk factor was forced one at a time into the model with age and the technical covariates (examination years, zooming depth

at baseline for right and left side, baseline mdxcator of carotid atherosclerosis, sonographer, follow—up time, and pravastatin treatment in the Kuopio Atherosclerosis Prevention Study).
Jh.

T Dyspnea, chest pain, ischemic elect
F A low score indicates high socioeconomic status.

stolic blood pressure, cigarette smoking, plasma fibrino-
gen level, serum low-density lipoprotein cholesterol
level, triglycerides and apolipoprotein B levels, fasting
serum insulin level, diabetes, coronary heart disease,
heart failure, stroke, claudication, asthma, cardiovascular
or pulmonary reasons for stopping the exercise test, and
medication for dyslipidemia. Unadjusted direct associa-
tions were seen between VO,max and adult socioeco-
nomic status, dietary intake of vitamin C, energy expen-
diture and mean intensity of physical activity, and serum
high-density lipoprotein cholesterol level.

Baseline Risk Factors for the Progression of Carotid
Atherosclerosis :

Table 2 shows the baseline risk factors that were
statistically significantly associated with a 4-year increase
in any of the indicators of carotid atherosclerosis after
adjustment for age and the technical covariates. We used
a stepwise method to simultaneously enter all of these
baseline risk factors, except those that were strongly cor-
related with one another, into a linear regression model.
A Pvalue less than 0.05 was used as a selection criterion,
and age and the technical covariates were forced into the
model. We found that the statistically significant predic-
tors of a 4-year increase in maximal IMT were VO,max
(standardized regression coefficient § = —0.112; P =
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arrhythmia, a marked change in blood p

dizziness, or uncor

0.003), systolic blood pressure (8 = 0.096; P = 0.004),
and cigarette smoking (8 = 0.093; P = 0.008). The sta-
tistically significant predictors of 4-year increases in
plaque height, surface roughness, and mean IMT were
Vo,max (B = —0.141; P < 0.001) and systolic blood
pressure (8 = 0.061; P =0.048); Vo,max (8=
—0.122; P<0.001), cigarette smoking (B = 0.098;
P =0.001), diabetes (8 = 0.071; P = 0.013), and se-
rum apolipoprotein B level (8 = 0.070; P = 0.020);
and cigarette smoking (8 = 0.097; P = 0.006), systolic
blood pressure (8 = 0.097; P = 0.003), and plasma fi-
brinogen level (8 = 0.069; P = 0.041), respectively.

Maximal Oxygen Uptake and the Progression of Carotid
Atherosclerosis

After adjustments for age, the technical covariates,
and cigarette smoking, we found strong inverse associa-
tions between VO,max and 4-year increases in maximal
IMT (B = —0.120; P = 0.002), plaque height (B =
—0.140; P < 0.001), surface roughness (B = —0.147;
P < 0.001), and mean IMT (B = —0.080; P = 0.035).
Additional adjustment for systolic blood pressure, serum
apolipoprotein B level, diabetes, and plasma fibrinogen
level weakened the associations of VO,max with the
4-year increase in maximal IMT (B = —0.094; P =
0.019), plaque height (8 = —0.117; P = 0.002), and
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surface roughness (8 = —0.117; P = 0.001). The asso-
ciation between VO,max and the 4-year increase in the
mean IMT was no longer statistically significant after
these adjustments (8 = —0.050; P = 0.206). Adjust-
ment for any other baseline variable or the 4-year change
in any baseline variable had little if any effect on the
associations of VO,max with the 4-year increase in indi-
cators of carotid atherosclerosis.

