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Occupational physical activity, energy expenditure and 11-year progression

of carotid atherosclerosis

by Niklas Krause, MD,” Richard J Brand, PhD,? George A Kaplan, PhD,? Jussi Kauhanen, MD,* Smriti

Malla, MSc,” Tomi-Pekka Tuomainen, MD,* Jukka T Salonen, MD**

Krause N, Brand RJ, Kaplan GA, Kauhanen J, Malla S, Tuomainen T-P, Salonen JT. Occupational physical activity,
energy expenditure and 11-year progression of carotid atherosclerosis. Scand J Work Environment & Health.
2007;33(6):405-424.

Objectives This study prospectively assessed the effects of occupational physical activity on atherosclerosis
progression.

Methods This population-based prospective study of ultrasonographically assessed carotid intima media
thickness (IMT) used repeated measures of occupational physical activity during baseline, 4-year, and 11-year
examinations of 612 Finnish men 42-60 years of age at baseline. The association between five measures of
energy expenditure and the 11-year change in maximum IMT was evaluated in regression models adjusting for
21 potential confounders, including biological factors, leisure-time physical activity, smoking, socioeconomic
status, psychosocial job factors, and baseline health status.

Results At baseline, 31% of all the men and 51% of those with ischemic heart disease (IHD) exceeded the rec-
ommended maximum levels of relative aerobic strain. All five measures of energy expenditure were significantly
associated with adjusted 11-year IMT change. Significant interactions were found between IHD and several
measures of energy expenditure. Maximum relative aerobic strain resulted in a 90% increase in IMT among
the men with IHD compared with a 46% increase among those without IHD. The men with preexisting carotid
stenosis also had higher rates of IMT progression than the men without this condition.

Conclusions This study shows that high energy expenditures at work are associated with an accelerated progres-
sion of atherosclerosis even after control for virtually all known cardiovascular risk factors, especially among
older workers and workers with preexisting IHD or carotid artery stenosis. The findings support the hemodynamic
theory of atherosclerosis and have important implications for workplace surveillance and disease prevention.

Key terms behavioral factor; caloric job demand; cardiorespiratory fitness; cardiovascular disease; coronary
heart disease; hemodynamic theory of atherosclerosis; physical workload; prospective study; relative aerobic

strain; relative oxygen uptake reserve.

In contrast to leisure-time physical activity, little is
known about the cardiovascular disease (CVD) risks
and benefits associated with occupational physical activ-
ity. Most epidemiologic studies to date either failed to
differentiate between leisure-time physical activity and
occupational physical activity or excluded occupational
physical activity from their analyses altogether (1-4).
While the beneficial effects of leisure-time physical

activity on the circulatory system are relatively well
established, the literature about the health effects of
occupational physical activity remains inconsistent (5).
Higher levels of occupational physical activity were as-
sociated with a reduced risk of CVD in some prospective
population-based studies (6—11), showed no association
in others (7, 12, 8, 13-17), or were associated with an
increased CVD risk (18-21). A few studies showed
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Occupational physical activity and atherosclerosis

differential effects, leisure-time physical activity being
protective and occupational physical activity having no
effect (17, 22), leisure-time physical activity having an
effect only among persons with low levels of occupa-
tional physical activity (11), or leisure-time physical
activity constituting a CVD risk (19).

Most studies used only crude categorical measures of
occupational physical activity and did not assess changes
in occupational physical activity during follow-up. The
few studies that used a continuous measure of energy
expenditure did not adjust for individual aerobic fitness,
which determines the actual cardiovascular load at any
given caloric job demand. In addition, only one study
adjusted for psychosocial job factors (20), although job
stress has been found to be an important risk factor for
CVD in several studies (23-27) and could confound
associations between occupational physical activity
and CVD. Such limitations may be responsible for the
inconsistent findings in the literature. The current study
was designed to address these methodological issues by
(i) using a validated interview instrument to assess oc-
cupational physical activity at baseline and repeatedly
during 11 years of follow-up, (ii) using continuous rather
than categorical exposure measures, (iii) supplementing
absolute with relative measures of energy expenditure
(relative aerobic strain, percentage of oxygen uptake
reserve), and (iv) by adjusting for a comprehensive set
of 21 possible confounders including virtually all known
biological, behavioral, and psychosocial risk factors.

Furthermore, this study circumvents the thorny issue
of selection due to the so-called healthy worker effect by
using the change in carotid intima media thickness (IMT)
as the outcome measure instead of CVD symptoms or
clinical events. Workers with impaired health often mi-
grate into less demanding jobs, and this migration could
lead to a spurious association between little occupational
physical activity and morbidity or mortality outcomes.
Ultrasound measurements in asymptomatic populations
allow an examination of the relationship between work
characteristics and atherosclerosis before disease-based
selection effects occur (28, 29). Ultrasound measure-
ment of IMT in the carotid arteries has been shown to be
reliable, to relate to the extent of disease in the coronary
arteries, and to have predictive validity with regard to
the risk of coronary events (30, 31, 29, 32).

Building on the hemodynamic theory of athero-
sclerosis (33), this study used a biological model of
disease causation that rests on established hemodynamic
changes triggered by physical activity and an increased
heart rate, resulting in changes in intravascular turbu-
lence and wall shear stress causing injury and inflam-
matory processes in the arterial wall that manifest as
atherosclerosis (20). Specifically, an increased heart rate
shortens the cumulative time spent in systole when wall
shear stress is optimal and leads to more time spent in
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diastole when wall shear stress fluctuates in a suboptimal
range (33). Increased turbulence and the resulting reduc-
tion in shear stress at the arterial walls are considered
some of the main hemorheologic phenomena that induce
endothelial damage in human arteries (34, 33, 35). Such
endothelial damage sets the stage for the absorption of
lipids and other pathogenic substances and cells into
the arterial wall, leading to an inflammatory process
currently believed to be the basis of IMT, the formation
of atherosclerotic plaques, and eventual stenosis of the
arteries (36). Progression of lumen-reducing stenosis
in turn will lead to suboptimal poststenotic wall shear
stress because wall shear stress is an exponential func-
tion of vessel radius. These mechanisms were proposed
as an explanation for the previously observed higher
rate of progression of atherosclerosis associated with
a standing work posture for people with preexisting
beginning stenosis when compared with people without
preexisting stenosis (20).

Reduced cardiorespiratory fitness due to a lack of
training or preexisting ischemic heart disease (IHD)
has also been associated with the progression of ath-
erosclerosis (37). Again, the hemodynamic theory of
atherosclerosis would explain this association through
disproportional elevated heart rates when these persons
engage in demanding physical activities. On the other
hand, engagement in physical activity can be expected to
have a training effect that could lead to lower heart rates
during daily activities and rest and thereby decelerate the
progression of atherosclerosis. Therefore, two-sided sta-
tistical tests need to be applied in the study of the effect
of occupational physical activity on atherosclerosis.

In accordance with the hemodynamic theory of ath-
erosclerosis, four hypotheses were tested in this inves-
tigation. After taking leisure-time physical activity and
other individual behavioral and biological risk factors,
as well as psychosocial job factors, into account, we
hypothesized that the progression of atherosclerosis is
associated with (i) absolute levels of energy expenditure
at work and (ii) relative levels of energy expenditure
(relative aerobic strain and the percentage of oxygen
uptake reserve). Furthermore, we hypothesized that
(iii) any association of occupational physical activity
with the progression of atherosclerosis is stronger in
people with preexisting IHD or with (iv) preexisting
carotid stenosis.

Study population and methods

Study population

The participants were Finnish men 42-60 years of age
at baseline who participated in the Kuopio Ischemic



Heart Disease Risk Factor Study, a prospective popula-
tion-based investigation of established and potential risk
factors for heart disease and extracoronary atheroscle-
rosis. Details of the study design have been published
elsewhere (38, 37). In all, 2682 men who resided in the
town of Kuopio or its surrounding rural communities in
eastern Finland participated in the study. Baseline data
were collected for two cohorts, a random sample of
1166 men aged 54 years, initiated in March 1984, and
an age-stratified random sample of 1516 men aged 42,
48, 54, or 60 years (participation rate 78%), initiated in
August 1986 .