The quartiles of VO,max were less than 26.1 mL/kg
per minute, 26.1 to 30.9 mL/kg per minute, 31.0 to
36.2 mL/kg per minute, and greater than 36.2 mL/kg
per minute. Over 4 years, after adjustment for age, tech-
nical covariates, and cigarette smoking, maximal IMT in
these quartiles increased 0.297 mm (95% CI, 0.269 to
0.325 mmy), 0.267 mm (CI, 0.241 to 0.293 mm), 0.243
mm (CI, 0.217 to 0.269 mm), and 0.242 mm (CI,
0.214 to 0.270 mm), respectively (P = 0.007 for linear
trend across quartiles; 2 = 0.036 for difference between
quartiles). The respective increases in plaque height over
4 years were 0.313 mm (CI, 0.287 to 0.339 mm), 0.264
mm (CI, 0.240 to 0.288 mm), 0.246 mm (CI, 0.222 to
0.270 mm), and 0.239 mm (CI, 0.213 to 0.265 mm)
(P < 0.001 for linear trend; P = 0.001 for difference).
The respective increases in surface roughness over 4
years were 0.032 mm (CI, 0.027 to 0.037 mm), 0.021
mm (CI, 0.016 to 0.025 mm), 0.017 mm (CI, 0.012 to
0.021 mm), and 0.016 mm (CI, 0.014 to 0.021 mm)
(P < 0.001 for linear trend; P < 0.001 for difference).
The respective increases in maximal IMT, surface
roughness, and mean IMT were 23%, 31%, and 100%
larger among men in the lowest quartile of Vo,max
than among those in the highest quartile.

Physical Activity and the Progression of Carotid
Atherosclerosis

- After adjustment for age, technical covariates, and
cigarette smoking, none of the components of total,
conditioning, or nonconditioning physical activity or
walking or bicycling to work (energy expenditure, dura-
tion, frequency, and mean intensity) was statistically sig-
nificantly associated with the progression of carotid ath-
erosclerosis. Of all measures of physical activity, the

energy expenditure of conditioning physical activity had

the strongest association with the 4-year increase in
plaque height (8 = —0.048; P = 0.122) and surface
roughness (8 = —0.048; P = 0.098). The frequency of
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conditioning physical activity had the strongest association
with the 4-year increase in maximal IMT (B = —0.033;
P>0.2) and mean IMT (8 = —0.036; P> 0.2).

DiscussioN

This 4-year follow-up study in a population-based
sample of middle-aged men provides evidence that
higher levels of VO,max (as measured directly by respi-
ratory gas exchange in a maximal symptom-limited cycle
ergometer exercise test) are independently associated
with slower increase in the indicators of carotid athero-
sclerosis (as assessed by high-resolution B-mode ultra-
sonography). Of interest, low VO, max was the strongest
risk factor for the progression of carotid atherosclerosis
in multivariate analyses, even compared with conven-
tional risk factors.

We previously found a strong association between
higher levels of Vo,max and reduced risk for a first
acute myocardial infarction in middle-aged men with no
previous cardiovascular diseases or cancer who were
from the same cohort as our present study sample (6).
Good cardiorespiratory fitness, as assessed by work ca-
pacity, exercise test duration, or heart rate response to
exercise in a cycle ergometer or treadmill exercise test,
has been related to greatly reduced premature cardiovas-
cular mortality rates in other prospective population-
based studies (7-9, 11). Ultrasonographically assessed
carotid intima—media thickening, in turn, has been as-
sociated with increased risk for coronary heart disease
and stroke in prospective population-based studies (20,
21). Together with this epidemiologic evidence, our re-
sults suggest that good cardiorespiratory fitness is asso-
ciated with slower progression of atherosclerosis and
could therefore reduce the risk for clinical events of ath-
erosclerotic vascular diseases. To our knowledge, how-
ever, there are no published reports concerning the as-
sociation between cardiorespiratory fitness and the risk
for stroke. Therefore, prospective population-based
studies are needed to test whether good cardiorespira-
tory fitness reduces’stroke risk.

Only one previous population-based study has ex-
amined the association between cardiorespiratory fitness
and early atherosclerosis. In this cross-sectional study in
middle-aged men (24), VO,max was inversely associated
with carotid bifurcation IMT. Similarly, we found an
inverse relationship between VO,max and the indicators
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of carotid atherosclerosis in our cross-sectional analyses.
On the basis of a cross-sectional study, however, it is
impossible to draw a conclusion regarding the time or-
der of the relationship—for example, whether poor car-
diorespiratory fitness is a true risk factor for atheroscle-
rosis or a result of preexisting disease associated with
atherosclerosis. In our prospective analyses, VO,max was
inversely associated with the 4-year increase in the indi-
cators of carotid atherosclerosis after careful adjustment
for other atherosclerotic risk factors, including cardio-
vascular, pulmonary, and metabolic diseases and cardio-
vascular and pulmonary reasons for stopping the exercise
test. It is therefore unlikely that our observed associa-
tions are due to confounding, but they may be partly
due to self-selection bias. ‘

Clinical trials have shown that aerobic exercise can
increase VO,max by up to 30% in sedentary persons
(32). One explanation for the inverse association be-
tween VO,max and the 4-year increase in the indicators
of carotid atherosclerosis could be that physical activity
slows the progression of atherosclerosis by improving
cardiorespiratory fitness, as suggested by clinical trials in
patients with coronary heart disease (12-17). However,
physical activity was not related to the 4-year increase in
the indicators of carotid atherosclerosis in our study.
One reason for this could be large variability in the
measurement of physical activity and true variability in
physical activity over time. However, VO,max measured
in a cycle ergometer exercise test under standardized
conditions is an accurate and highly reproducible mea-
sure of cardiorespiratory fitness (33), as indicated by low
intraindividual variability over time and high test—retest
correlation observed in previous studies (34). This sup-
ports the view that a single measurement of VO,max is a
clinically useful method for assessing a person’s cardio-
respiratory fitness.

Another reason that we did not observe an associa-
tion between physical activity and a 4-year increase in
the indicators of carotid atherosclerosis may be that the
quantity and especially the intensity of exercise in most
middle-aged men is too low to improve cardiorespira-
tory fitness and to slow the progression of atherosclero-
sis. Indeed, we previously found that Vo,max has a
modest association with amount of physical activity but
a much stronger relationship with mean intensity (28).
Only greater amounts of exercise intensive enough to
improve cardiorespiratory fitness had an antiatherogenic
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effect in a clinical trial (12). However, additional exer-
cise intervention trials are needed to provide informa-
tion about the amount and degree of physical activity
required to slow the progression of atherosclerosis.

The same training program may increase VO,max
by up to 1 L/min in some persons but cause almost no
change in others (35). This suggests that genetic factors
contribute greatly to interindividual variation in VO,max
and the sensitivity of VO,max to exercise training (36).
On the basis of twin studies, heritability of VO,max is
25% to 50% (35). In our study of a representative sam-
ple of middle-aged men, other risk factors for atheroscle-
rosis only partly explained the inverse associations of
Vo,max with the 4-year increase in indicators of carotid
atherosclerosis. One reason for this could be that the
observed relationships are partly due to genetic factors,
although no good evidence supports this view.

The results of some clinical trials suggest that health
habits other than physical activity affect Vo,max. Both
aerobic exercise and dietary energy restriction increased
Vo,max indexed by body weight in obese men and
women, and the effect of dietary change on VO,max was
largely due to weight loss (37). An important finding of
this trial was that the combination of aerobic exercise
and dietary energy restriction increased Vo,max more
than either factor alone. Inconsistently, however, aerobic
exercise but not weight loss increased Vo, max indexed
by body weight in two other trials in obese men (38,
39). In addition, the results of some trials suggest that
cigarette smoking acutely decreases VO,max (40). How-
ever, most trials do not support this view (41). It is not
known whether long-term cigarette smoking decreases
Vo,max.

Physical activity and good cardiorespiratory fitness
are known to have a favorable effect on risk factors for
atherosclerosis, including hypertension, dyslipidemia,
type 2 diabetes, insulin resistance, obesity, and hemo-
static factors (42). In our study, systolic blood pressure,
serum apolipoprotein B level, diabetes, and plasma fi-
brinogen level partly explained the inverse associations
of Vo,max with the 4-year increase in indicators of ca-
rotid atherosclerosis. Physical activity and good cardio-
respiratory fitness may also 1) enhance endothelial func-
tion by increasing the production of nitric oxide and
prostacyclin (43, 44), 2) reduce low-density lipoprotein
oxidation (45), 3) decrease the atherogenic activity of
blood mononuclear cells by affecting the production of
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cytokines (46), 4) decrease the number of atherosclerotic
lesions by reducing heart rate and pulsatile stress (47),
and 5) decrease the accumulation of collagen in the ar-
tery wall (48).