Ultrasound measurements of IMT in the common
carotid arteries were conducted beginning in March
1987 on 1229 men in the second cohort. These 1229 men
were invited to participate in a follow-up assessment
approximately 4 years after the baseline examination.
By that time, 47 had died or were suffering severe ill-
ness, 37 had moved or could not be contacted, and 107
refused, leaving 1038 participants (participation rate
84.5%). Of these, 1007 men were alive prior to the start
of a follow-up 11 years after the baseline examination.
Follow-up examinations were scheduled between March
1998 and February 2001. During this time, 58 more men
died before being examined, 38 had a severe illness,
27 had moved or could not be contacted, 25 refused,
and 5 did not participate for other reasons, leaving 854
participants in the 11-year follow-up (participation rate
84.8%).

Of the 854 participants in the 11-year follow-up,
223 were excluded because they had not worked at
all between the baseline examination and the 11-year
follow-up, 2 because they did not participate in the 11-
year ultrasound examination, 2 because of unnreliable
information on worktime (they had reported working 24
hours during their last workday and no alternative infor-
mation on typical workhours was available for them),
and 15 because of missing values on one or more of the
exposure variables, leaving 612 men for the analyses.
Missing values for one or more of the covariates had
been replaced by sample mean values for 11 (ie, less
than 1.8% of the observations). The follow-up time
between the ultrasound examinations ranged from 9.23
to 13.82 (mean 11.13) years.

Assessment of atherosclerotic progression

Measurements of IMT were taken at approximately 100
sites along a 1.0- to 1.5-cm section of both the left and
right common carotid artery below the carotid bulb using
high-resolution B-mode ultrasonography. Measurements
were made with the participants supine and the image
focused on the posterior (far) wall. Additional technical
details have been published elsewhere (29). IMT was
measured as the distance from the leading edge of the
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first echogenic line to the leading edge of the second
echogenic line. Maximum IMT was defined for the
participants as the average of the maximum IMT values
from the right and left common carotid arteries. The
maximum narrowing of the lumen is the most relevant
for arterial flow changes according to the hemodynamic
theory. Our outcome measure was defined as the natural
log of the maximum IMT at 11 years minus the natural
log of the maximum IMT in the baseline examination.
The reliability of the baseline and longitudinal ultrasonic
measurements of carotid IMT is high (39, 40, 32).

Assessment of occupational physical activity

An interview on occupational physical activity was ad-
ministered by trained interviewers at the baseline and at
the 4-year and 11-year follow-ups to the men who had
worked at least some time in the past 12 months. The
interview addressed a typical workday. The participants
were asked, with an accuracy of 15 minutes, how long
they had performed the following activities at work:
sitting, standing, walking on level ground, walking on
uneven ground, climbing stairs, or any other activities.
The 12-month test-retest correlations for the occupa-
tional activity interview was found to be 0.69, indicating
good reliability for the instrument (41). The lifetime
job stability of people living in the Kuopio region is
relatively high (42), and therefore the probability of
misclassifying work activities between the follow-up
examinations was reduced.

A self-administered questionnaire was also com-
pleted at the baseline, the 4-year follow-up, and the
11-year follow-up; it provided information on work
status (full-time work, part-time work, unemployment,
retirement, not working for another reason). Those not
currently working were asked about the year when an
unemployment or retirement period began, the number
of days worked per week in the last job, and the number
of hours worked per day. For those working, workdays
per week, the number of hours and minutes worked per
day, and the number of days they missed work due to
illness during the past 12 months were assessed.

The data from the self-administered questionnaire
and interview on occupational physical activity were
linked to the pension registers of the social insurance
institution and the central pension security institute of
Finland, covering all old-age, disability, and early retire-
ment pensions of the participants from baseline through
the end of May 2000. These administrative retirement
data were used to obtain more exact retirement dates
(month and year rather than just year) for the men who
reported they had retired between the follow-up surveys.
Occupation was assessed with a questionnaire and 3-
digit code according to the Finnish Classification of
Occupations of Tilastokeskus (Statistics Finland).

Scand J Work Environ Health 2007, vol 33, no6 407
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Measures of energy expenditure

We estimated energy expenditure at work by using
the interview data on time spent in various activities
at work and combined this information with reference
data giving the energy requirements [kcal/(kg-hour)] of
these activities.

This method was used at baseline and in the 4- and
11-year follow-up surveys. In addition, cardiorespiratory
fitness and the weight of the participants were measured
at baseline. Other basic data were the number of days
worked per week at each examination time and the
dates of the ultrasound examinations. Finally, informa-
tion about sick leave (only for the 12 months preceding
the follow-up surveys), unemployment, and retirement
(both for the entire follow-up period) were obtained to
estimate the actual time spent working during each fol-
low-up segment. These basic measurements provided the
data for constructing five measures of energy expendi-
ture at work that were used as predictors in this report.
We first describe the basic measurement of energy
expenditure per typical workday at each examination
and the determination of cardiorespiratory fitness. Then
we describe the five measures of work-related energy
expenditure in more detail.

Energy expenditure per typical workday at baseline and
after 4 and 11 years of follow-up. Energy expenditure re-
flects the duration and intensity of each type of occupa-
tional physical activity. The duration (hours/typical day)
of different physical activities at work was assessed in an
occupational interview. The energy requirement of these
activities was estimated as multiples of the baseline
metabolic rate (MET) in kilocalories/(kg-hour) of an
average male with values of 1.6 for work while sitting,
2.4 for standing, 3.3 for walking on level ground, 4.9 for
walking on uneven ground, 7.3 for climbing stairs, and
a mean value of 3.9 for other unspecified activities on
the basis of previously published data (43, 44). Energy
expenditure in kilocalories for each reported activity
was calculated by multiplying the duration (hours per
day) by the respective intensity (MET) and body weight
(kg) of the person. The sum of these estimates gives the
energy expenditure measured in kilocalories per typical
workday. These measures were obtained at baseline and
in the 4-year and 11-year follow-up interviews.

Cardiorespiratory fitness at baseline. Cardiorespiratory
fitness (aerobic capacity or maximal oxygen uptake) was
assessed by a maximal but symptom-limited exercise
test on an electrically braked ergometer as explained in
detail elsewhere (45, 37, 46). Oxygen consumption was
measured using an analysis of respiratory gas exchange.
Maximal oxygen uptake (VO,max) was defined as the
highest value or the plateau in oxygen uptake and was
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standardized by body weight and measured as milliliters
of oxygen per kilogram per minute.

Using the basic data already presented, the following
five measures of work-related energy expenditure were
constructed and used as predictors of the carotid artery
changes during follow-up: (i) energy expenditure per
typical workday at baseline, (ii) total amount (volume)
of energy expenditure at work during 11 years of follow-
up, (iii) energy expenditure per potential 8-hour standard
workday during follow-up, (iv) relative aerobic strain
(%VO,max) at baseline and (v) percentage of oxygen
uptake reserve (%VO,Res).

Energy expenditure per typical workday at baseline
is simply the baseline assessment of energy expenditure
per typical workday according to the described method.
It does not take account of any changes in the duration
or mix of activities during the follow-ups, nor does it
account for such things as periods of unemployment or
the termination of work due to retirement. In contrast,
the following measure does take such changes into ac-
count.

Total work-related energy expenditure was first
calculated separately for the two follow-up segments, 0—
4 years and 4-11 years, and their results were added to
get the result for the full follow-up period of 0-11 years.
The first step in these calculations was to determine the
number of calendar days (including weekends) during
each of the two follow-up segments defined by dates of
the “bracketing” ultrasound measurements. The total
work-related calendar time in each segment was reduced
by vacation, unemployment, sick leave, and retirement.
Then, in each segment, the resulting actual duration of
worktime (in calendar days) was multiplied by the av-
erage of the energy expenditures (kilocalories/calendar
day) at the beginning and end of the segment. At each
examination time, kilocalories/calendar day was ob-
tained by multiplying the energy expenditure per typical
workday by the number of workdays per week divided
by 7. This latter factor distributed the energy expended
in the workweek over the 7-day calendar week.