We found that good cardiorespiratory fitness, as in-
dicated by higher levels of VO,max, is associated with
slower progression of early atherosclerosis in a popula-
tion-based sample of middle-aged men. This finding is
important because it emphasizes the possibility of eval-
uating cardiorespiratory fitness in middle-aged men to
estimate their future risk for atherosclerotic vascular dis-
eases. Additional research is warranted to determine
whether a possible causal relationship exists between car-
diorespiratory fitness and atherosclerosis.

From University of Kuopio, Kuopio Research Institute of Exercise Med-
icine, Research Institute of Public Health, and Kuopio University Hos-
pital, Kuopio, Finland; and University of Michigan School of Public
Health, Ann Arbor, Michigan.

Acknowledgments: The authois thank Juha M. Veniliinen, Esko
Taskinen, and Hannu Litmanen for their participation in the supervision
of exercise tests and Kristiina Nyyssonen and Kari Seppinen for super-
vising laboratory measurements. They also thank the staff of the Re-
search Institute of Public Health, University of Kuopio, Kuopio, Fin-
land, and the Kuopio Research Institute of Exercise Medicine, Kuopio,
Finland, for data collection in the KIHD.

Grant Support: By the Academy of Finland (41471, 1041086, and
2041022); the Finnish Ministry of Education (167/722/96, 157/722/97,
and 156/722/98); and the U.S. National Heart, Lung, and Blood Insti-
tute (grant HL44199).

Requests for Single Reprints: Timo A. Lakka, MD, PhD, Research
Institute of Public Health, University of Kuopio, Box 1627, FIN-70211
Kuopio, Finland; e-mail, timo.lakka@uku.fi.

Current Author Addresses: Drs. T.A. Lakka, Laukkanen, R. Salonen,
H.-M. Lakka, and J.T. Salonen: Research Institute of Public Health,
University of Kuopio, Box 1627, 70211 Kuopio, Finland.

Dr. Rauramaa: Kuopio Research Institute of Exercise Medicine, Haapa-
niementie 16, 70100 Kuopio, Finland. :

Dr. Kaplan: Department of Epidemiology, University of Michigan
School of Public Health, Ann Arbor, MI 48109. '

Author Contributions: Conception and design: T.A. Lakka, J.A. Lauk-
kanen, R. Rauramaa, R. Salonen, G.A. Kaplan, J.T. Salonen.

Analysis and interpretation of the data: T.A. Lakka, J.A. Laukkanen, R.
Rauramaa, H.-M. Lakka.

Drafting of the article: T.A. Lakka, J.A. Laukkanen, H.-M. Lakka, G.A.
Kaplan.

Critical revision of the article for important intellectual content: T.A.

www.annals.org

Cardiorespiratory Fitness and Atherosclerosis ARTICLE

Lakka, J.A. Laukkanen, R. Rauramaa, H.-M. Lakka, G.A. Kaplan, J.T.
Salonen.

Final approval of the article: T.A. Lakka, J.A. Laukkanen, R. Rauramaa,
R. Salonen, H.-M. Lakka, G.A. Kaplan, ].T. Salonen.

Provision of study materials or patients: T.A. Lakka, R. Salonen, G.A.
Kaplan, J.T. Salonen.

Statistical expertise: T.A. Lakka, H.-M. Lakka, ]J.T. Salonen.
Obtaining of funding: T.A. Lakka, R. Rauramaa, G.A. Kaplan, J.T.
Salonen.

Administrative, technical, or logistic support: T.A. Lakka, R. Salonen,
J.T. Salonen.

Collection and assembly of data: T.A. Lakka, R. Salonen, J.T. Salonen.

References

1. Pate RR, Pratt M, Blair SN, Haskell WL, Macera CA, Bouchard C, et al.
Physical activity and public health. A recommendation from the Centers for
Disease Control and Prevention and the American College of Sports Medicine.
JAMA. 1995;273:402-7. [PMID: 0007823386]

2. Morris JN, Everitt MG, Pollard R, Chave SP, Semmence AM. Vigorous
exercise in leisure-time: protection against coronary heart disease. Lancet. 1980;
2:1207-10. [PMID: 0006108391]

3. Paffenbarger RS Jr, Hyde RT, Wing AL, Hsieh CC. Physical activity, all-
cause mortality, and longevity of college alumni. N Engl ] Med. 1986;314:605-
13. [PMID: 0003945246]

4. Leon AS, Connett J, Jacobs DR Jr, Rauramaa R. Leisure-time physical activ-
ity levels and risk of coronary heart disease and death. The Multiple Risk Factor
Intervention Trial. JAMA. 1987;258:2388-95. [PMID: 0003669210]

5. Wannamethee G, Shaper AG. Physical activity and stroke in British middle
aged men. BM]J. 1992;304:597-601. [PMID: 0001559088]

6. Lakka TA, Venalainen JM, Rauramaa R, Salonen R, Tuomilehto J, Salonen
JT. Relation of leisure-time physical activity and cardiorespiratory fitness to the
tisk of acute myocardial infarction. N Engl ] Med. 1994;330:1549-54. [PMID:
0008177243]

7. Ekelund LG, Haskell WL, Johnson JL, Whaley FS, Criqui MH, Sheps DS.
Physical fitness as a predictor of cardiovascular mortality in asympromatic North
American men. The Lipid Research Clinics Mortality Follow-up Study. N Engl
] Med. 1988;319:1379-84. [PMID: 0003185648] ]

8. Blair SN, Kohl HW 3rd, Paffenbarger RS Jr, Clark DG, Cooper KH,
Gibbons LW, Physical fitness and all-cause mortality. A prospective study of
healthy men and women. JAMA. 1989;262:2395-401. [PMID: 0002795824]
9. Sandvik L, Erikssen ], Thaulow E, Erikssen G, Mundal R, Rodahl K. Phys-
ical fitness as a predictor of mortality among healthy, middle-aged Norwegian
men. N Engl ] Med. 1993;328:533-7. [PMID: 0008426620}

10. Paffenbarger RS Jr, Hyde RT, Wing AL, Lee IM, Jung DL, Kampert JB.
The association of changes in physical-activity level and other lifestyle character-
istics with mortality among men. N Engl J Med. 1993;328:538-45. [PMID:
0008426621]

11. Erikssen G, Liestol K, Bjornholt J, Thaulow E, Sandvik L, Erikssen J.
Changes in physical fitness and changes in mortality. Lancet. 1998;352:759-62.
[PMID: 0009737279]

12. Hambrecht R, Niebauer J, Marburger C, Grunze M, Kalberer B, Hauer K,
et al. Various intensities of leisure time physical activity in patients with coronary
artery disease: effects on cardiorespiratory fitness and progression of coronary
atherosclerotic lesions. ] Am Coll Cardiol. 1993;22:468-77. [PMID: 0008335816]
13. Schuler G, Hambrecht R, Schlierf G, Niebauer J, Hauer K, Neumann J, et
al. Regular physical exercise and low-fat diet. Effects on progression of coronary
artery disease, Circulation. 1992;86:1-11. [PMID: 0001617762]

2 January 2001 |Annals of Internal Medicine | Volume 134 * Number 1|19



ARTICLE Cardiorespiratory Fitness and Atherosclerosis

14. Niebauer J, Hambrecht R, Velich T, Hauer K, Marburger C, Kalberer B, et
al. Attenuated progression of coronary artery disease after 6 years of multifactorial
risk intervention: role of physical exercise. Circulation. 1997;96:2534-41.
[PMID: 0009355890]

15. Omish D, Brown SE, Scherwitz LW, Billings JH, Armstrong WT, Ports
TA, etal. Can lifestyle changes reverse coronary heart disease? The Lifestyle Heart
Trial. Lancet. 1990;336:129-33. [PMID: 0001973470]