Energy expenditure per potential §-hour standard
workday during the follow-up is the ratio of the total en-
ergy expended during the actual worktime from baseline
to 11 years divided by the calendar time during which
the participant could potentially have worked during
the follow-up period [assuming regular standard 8-hour
workdays, 5-day workweeks, and 46 workweeks per
year (representing the Finnish standard 1840 workhours
per year)]. In other words, total energy expenditure dur-
ing the follow-up is expressed as an intensity measure
calibrated to available standard workdays during the
same period. If each participant had worked the standard
worktime between the baseline and their final follow-up
examination, this measure would be perfectly correlated
with the total work-related energy expenditure during



11 years of follow-up. It differs from that measure
by accounting for some person-to-person variation in
the typical length of their workdays, workweeks, and
duration of employment during the follow-up. In con-
trast to relative measures of energy expenditure taking
cardiorespiratory fitness into account (described next),
this measure takes into account the potentially avail-
able number of regular standard workdays between the
ultrasound examinations for each person.

Relative aerobic strain (%VO,max) is a relative
energy expenditure measure that expresses the caloric
demands of work as a percentage of the individual
worker’s aerobic cardiorespiratory fitness or maximal
work capacity (47). It has traditionally been used to
define recommended maximum levels of aerobic work
demands. The assessment of %VO,max was based only
on the measurement obtained at baseline since this was
the only examination time for which data on maximal
oxygen uptake were generally available.

The percentage of oxygen uptake reserve is an al-
ternative relative energy expenditure measure that ex-
presses the caloric demands of work in relation to the
individual workers’ aerobic cardiorespiratory fitness or
maximal work capacity as a percent of oxygen uptake
reserve (%VO,Res) (48). While %VO,max is based
on the total energy expenditure at work, including the
energetic cost of metabolic rate for both rest and work
activity, %VO,Res is based on the energy expenditure
associated with the work activity only and is measured as
%VO,Res = (VO,work — 3.5) / (VO,max — 3.5) x 100%
because the resting energy expenditure is 1 MET = 3.5
ml O,/(kg - minute) (49, 48). In our study, VO,work
was determined by calculating the weighted average of
MET during work activities based on the occupational
interview multiplied by 3.5 ml/(kg - minute). Recently,
%VO,Res has been suggested as the preferred measure
of relative energy expenditure for use in job analyses and
epidemiologic field studies because it allows for more
adequate comparisons than %VO,max does when the en-
ergy expenditure varies greatly in the study population.
A further advantage of this measure is the fact that, in
contrast to % VO,max, %VO,Res corresponds directly to
the percentage of heart rate reserve that can be measured
more easily in the field than the %VO,Res itself (48).

Proportion of workers exceeding the recommended maxi-
mum level of aerobic strain at work. A maximum relative
aerobic strain of 33% VO,max has traditionally been
recommended as a safe level of aerobic work demands
for a typical 8-hour workday on the basis of the physi-
ological criteria of a steady state of blood lactate or heart
rate (50, 51). However, no widely accepted recommen-
dations are available for non-8-hour workshifts, to which
an increasing proportion of workers is being exposed.
Rogers et al (50) adapted the 8-hour standard to 4-, 10-,
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and 12-hour workshifts. A recent laboratory study by Wu
& Wang (52) among seven young males suggests that
the recommendations need to be adjusted upward to 34%
for 8 hours, further upward to about 43.5% for a 4-hour
day, and downward for longer shifts to about 28.5% for
a 12-hour day on the basis of a steady-state heart rate
plus maximal 10 beats at the end of the work period
as the criterion for sustainable maximal work effort.
However, empirical laboratory data were not gathered
beyond 10-hour periods, and extrapolation to longer
shifts may be problematic. One of the features of Wu
& Wang’s exponential function, used to fit the data, is
that maximum allowable %VO,max is not substantially
reduced for workshifts that exceed 8 hours. For example,
the result of 34% for % VO,max for an 8-hour workday
changes to 32.4%, 31%, 29.7%, 28.5%, 27.4%, 26.4%,
25.4%, and 24.5% for workdays equal to 9, 10, 11, 12,
13, 14, 15, and 16 hours, respectively. These limited
reductions for longer workshifts seem somewhat implau-
sible, but, unfortunately, the literature does not provide
an empirically based alternative to this extrapolation
outside of the range of the empirical data used by Wu &
Wang to construct the formula. In acknowledgement of
these uncertainties, we present the proportion of workers
exceeding recommended levels of energy expenditure
according to two assessment methods, the first with the
assumption that all men work standard 8-hour days and
the second with adjustment for length of workdays based
on Wu & Wang’s results.

Assessment of covariates

The 21 covariates used in the multivariate analyses can
be grouped into the following five categories: (i) age
and technical factors (participation in an unrelated lipid-
lowering trial, baseline maximum IMT values, physician
performing 11-year sonography (all baseline ultrasounds
conducted by the same person), (ii) biological factors
(blood glucose, fibrinogen, serum low-density lipopro-
tein (LDL) cholesterol, serum high-density lipoprotein
(HDL) cholesterol, use of cholesterol-lowering medi-
cation, systolic blood pressure, use of blood-pressure-
lowering medication, body mass index), (iii) behavioral
factors (alcohol use, smoking, conditioning leisure-time
physical activity, and cardiorespiratory fitness); (iv) so-
cioeconomic status measured by personal income, and
(v) psychosocial work-related factors (social support
from co-workers or supervisors, stress from work dead-
lines, and mental strain at work). Socioeconomic status,
psychosocial work factors, and all of the behavioral
factors except cardiorespiratory fitness were assessed
by self-administered questionnaires at baseline and at
the 4-year and 11-year follow-ups. A complete list of
covariates and their distribution is provided in appendix
A. Details of the measurement of these variables have

Scand J Work Environ Health 2007, vol 33, no6 409



Occupational physical activity and atherosclerosis

been described previously (53, 54). In the following,
we give a short summary of the measurement of some
of the key covariates.

Blood pressure was measured with a random-zero
sphygmanometer after 5 minutes of rest in a supine
position. Three measurements were then taken while
the participant was still supine, one while standing, and
two while sitting, in that order. The average of these
six measurements was used in our analyses. Body mass
index (BMI) was defined as weight in kilograms divided
by height in meters squared at baseline. The use of cho-
lesterol- and blood-pressure-lowering medications was
assessed by a questionnaire.

Alcohol consumption in grams per week during
the past 12 months was assessed with a structured
quantity—frequency method using the Nordic Alcohol
Consumption Inventory (55). Cigarette use was a four-
level categorical variable (never smoker, former smoker,
irregular smoker, regular smoker). In the preliminary
analyses, tertiles of regular smoking were used. The
tertiles were then collapsed into one category (“‘current
smoker”) because the effect sizes were very similar for
these tertiles, and the confidence intervals overlapped
widely. Conditioning leisure-time physical activity, in
hours per year, was measured using a modified ver-
sion of the Minnesota Leisure Time Physical Activity
questionnaire (56) that included the 16 most common
leisure-time physical activities of middle-aged Finnish
men (43). The respondents were asked to estimate the
duration, frequency, and intensity of each of 16 activities
performed for each of the 12 previous months. Hours of
conditioning physical activities with a mean intensity
of 6.0 MET have been associated with a decreased risk
of myocardial infarction in this cohort (45). Cardiore-
spiratory fitness (VO,max), based on respiratory gas
exchange, was measured as milliliters per kilogram per
minute by a maximal symptom-limited bicycle ergom-
eter test at baseline (45).

Socioeconomic status was measured by personal
income in Finnish marks, social support at work from
co-workers and supervisors was measured by several
standard items, stress from work deadlines was mea-
sured by one item, and a 10-item mental-strain index
measured job stress as described previously (54).

For most of the continuous predictors, averages of
the baseline, 4-year, and 11-year values were used in all
of the regression models. For the continuous variables
that have previously been linked to CVD outcomes
and that are known to be influenced by physical activ-
ity (HDL, LDL, BMI, and VO,max) only the baseline
values were used in order to avoid overadjustment for
occupational physical activity measured during the course
of the follow-up. There may still have been some over-
adjustment because the baseline values partly reflect past
occupational exposures that are often highly correlated
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with current exposures. For cholesterol- and blood-pres-
sure-lowering medications, the analyses used the propor-
tion of examinations when medication use was reported.

Assessment of cardiovascular health at baseline

Ischemic heart disease. The participants with existing
IHD at baseline were those who (i) had a history of
prior myocardial infarction or angina pectoris, (ii) cur-
rently used anti-angina medication, or (iii) had positive
findings of angina according to the London School of
Hygiene cardiovascular questionnaire (57).

Carotid artery stenosis. Baseline IMT recordings were
classified by one physician, blind to other measures,
into the following four categories: (i) no atherosclerotic
lesion, (ii) IMT, (iii) nontenotic plaque, and (iv) large
stenotic plaque. IMT (category 2) was defined as more
than 1 mm between the lumen—intima interface and
the media—adventitia interface in the common carotid
arteries below the bulb. Nonstenotic plaque was defined
as a distinct area of mineralization of focal protrusion
into the lumen. A plaque was defined as stenotic if it
obstructed more than 20% of the lumen diameter, and
this definition constituted carotid artery stenosis in this
study (29). The participants were not informed about
these ultrasound results except for a limited number
of examinees who were judged to require medical at-
tention.

Statistical methods

The baseline characteristics of the men with and without
cardiovascular disease (IHD or carotid stenosis) were
compared using t-tests for continuous variables and chi-
square tests for categorical variables.

To study the progression of maximal intima media
thickness (maxIMT) over 11 years of follow-up, we used
a multiple linear regression analysis implemented in
Stata 9.1 (Stata Corporation, College Station, TX, USA).
The outcome for these analyses was [In(y.)-In(y,)]/At,
where y, is the initial maxIMT at baseline and y; is the
final maxIMT in the follow-up examination As years
after the baseline examination. The maxIMT values at
baseline and the follow-up were In-transformed because
this procedure normalized the original skewed maxIMT
measurements. In addition, the residual distribution of
the changes in In(maxIMT) was more nearly normal
than changes based on maxIMT without transformation.
The division by Af handles variation from the nominal
follow-up time of 11 years by expressing change on a
per-year basis. In these analyses, we included a predictor
based on a measure of energy expenditure along with
some or all of the 21 covariates listed in appendix A.
Continuous covariates were centered at the mean if they
had no natural interpretation of zero values.



The use of changes the in In-transformed maxIMT
leads naturally to an interpretation of the results in terms
of relative change and the percentage of change. Rela-
tive change is RC = y,/y,, and note that [In(y;) —In(y,)]/
At =1n(y./y,)/At =In(RC)/At. Consequently, for any
specified values of the predictors, the fitted model pro-
vides a way to estimate average In(RC)/At, symbol-
ized as E[In(RC)/At]. A corresponding estimate of
E[RC] over K years instead of per year is obtained
from E[RC]y=¢ exp(E[In(RC)]K/Af), where ¢ is the
back-transformation correction factor, which, with our
data, was so close to 1 that it had no effect. Correspond-
ingly, the average percentage of change for K years,
E[PC]x = 100(E[RC]x—1).

Several tables present the estimated expected aver-
age of the percentage of change for 11 years using the
coefficients from the fitted model. We calculated the
estimated relative change for the minimum, median, and
maximum value, for each energy expenditure measure.
Other variables were set to zero, which corresponds to
using the mean value for centered continuous variables,
and the reference level coded 0 for any predictor was
used to represent categorical variables. We also studied
whether or not the association between the energy vari-
able and the outcome differed for the subgroups with
and without IHD at baseline. Similar subgroup-specific
results were examined for the subgroups with and with-
out carotid stenosis at baseline.

The relative change ratio (RCR), defined as the
ratio of the relative change at a comparison level of a
predictor of interest divided by the relative change at a
reference level for the predictor, provides a summary
measure of the association between an energy measure,
x,, and the outcome. The RCR depends on the years
of follow-up (K). With a multiple regression model,
E[In(RC)/At]=By+ B x, + ...+ B,x,, in which there are
no interaction terms involving the predictor, x,, the RCR
for K years of follow-up is RCR = exp(B,AK), where
A, =xFf-xRis the difference between the comparison
level and the reference level for the predictor, x;.

To check the adequacy of a simple linear represen-
tation of the energy expenditure variables, we assessed
whether a significantly improved fit resulted from using
both linear and quadratic terms in the fully adjusted
model. Models without the quadratic term were not
rejected in favor of those with the quadratic terms.

Results

Characteristics of the study population

At baseline, the average age was 49.5 (SD 5.9) years,
with 203 men at 42 years of age, 184 at 48 years of
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age, 167 at 54 years of age, and 58 at 60 years of age.
Conditioning leisure-time physical activity averaged 119
(SD 98) hours per year, the mean BMI was 25.6 (SD
3.2) kg/m?, alcohol consumption averaged 78 (SD 99)
grams per week, and 25.5% were regular smokers. The
distributions of all of the independent variables by IHD
at baseline are listed in appendix A. Men with IHD were
older, earned less, reported more mental strain at work,
had higher levels of fibrinogen, and had lower values
for blood pressure and cardiorespiratory fitness. As ex-
pected, the men with IHD spent less energy per potential
standard workday than those without IHD. However,
they were exposed to higher levels of energy expenditure
at work than the men without IHD with respect to all of
the other energy expenditure measures. Differences were
also found for the men with and without carotid stenosis
at baseline (data not shown).

Progression of atherosclerosis

The maxIMT at baseline averaged 0.91 (SD 0.21, range
0.54-2.62) mm. The average change in maxIMT was
0.027 (SD 0.017, range -0.033-0.095) mm per year,
corresponding to a 0.33 (SD 0.24, range -0.82—-1.75) mm
change during the entire 11-year follow-up. This report
focuses on the percentage of change in the maxIMT that
averaged 2.72% per year and 29.9% (95% CI 28.5%—
31.4%) for the entire 11.13-year follow-up.

Energy expenditure at work

Table 1 shows the distribution of the energy expenditure
measures by age cohort and survey time. At baseline, the
energy expenditure per typical workday ranged from 616
to 5418 kcal/day with an average of 2046 kcal/day. The
average had changed little after 4 years (2032 kcal/day)
and had dropped slightly to 1916 kcal/day after 11 years.
The measures of relative energy expenditure showed an
increase with age that indicated that physical demands
at work were relatively higher for the older workers than
for the younger workers.

Table 2 shows the proportion of men by age group
that exceeded the recommended maximum levels of
%VO,max [ie, 33% for work involving mostly lower
extremities according to method 1 (50, 51, 58) and 34%
according to method 2]. At the baseline, 29.6 (method 1)
to 31.2% (method 2) of all the men exceeded these lev-
els, and there was a monotone increase in the proportion
of men exposed to excessive levels of %VO,max from
about 20% of the men in the youngest age group up to
53% of the men in the oldest age group. The proportion
of men experiencing excessive aerobic strain was higher
(50-52%) among those with IHD than among those
without IHD (26-28%).

By occupational group, the recommended (method 1)
level was exceeded by 70% of the 71 men working in
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Table 1. Absolute and relative measures of energy expenditure
by time of assessment and age cohort—Kuopio Ischemic Heart
Disease Risk Factor Study 1984-2001 (N=612). Age refers to age
cohort (ie, age at baseline regardless of the time of follow-up).
(%V0,max = relateve aerobic strain, %V0,Res = percent of oxygen
uptake researve)

Energy expenditure N Mean SD Range
Absolute measures
Kilocalories per typical workday at baseline
Age 42 years 203 2 071 keal 834 616— 5 066
Age 48 years 184 1983 keal 831 664— 5418
Age 54 years 167 2 109 kcal 893 792- 5292
Age 60 years 58 1974 keal 799 684- 4 661
Total 612 2 046 kcal 846 616- 5418
Kilocalories per typical workday at 4-year follow-up
Age 42 years 191 2 132 keal 886 758- 4809
Age 48 years 175 1942 keal 720 857- 4172
Age 54 years 104 2 045 kcal 946 439- 4705
Age 60 years 20 1801 kcal 749 811- 3571
Total 490 2 032 kcal 842 439- 4809
Kilocalories per typical workday at 11-year follow-up
Age 42 years 166 1963 keal 645 455- 4152
Age 48 years 84 1825 keal 71 599- 5232
Age 54 years 3 1915 keal 1022 751- 2 664
Age 60 years - . . .-
Total 253 1916 kcal 672 455- 5232

Total amount of kilocalories spent between the baseline and the 11-year
follow-up (in 1000 kcal)