16. Gould KL, Omish D, Kirkeeide R, Brown S, Stuart Y, Buchi M, et al.
Improved stenosis geometry by quantitative coronary arteriography after vigorous
risk factor modification. Am J Cardiol. 1992;69:845-53. [PMID: 0001550011]
17. Haskell WL, Alderman EL, Fair JM, Maron DJ, Mackey SF, Superko HR,
et al. Effects of intensive multiple risk factor reduction on coronary atherosclerosis
and clinical cardiac events in men and women with coronary artery disease. The
Stanford Coronary Risk Intervention Project (SCRIP). Circulation. 1994;89:
975-90. [PMID: 0008124838]

18. Salonen JT, Salonen R. Ultrasound B-mode imaging in observational studies
of atherosclerotic progression. Circulation. 1993;87:1156-65. [PMID: 0008443925)
19. Crouse JR, Thompson CJ. An evaluation of methods for imaging and quan-
tifying coronary and carotid lumen stenosis and atherosclerosis. Circulation.
1993;87(3 Suppl):1117-33. [PMID: 0008443919]

20. Bots ML, Hoes AW, Koudstaal PJ, Hofman A, Grobbee DE. Common
carotid intima-media thickness and risk of stroke and myocardial infarction: the
Rotterdam Study. Circulation. 1997;96:1432-7. [PMID: 0009315528]

21. O’Leary DH, Polak JF, Kronmal RA, Manolic TA, Burke GL, Wolfson SK
Jr. Carotid-artery intima and media thickriess as a risk factor for myocardial
infarction and stroke in older adults. Cardiovascular Health Study Collaborative
Research Group. N Engl ] Med. 1999;340:14-22. [PMID: 0009878640]

22. Folsom AR, Eckfeldt JH, Weitzman S, Ma J, Chambless LE, Barnes RW,
et al. Relation of carotid artery wall thickness to diabetes mellitus, fasting glucose
and insulin, body size, and physical activity. Atherosclerosis Risk in Communities
(ARIC) Study Investigators. Stroke. 1994;25:66-73. [PMID: 0008266385]

23. Siscovick DS, Fried L, Mittelmark M, Rutan G, Bild D, O’Leary DH.
Exercise intensity and subclinical cardiovascular disease in the elderly. The Car-
diovascular Health Study. Am J Epidemiol. 1997;145:977-86. [PMID: 0009169906]
24. Rauramaa R, Rankinen T, Tuomainen P, Vaisanen S, Mercuri M. Inverse
relationship between cardiorespiratory fitness and carotid atherosclerosis. Athero-
sclerosis. 1995;112:213-21. [PMID: 0007772080]

25. Salonen JT. Is there a continuing need for longitudinal epidemiologic re-
search? The Kuopio Ischaemic Heart Disease Risk Factor Study. Ann Clin Res.
1988;20:46-50. [PMID: 0003408213] -

26. Keys A. Seven Countries: A Multivariate Analysis of Death and Coronary
Heart Disease. Cambridge, MA: Harvard Univ Pr; 1980.

27. Salonen R, Nyyssonen K, Porkkala E, Rummukainen J, Belder R, Park JS,
et al. Kuopio Atherosclerosis Prevention Study (KAPS). A population-based
primary preventive trial of the effect of LDL lowering on atherosclerotic progres-
sion in carotid and femoral arteries. Circulation. 1995;92:1758-64. [PMID:
0007671358]

28. Lakka TA, Salonen JT. The Physical Activity Questionnaire of the Kuopio
Ischemic Heart Disease Study (KIHD). Med Sci Sports Exerc. 1997;29:546-S56.
29. Salonen JT, Seppanen K, Nyyssonen K, Korpela H, Kauhanen J, Kantola
M, et al. Intake of mercury from fish, lipid peroxidation, and the risk of myo-
cardial infarction and coronary, cardiovascular, and any death in eastern Finnish
men. Circulation. 1995;91:645-55. [PMID: 0007828289]

202 January 2001 | Annals of Internal Medicine [ Volume 134 ¢ Number 1

30. Salonen JT, Lakka TA, Lakka HM, Valkonen VP, Everson SA, Kaplan GA.
Hyperinsulinemia is associated with the incidence of hypertension and dyslipide-
mia in middle-aged men. Diabetes. 1998;47:270-5. [PMID: 0009519724]

31. SPSS Base 9.0 User’s Guide. Chicago: SPSS, Inc.; 1999.

32. Seals DR, Hagberg JM, Hurley BF, Ehsani AA, Holloszy JO. Endurance
training in older men and women. I. Cardiovascular responses to exercise. ] Appl
Physiol. 1984;57:1024-9. [PMID: 0006501023]

33. Astrand PO, Rodahl K. Textbook of Work Physiology: Physiological Bases
of Exercise. 3rd ed. New York: McGraw-Hill; 1986.