Age 42 years 204 4 954 kcal 235 721-13 507
Age 48 years 186 3940 keal 2124 361-14 586
Age 54 years 164 2 830 kcal 2988 36-16 469
Age 60 years 58 1608 kcal 1665 62— 8933
Total 612 3759 keal 2645 36-16 469

Kilocalories per potential standard 8-hour workday between the baseline
and the 11-year follow-up

Age 42 years 204 1905 keal 900 273- 5209
Age 48 years 186 1529 kcal 826 141- 5691
Age 54 years 164 1121 keal 1173 15— 6 403
Age 60 years 58 643 keal 665 27- 3638
Total 612 1461 kcal 1023 15— 6 403
Relative measures
%V0,max at baseline
Age 42 years 203 27.0% 11.5 124- 955
Age 48 years 184 27.1% 10.2 125- 63.6
Age 54 years 167 32.5% 14.9 141- 119.0
Age 60 years 58 34.1% 101 13.1- 56.2
Total 612 29.2% 12.4 12.4- 119.0
%V0,Res at baseline
Age 42 years 203 20.6% 12.8 6.4- 100.3
Age 48 years 184 20.3% 114 58- 61.8
Age 54 years 167 25.6% 17.5 6.8— 142.2
Age 60 years 58 25.9% 1.2 6.7- 524
Total 612 22.4% 14.0 5.8- 1422

agriculture, forestry, or commercial fishing, 44% of the
191 men working in manufacturing or construction, 26%
of the 27 service workers, 25% of the 60 men in sales,
24% of the 58 men employed in transport or communi-
cation, 5% of the 55 men employed in administrative,
managerial or clerical jobs, and 5% of the 139 in techni-
cal, science or artistic work (data not shown).
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Table 2. Proportion of men exceeding the recommended levels
of relative aerobic strain at baseline by age cohort, baseline isch-
emic heart disease (IHD) status, and method to define maximum
allowable levels.

Age group All men Men without Men with
(%) IHD (%) IHD (%)
(N=612) (N=535) (N=77)
Method 12
Age 42 years 19.7 18.7 40.0
Age 48 years 26.6 23.8 45.8
Age 54 years 36.5 33.1 51.6
Age 60 years 53.5 50.0 66.7
Total 29.6 26.5 50.7
Method 2°
Age 42 years 21.7 20.7 40.0
Age 48 years 27.7 25.6 1.7
Age 54 years 38.9 34.6 58.0
Age 60 years 53.5 50.0 66.7
Total 31.2 28.2 52.0

a Method 1: For men working less or more than 8 hours during a typical
workday, relative aerobic strain was calculated as if they worked only 8
hours disregarding the extra energy expenditure and ignoring the fact
that recommended levels for relative aerobic strain change with worktime
(50). The threshold for excessive relative aerobic strain was set at 33%
for an 8-hour day on the basis of the literature (50, 58).

b Method 2: Thresholds for excessive aerobic strain calculated on the
basis of a formula provided by Wu & Wang (52), which gives the
maximal allowable worktime (MAWT) based on relative aerobic strain
(%V0,max): MAWT=95.33e~7.28(%V0,max)=100. The formula can be
solved to yield maximum allowable relative aerobic strain = (In(95.33)-
In(worktime))x100/7.28. For 8 hours of work this formula sets the maxi-
mum allowable level of aerobic strain at 34%.

Measures of association between energy expenditure
and the progression of intima media thickness

Table 3 shows that the RCR in the maxIMT during the
11-year follow-up was significantly associated with all
of the energy expenditure measures. The effect measures
varied little with incremental adjustment for covariates.
Absolute measures of energy expenditure in kilocalories
were associated with RCR values ranging from 1.13 to
1.18 in the fully adjusted model (last column of table
3). The adjusted relative energy expenditure measures
showed the highest RCR values (RCR 1.23 and 1.24,
respectively).

To check for thresholds and nonmonotone dose—re-
sponse relationships, we explored models by using
categorical exposure measures and also by entering
quadratic terms of the exposure variables into the model.
These models did not provide any evidence for thresh-
olds and confirmed a positive monotone exponential
association between all of the energy expenditure mea-
sures and the change in IMT.

Energy expenditure and the percentage of change in
intima media thickness

Table 4 shows the percentage of change in IMT for all of
the men during the 11-year follow-up at minimum, me-
dian, and maximum levels for each alternative measure
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Table 3. Relative change ratio? (RCR) for maximum intima media thickness (IMT) over the 11-year follow-up with 95% confidence intervals
(95% Cl), by measure of energy expenditure—results from the multiple regression analyses with incremental adjustment for the covariates

(all men, N=612). (%V0,max = relative aerobic strain, %V0,Res = percent of oxygen uptake reserve)

Energy expenditure Model 1 Model 2 Model 3 Model 4
(adjusted for (model 1 plus (model 2 plus (model 3 plus adjust-
age and adjustment for adjustment for ment for socioeconomic
technical factors) biological factors) behavioral factors)  status and psychosocial
job factors)®
RCR 95% Cl P-value RCR  95% ClI P-value RCR 95% Cl P-value RCR 95% Cl P-value
Absolute measures
Kilocalories per typical workday at baseline 1.14 1.05-1.23 0.001 1.12 1.03-1.21 0.008 1.13 1.05-1.23 0.002 1.13 1.04-1.23 0.005
Total number of kilocalories during the follow-up  1.17 1.07-1.29 0.001 1.14 1.04-1.25 0.005 1.18 1.07-1.30 0.001 1.17 1.06-1.29 0.001

Kilocalories per potential 8-hour standard workday

during the follow-up 1.19 1.09-1.31 0.001 1.16 1.06-1.27 0.002 1.19 1.09-1.31 0.001 1.18 1.08-1.30 0.001
Relative measures

%V0,max at baseline 1.20 1.06-1.35 0.003 1.18 1.04-1.33 0.010 1.24 1.07-1.43 0.004 1.23 1.06-1.44 0.008
%VO0,Res at baseline 1.21 1.06-1.39 0.005 1.20 1.04-1.37 0.010 1.25 1.7-1.45 0.004 1.24 1.05-1.46 0.010

2 RCR per unit of change in IMT when the unit is the observed range (maximum-minimum) in the energy expenditure measure.
b Adjusted for a total of 21 covariates, including the technical, biological, behavioral, socioeconomic, and psychosocial factors listed in appendix A.

Table 4. Percentage of change in maximum intima media thickness (IMT) and the relative change ratio# (RCR) by the level of energy
expenditure over the 11-year follow-up—results from the multiple regression analyses with adjustment for all 21 covariates® (All men,
N=612). (%V0,max = relative aerobic strain, %V0,Res = percent of oxygen uptake reserve)

Energy expenditure Minimum Median Maximum RCR P-value
% 95% Cl % 95% Cl %  95%Cl % 95% Cl

Absolute measures

Kilocalories per typical workday at baseline 276 227-326 316 27.8-354 443 35.1-54.1 113 1.04-1.23 0.005

Total number of kilocalories during the follow-up 28.0 231-324 317 28.0-355 494 383614 1.17 1.06-1.29 0.001

Kilocalories per potential 8-hour standard workday

during the follow-up 30.2 26.9-335 349 329-369 553 44.4-671 1.18 1.08-1.30  0.001

Relative measures

%V0,max at baseline 281 23.3-33.1 27.9-354 579 38.3-804 123 1.06-1.44 0.008

%V0,Res at baseline 29.0 24.5-33.6 27.9-354 600 384-850 124 1.05-1.46 0.010

2 RCR per unit of change in IMT when the unit is the observed range (maximum — minimum) in energy expenditure.
b Same covariates as in model 4 of table 3, including the 21 technical, biological, behavioral, socioeconomic, and psychosocial factors listed in appendix A.

of energy expenditure, together with the respective rela-
tive change ratios. The highest change was observed for
the men at maximum %VO,Res (60%, 95% confidence
interval 38%—-85%).

Energy expenditure and the percentage of change in
intima media thickness by baseline cardiovascular
health status

Table 5 shows the percentage of change in IMT sepa-
rately for the men without and with preexisting IHD
and their respective relative change ratios. Across all
of the exposure measures, the men with IHD experi-
enced consistently higher rates of IMT change than the
men without IHD at baseline. Significant interactions
(P<0.10) were found between IHD and the kilocalories
per typical day at baseline, the %VO,max, and the
%VO,Res. At a %VO,max of 119%, the 11-year change

in IMT among the men with IHD (90%) was nearly
twice as high as among those without IHD (46%). Fig-
ure 1 shows the same comparison for the minimum (6),
mean (22, not median), and maximum (142) %VO,Res
values.

Table 6 shows the percentage of change for IMT
and the RCR values separately for the men without and
with preexisting carotid artery stenosis. Across all of
the exposure measures, the men with carotid stenosis
experienced consistently higher rates of IMT change
than the men without preexisting stenosis. Significant
interactions (P<0.20) were found between carotid steno-
sis and the total amount of energy expenditure and the
kilocalories per potential 8-hour standard workday.

There was some overlap between the two cardiovas-
cular health status subgroups in that 40.3% of the men
with THD also had stenosis of the carotid arteries and
24.4% of the men with carotid stenosis also had IHD.
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Table 5. Percentage of change in maximum intima media thickness (IMT) at the minimum, median, and maximum levels of energy expen-
diture, measures of association between energy expenditure and IMT progression [relative change ratio? (RCR)], and interactions between
energy expenditure and baseline ischemic heart disease (IHD) status over the 11-year follow-up—results from the multiple regression
analyses with adjustment for 21 covariates® (N=612). (Kcal per workday = kilocalories per typical workday at baseline, Total kcal during
follow-up = total number of kilocalories during the follow-up, Kcal per potential workday = kilocalories per potential 8-hour standard
workday during the follow-up, %V0,max = relative aerobic strain at baseline, %V0,Res = percent of oxygen uptake reserve at baseline)

Energy Men without IHD (N=535) Men with IHD (N=77) Rate ratio Inter-
expenditure action
Minimum Median Maximum RCR P-value Minimum Median Maximum RCR P-value RCR,y  P-value
RCRNU\HD
% 95%Cl % 95%Cl % 95%Cl % 95%Cl % 95%Cl % 95%Cl % 95%Cl % 95%Cl % 95% Cl

Absolute measures
Kcal/

workday ~ 27.9 22.9-33.1 32.8 26.7-39.2 40.0 30.6-50.1 1.09 1.00-1.20 0.052 24.6 14.0-36.2 34.9 28.2-41.8 70.9 46.5-99.4 1.37 1.10-1.71 0.005 1.25 0.99-1.59 0.060

Total keal
during

follow-up 27.1 22.4-31.9 31.0 27.3-34.9 48.1 36.7-60.5 1.17 1.06-1.29 0.003 32.1 23.1-41.8 37.2 30.1-43.9 59.5 28.2-98.4 1.21 0.93-1.57 0.164 1.04 0.79-1.37 0.802

Kcal/
potential
workday

Relative measures

26.7 22.1-31.5 30.9 27.3-34.7 49.1 37.7-61.5 1.18 1.07-1.30 0.001 31.6 22.7-41.2 37.3 30.9-44.0 62.1 30.8-101.0 1.23 0.95-1.60 0.117 1.05 0.80-1.37 0.741

%V0,max 29.0 24.0-34.2 31.1 27.4-35.0 46.3 26.4-69.4 1.13 0.96-1.35 0.150 27.1 17.6-37.3 33.9 26.9-41.3 90.0 52.9-136.1 1.50 1.14-1.96 0.004 1.36 1.00-1.83 0.067
%V0,Res 29.6 25.0-34.4 31.2 27.4-35.0 47.1 25.2-72.9 1.14 0.95-1.36 0.170 28.9 20.1-38.3 35.2 28.0-42.7 98.3 54.2-155.0 1.54 1.14-2.08 0.005 1.35 0.97-1.88 0.071

2RCR per unit of change in IMT when the unit is the observed range (maximum — minimum) in energy expenditure or %V0,max.
b Same covariates as in model 4 of table 3, including the 21 technical, biological, behavioral, socioeconomic, and psychosocial factors listed in appendix A.
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Figure 1. Percentage of change in the maximum carotid intima media
thickness (IMT) over the 11-year follow-up at the minimum (6), mean
(22),and maximum (142) percent of oxygen uptake reserve (%V0,Res),
by ischemic heart disease (IHD) status at baseline and for all of the
men. (min = minimum, max = maximum)

Discussion

Progression of atherosclerosis

During the entire 11-year follow-up, we observed an
average change of 0.33 (SD 0.24, range -0.82-1.75)
mm in the maximum IMT and 0.20 (SD 0.16, range
-0.55-1.25) mm in the mean IMT. Changes of this
magnitude are within the range reported in other studies
(59). Such changes may be clinically significant because
it has been shown in previous studies that cross-sectional
differences of the order of 0.1 mm are associated with an
11% increase in the risk of acute myocardial infarction
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(60, 61). While most of the participants experienced
an increase in maxIMT over time, a minority of 4.25%
experienced a decrease, pointing to the dynamic nature
of the atherosclerotic disease process or inherent mea-
surement error in assessing change.

Observed levels of energy expenditure

Counter to the widely held belief that most workers in
industrialized countries lead a sedentary lifestyle devoid
of aerobic strain, the study participants were physically
rather active both during leisure and during work. On the
average, these middle-aged Finnish men participated in
20 minutes of conditioning leisure-time physical activity
per day (119 hours per year). At work, nearly one-third
of all the participants exceeded the maximum level of
33% VO,max recommended for 8 hours of work (47,
50, 51). It should be noted that this recommendation
was based on prolonged dynamic work of large muscle
groups used in walking or bicycling and that acceptable
physical workloads are smaller for work involving the
upper extremities or static work (62). The older men
were exposed to much higher relative levels of energy
expenditure than the younger men were; this finding
indicates that the absolute caloric demands at work
remained unchanged for these men even when their
aerobic capacity decreased with age. In general, aero-
bic capacity declines by 1-2% per year after 25 years
of age (63). Over 50% of the men with THD exceeded
the recommended maximum levels. The men working
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Table 6. Change in maximum intima media thickness (IMT) at the minimum, median, and maximum levels of energy expenditure, mea-
sures of association between energy expenditure and IMT progression [relative change ratio2 (RCR)], and interactions between energy
expenditure and the baseline status of carotid artery stenosis over the 11-year follow-up—results from the multiple regression analyses
with adjustment for 21 covariates® (N=612). (Kcal per workday = kilocalories per typical workday at baseline, Total kcal during follow-up =
total number of kilocalories during the follow-up, Kcal per potential workday = kilocalories per potential 8-hour standard workday during
the follow-up, %V0,max = relative aerobic strain at baseline, %V0,Res = percent of oxygen uptake reserve at baseline)

Energy ex- Men without carotid stenosis (N=485) Men with carotid stenosis (N=127) Rate ratio  Inter-
penditure action
Minimum Median Maximum RCR P-value  Minimum Median Maximum RCR P-value RCRg,/ P-value
RCRuosten
% 95%Cl % 95%Cl % 95%Cl % 95%Cl % 95%Cl % 95%Cl % 95%Cl % 95%Cl % 95% Cl
Absolute measures
Kcal per

workday 27.922.7-33.331.127.4-35.0 41.3 31.3-52.1 1.11 1.00-1.22 0.045 29.1 20.1-38.0 35.3 29.4-41.4 55.6 38.3-75.0 1.20 1.03-1.41 0.0221.09 0.91-1.310.348
Total keal

during

follow-up 28.4 23.6-33.4 31.427.7-35.3 44.5 32.8-57.2 1.13 1.01-1.25 0.027 28.9 21.6-36.6 36.4 30.5-42.6 71.645.8-101.91.331.10-1.62 0.0041.18 0.95-1.47 0.124
Kcal per

potential

workday 27.823.1-32.8 31.227.6-35.0 45.7 34.0-58.4 1.14 0.97-1.21 0.014 28.8 21.5-36.5 36.2 30.4-42.4 70.4 45.2-99.8 1.321.09-1.60 0.0041.16 0.94-1.43 0.168
Relative measures