34. Andersen LB. A maximal cycle exercise protocol to predict maximal oxygen
uptake. Scand ] Med Sci Sports. 1995;5:143-6. [PMID: 0007552756]

35. Bouchard C, Malina RM, Pérusse L. Genetics of Fitness and Physical Per-
formance. Champaign, IL: Human Kinetics; 1997.

36. Bouchard C, Daw EW, Rice T, Perusse L, Gagnon J, Province MA, et al.
Familial resemblance for VO2max in the sedentary state: the HERITAGE family
study. Med Sci Sports Exerc. 1998;30:252-8. [PMID: 000950235]

37. Hagan RD, Upton SJ, Wong L, Whittam J. The effects of aerobic condi-
tioning and/or caloric restriction in overweight men and women. Med Sci Sports
Exerc. 1986;18:87-94. [PMID: 0003457234]

38. Karzel LI, Bleecker ER, Colman EG, Rogus EM, Sorkin JD, Goldberg AP.
Effects of weight loss vs aerobic exercise training on risk factors for coronary
disease in healthy, obese, middle-aged and older men. A randomized controlled
trial. JAMA. 1995;274:1915-21. {PMID: 0008568984]

39. Kraemer WJ, Volek JS, Clark KL, Gordon SE, Puhl SM, Koziris LP, et al.
Influence of exercise training on physiological and performance changes with
weight loss in men. Med Sci Sports Exerc. 1999;31:1320-9. [PMID: 0010487375]
40. Hirsch GL, Sue DY, Wasserman K, Robinson TE, Hansen JE. Immediate
effects of cigarette smoking on cardiorespiratory responses to exercise. J Appl
Physiol. 1985;58:1975-81. [PMID: 0004008417]

41. Morton AR, Holmik EV. The effects of cigarette smoking on maximal
oxygen consumption and selected physiological responses of elite team sportsmen.
Eur J Appl Physiol. 1985;53:348-52. [PMID: 0004039263]

42. Shephard R], Balady GJ. Exercise as cardiovascular therapy. Circulation.
1999;99:963-72. [PMID: 0010027821]

43. Niebauer J, Cooke JP. Cardiovascular effects of exercise: role of endothelial
shear stress. ] Am Coll Cardiol. 1996;28:1652-60. [PMID: 0008962548]

44, Hambrecht R, Wolf A, Gielen S, Linke A, Hofer J, Erbs S, et al. Effect of
exercise on coronary endothelial function in patients with coronary artery disease.
N Engl ] Med. 2000;342:454-60. [PMID: 0010675425]

45. Vasankari TJ, Kujala UM, Vasankari TM, Ahotupa M. Reduced oxidized
LDL levels after a 10-month exercise program. Med Sci Sports Exerc. 1998;30:
1496-501. [PMID: 0009789849]

46. Smith JK, Dykes R, Douglas JE, Krishnaswamy G, Berk S. Long-term
exercise and atherogenic activity of blood mononuclear cells in persons at risk of
developing ischemic heart disease. JAMA. 1999;281:1722-7. [PMID: 0010328073]
47. Beere PA, Glagov S, Zarins CK. Retarding effect of lowered heart rate on
coronary atherosclerosis. Science. 1984;226:180-2. [PMID: 0006484569]

48. Kramsch DM, Aspen AJ, Abramowitz BM, Kreimendahl T, Hood WB Jr.
Reduction of coronary atherosclerosis by moderate conditioning exercise in
monkeys on an atherogenic diet. N Engl ] Med. 1981;305:1483-9. [PMID:
0007300873)

www.annals.org