%V0,max 28.223.2-33.531.127.4-35.0 52.2 30.8-77.2 1.19 0.99-1.42 0.058 30.4 22.6-38.9 35.2 29.2-41.5 71.641.2-108.61.32 1.04-1.66 0.0221.11 0.85-1.46 0.440
%V0,Res 29.224.5-34.031.227.4 -35.0 52.0 28.6 —79.6 1.18 0.97-1.42 0.090 31.0 23.7-38.8 35.0 29.0-41.3 80.043.7-125.51.37 1.06-1.78 0.0161.17 0.87-1.57 0.301

2 RCR per unit of change in IMT when the unit is the observed range (maximum — minimum) in energy expenditure.
b Same covariates as in model 4 of table 3 including the 21 technical, biological, behavioral, socioeconomic, and psychosocial factors listed in appendix A.

in agriculture, forestry, fishery, manufacturing, or sales
were the most often exposed to levels exceeding the
recommendations. The average energy expenditure at
work remained rather constant over time, this finding
indicating that caloric work demands did not decline
over an 11-year period for middle-aged men even as
they transitioned into old age (data not shown). Another
representative population study from the mid-1990s in
Sweden found that 27% of working men and 22% of
working women were required to do work that exceeded
their aerobic capacity (64). These findings indicate that
physically demanding work is still a prevalent feature
among some occupational groups even in so-called
modern service economies. Exposure is not limited to
manufacturing, mining, or farming. In fact, many service
workers perform their work standing or walking for
many hours (eg, in sales, health care, or distribution).
These upright work activities not only lead to high
levels of energy expenditure, but also to additional car-
diovascular strain due to venous pooling in the legs and
resultant heart rate and blood pressure increases (20).
For example, 62% of the male employees in Quebec,
Canada, perform their work in a predominantly standing
posture (65). In emerging market economies with more
agriculture and manufacturing jobs that already require
larger amounts of physical labor, this problem is often
compounded by unregulated work and recovery times
that lead to regular workdays that may exceed 12-14
hours per day. Safe levels of energy expenditure under

these circumstances are likely to be considerably lower
than the maximum of 33-34% VO,max recommended
for an 8-hour workday (50, 52), although more empiri-
cal work needs to be done to determine the safe levels
of energy expenditure and work-rest patterns for long
workshifts.

Misclassification of exposure may have occurred
because the type and duration of the work activities
were based on self-reported data rather than on direct
observations and because the assessment of energy ex-
penditure did not include upper-extremity work or the
handling of external loads, but instead was limited to
the energetic costs of moving one’s own body or main-
taining one’s body posture (sitting, standing, walking,
and climbing stairs). The amount of static work and the
ambient temperature was also not accounted for, and
the average MET values assigned to work activities may
differ according to the individual body composition of
fat and fat-free mass (66). Therefore, we believe that our
estimates are conservative and underestimate the actual
amount of energy expended at work. On the other hand,
the nearly exclusive focus on lower-extremity activities
in the computation of energy expenditure increases the
validity of measures of relative energy expenditure based
on the use of bicycle ergometer tests for the determina-
tion of maximum aerobic capacity (67, 62).

In addition, the use of a validated detailed occupa-
tional interview is an important methodological improve-
ment over the methods used in most population-based
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studies of CVD that used limited exposure information
from questionnaires typically yielding only broad ex-
posure categories with lower power to detect any as-
sociations (3).

Associations between energy expenditure and the
progression of atherosclerosis

Higher levels of energy expenditure at work were sig-
nificantly associated with an increased progression of
carotid atherosclerosis regardless of the type of exposure
measure used and even after control for a total of 21 po-
tential confounders, including several not controlled for
in previous studies, such as leisure-time physical activity,
psychosocial job factors, and fibrinogen, among others.

The observed increases in the rate of progression of
atherosclerosis were consistently higher when better ex-
posure measures were used, either utilizing a cumulative
repeat-exposure measure alone, a cumulative repeat-ex-
posure measure relative to the number of standard work-
days, or baseline information relative to the individual
workers’ aerobic capacity. [See table 3.]

It is also noteworthy that adjustment for behavioral
factors increased the risk estimates associated with oc-
cupational physical activity (model 3); this finding in-
dicates negative confounding. Risk estimates remained
at this level even after further adjustment for income,
mental stress at work, stress from work deadlines,
and social support from supervisors and co-workers
(model 4). This finding indicates that the effects of
energy expenditure are independent of socioeconomic
status and psychosocial job factors that were associated
with 4-year IMT progression in this study population as
reported previously (26).

Our analyses indicate an exponential dose-response
relationship between both absolute and relative measures
of energy expenditure and the progression of atheroscle-
rosis. On the basis of these findings, the hypothesis of
a net protective effect of occupational physical activity
(via a training effect) on the progression of atherosclero-
sis needs to be rejected. This result is in line with previ-
ous observations of work physiology and epidemiologic
studies that physical workload does not have similar
training effects on individual work capacity as aerobic
physical exercise does (68, 69, 51, 70, 71). Instead, our
findings are consistent with the hypothesis of an athero-
genic effect of occupational physical activity in which
an increase in energy expenditure at work is associated
with a progression of atherosclerosis.

Interaction of energy expenditure with baseline cardio-
vascular disease

IHD at baseline showed strong interactions with energy
expenditure. Similarly, preexisting carotid artery plaque
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or stenosis in combination with energy expenditure in-
creased the progression of atherosclerosis. These results
are consistent with the findings of an earlier 4-year pro-
spective study in this population showing that prolonged
standing at work (presumably leading to venous pooling
and compensatory increases in heart rate) was found
to be significantly associated with the progression of
atherosclerosis and with effects significantly stronger
among the men with preexisting IHD or carotid artery
stenosis than among the healthy men (20).

These findings are consistent with the hemodynamic
theory of atherosclerosis. Departing from the clinical
fact (corroborated in this study) that men with IHD
have a lower aerobic capacity, the hemodynamic theory
predicts that men with THD will respond to identical
physical demands with higher elevations in heart rate
than healthy men do, leading to increased intravascular
turbulence and suboptimal wall shear stress, which has
been implicated in the atherosclerotic disease process as
earlier described and in detail elsewhere (34, 33, 35, 36,
20). Similarly, the hemodynamic theory predicts that ar-
terial stenosis leads to increased poststenotic turbulences
and suboptimal wall sheer stress as well. Elevated blood
pressure, especially after static work, is another potential
mechanism between occupational physical activity and
the progression of atherosclerosis (72-74).

Comparison with other studies and known risk factors

We are aware of only one previous study that examined
the relationship between occupational physical activity
and IMT. The study found a significant positive as-
sociation between occupational physical activity and
IMT, however, only for blacks. This finding needs to be
interpreted with caution because of the cross-sectional
design, the use of crude measures of occupational physi-
cal activity based on occupational ratings, and failure to
adjust for leisure-time physical activity (75).

While some beneficial effects of leisure-time physi-
cal activity on the circulatory system are relatively well
established, the literature about the health effects of
occupational physical activity remains inconsistent (5).
Research in the 1950s and 1960s, comparing different
occupational groups, identified sedentary work as an
important cardiovascular risk factor (76-79). However,
these earlier studies were vulnerable to alternative expla-
nations because of selection bias and uncontrolled con-
founding. For example, in their pioneering work, Morris
et al attributed the lower risk of coronary heart disease
among London bus conductors versus drivers to the
sedentary work of the drivers (79). Since then, research
has shown that the excess risk in cardiovascular disease
among urban bus drivers is not experienced by rural
bus drivers, and, for urban bus drivers, is independent
of both leisure-time physical activity and occupational



physical activity (80, 81). Instead the excess risk is now
thought to be attributable to the high levels of job stress
experienced by urban bus drivers (82—85), a factor that
may have confounded the reported association with
sedentary work (5, 21). Clearly, the lack of control for
psychosocial job factors in most previous studies of oc-
cupational physical activity is a major limitation of the
literature. The current study overcomes this limitation by
adjusting for several psychosocial job factors that were
shown to be associated with the progression of athero-
sclerosis (26), myocardial infarction, and cardiovascular
and all-cause mortality in this population (54). Similarly,
in contrast to most other published studies, our study
examined the independent effects of occupational physi-
cal activity by controlling for conditioning leisure-time
physical activity in multivariate models.

Leisure-time physical activity did not predict the
11-year progression of atherosclerosis in any of our 20
regression models (P-values ranging from 0.21 to 0.84),
confirming the results of an earlier 4-year prospective
study of this cohort finding no significant associations
of conditioning or nonconditioning leisure-time physi-
cal activity with a 4-year progression of atherosclerosis
(37). However, energy expenditure of conditioning
leisure-time physical activity showed a trend for an
inverse association with a 4-year change in IMT (37).
These findings deserve further inquiry because con-
ditioning leisure-time physical activity, the measure
used in our study, had been associated with a reduced
risk of myocardial infarction in an earlier study of this
population (45). One possible explanation for these
paradoxical findings is the fact that typically only men
with low levels of occupational physical activity engage
in conditioning leisure-time physical activity outside of
work so that occupational physical activity is inversely
associated with leisure-time physical activity and may
mask an inverse relationship of leisure-time physical
activity with IMT. In fact, we observed a negative, albeit
modest correlation between conditioning leisure-time
physical activity and baseline energy expenditure at
work (correlation=-0.19) or relative aerobic strain (cor-
relation=-0.22) in our study population. Our findings
therefore raise the question of whether previous reports
on the benefits of leisure-time physical activity in studies
not controlling for occupational physical activity could
be due to uncontrolled confounding by occupational
physical activity. It may be that the positive effects of
leisure-time physical activity are confined to training
effects of the cardiovascular system among people
with little or no occupational physical activity. A recent
case—control study of myocardial infarction supports this
hypothesis (22). Training effects can be achieved with
a short duration of leisure-time physical activity of less
than 30 minutes per day and can be expected to lead to
a net reduction in average heart rate during other daily
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activities and during rest, a beneficial effect according to
the hemodynamic theory of atherosclerosis (33). None
of these beneficial training effects would be expected in
people who are already engaged in physically demand-
ing work, and there is some empirical evidence for an
interaction between leisure-time physical activity and
occupational physical activity (86). This finding cor-
responds to the observation that depressed endothelial
function and shear stress regulation in people with CVD
is more amenable to improvement through exercise
training than normal endothelial function is in the young
and healthy (87). Since recommended levels of leisure-
time physical activity are a full magnitude smaller than
typical levels of occupational physical activity, one
would also not expect a substantially increased health
risk due to conditioning leisure-time physical activity
among men performing physically demanding work; in
fact increases in leisure-time physical activity were not
associated with IMT change in our study (P=0.745, see
appendix B).

Although our observed negative correlation between
leisure-time physical activity and occupational physical
activity is in line with observations made by the Surgeon
General’s report that blue-collar workers’ participation
in leisure-time physical activity is relatively low, we
would question the report’s promise of an agenda that
states as its only goal to increase leisure-time physical
activity among blue-collar workers (3, 88). For some
workers, targeted worksite exercise programs may be
beneficial for increasing fitness or reducing weight (88).
However, among the nearly 30% of workers already
exceeding safe limits for energy expenditure at work,
additional aerobic exercise outside work may cause
more fatigue and overexertion injuries of the muscu-
loskeletal system without any proved benefits for the
cardiovascular system. Instead, these workers may be
in need of nonaerobic activities such as nonstrenuous
stretching exercises to maintain flexibility and more
recovery time between work periods to allow their
heart rates and blood pressure to fall to sustainable
levels (89). Ergonomic interventions that change work
methods may help to reduce aerobic strain in specific
occupations (90). Therefore, instead of trying to increase
leisure-time physical activity indiscriminately among
blue-collar workers, intervention research should be
directed to (i) develop feasible screening programs to
identify workers at risk, (ii) identify ways of lowering
the physical demands for workers who still expend un-
sustainable amounts of energy at work, (iii) determine
safe work-rest schedules, and (iv) guide regulators and
stakeholders in the creation of workplaces promoting
both cardiovascular and musculoskeletal health. In ad-
dition, it seems necessary to (v) empirically determine
safe levels of energy expenditure for workdays exceed-
ing 8 hours (91) and to (vi) find ways to provide aging
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workers and workers who have preexisting IHD or
stenosis of carotid (or other) arteries with jobs that do
not expose them to an increased risk of progression of
their atherosclerotic disease. Research is also needed to
(vii) determine the proportion and costs of CVD that are
attributable to excessive levels of occupational physical
activity and could be prevented through job redesign.
Such data will be helpful in allocating the necessary
resources to this field of research and respective worksite
health promotion and disease prevention programs.

With regard to other known cardiovascular risk fac-
tors, our study confirms age, elevated LDL cholesterol,
systolic blood pressure, and heavy smoking as indepen-
dent risk factors for the progression of atherosclerosis,
but failed to show an independent association with
leisure-time physical activity, BMI, blood glucose, HDL
cholesterol, personal income, or psychosocial job fac-
tors. [See regression coefficients in appendix B.] Several
studies have linked exposure to specific physical and
psychosocial job factors with cardiovascular disease
and mortality (92, 23-25, 27) but, similar to studies on
occupational physical activity, findings have also been
both positive and negative (23, 93-95) and typically did
not adjust for occupational physical activity and leisure-
time physical activity. Further investigations are needed
to disentangle the interdependent relationships between
occupational physical activity, leisure-time physical
activity, and other factors as predictors of the progres-
sion of atherosclerosis and CVD. It should be noted that
our method of adjusting for all these covariates together
in one model might have led to overadjustment with
respect to some covariates because they may represent
intermediate pathway variables between, for example,
socioeconomic status and CVD.

The findings of this study await confirmation in com-
parable prospective studies of IMT in other populations.
It is also necessary to investigate further the associations
between occupational physical activity and manifest
CVD or mortality. However, studies of symptomatic
chronic disease outcomes often fail to detect asso-
ciations with work exposures because of disease-based
selection out of strenuous jobs by those affected. The
study of preclinical outcomes such as IMT changes is
less likely to be influenced by these selection effects and
therefore may be more important in the determination of
causal relationships and appropriate interventions.

Implications for prevention and medical practice

The findings of this study may have important implica-
tions for the practice of occupational and rehabilitative
medicine. Primary CVD prevention efforts may benefit
from a reduction in the caloric demands of physically
demanding jobs. Jobs in agriculture, forestry, commer-
cial fishing, manufacturing, or sales are at especially
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high risk of leading to excessive aerobic strain. Sec-
ondary and tertiary prevention efforts may be indicated
for persons who do not have a sitting desk job. Spe-
cifically, %VO,max or %VO,Res should be routinely
assessed in such workplaces during the placement of
new employees, and in the process of designing work
modifications for employees returning to work after
being diagnosed with IHD. Both bicycle ergometry and
ambulatory electrocardiography may be warranted for
workers with CVD (96). Indirect assessments of rela-
tive energy expenditure based solely on heart rate (HR)
measurements at work have become feasible through
commercially available portable heart rate monitoring
equipment and may be sufficient for assessments of
workers without CVD.

Because it has been shown that %VO,Res is
highly correlated with the percentage of heart rate
reserve [%HRR = (HRwork — HRrest)/(HRmax —
HRrest) x 100%] across the aerobic fitness spectrum
(67, 48), it is possible to estimate the percentage of
heart rate reserve (%HRR) (67), HR-estimated energy
expenditure (HREEE), and %VO,Res using recently
validated procedures (97) in combination with standard
procedures estimating maximum heart rate based on
resting heart rate and age (98) without the necessity of
employing laboratory-based gas exchange analyses or
bicycle ergometer tests.

It is best to use these relative measures of energy
expenditure because they take individual differences in
VO,max into account. VO,max has been found to differ
markedly by gender, age, health status, and other factors
(63). Relative measures correlate better with fatigue,
heart rate elevations, and related health consequences of
aerobic strain at work than absolute measures as shown
by others (99), and, for the first time, for atherosclerosis
in this study.

Concluding remarks

In conclusion, this study demonstrates for the first time
that high energy expenditure at work is associated with
an accelerated progression of carotid atherosclerosis
even after control for virtually all known cardiovascular
risk factors, including leisure-time physical activity,
aerobic fitness, socioeconomic status, and psychosocial
job factors that have been rarely controlled simultane-
ously. Older workers, workers with preexisting IHD, and
workers with carotid stenosis appear to be especially
vulnerable to the atherogenic effects of increasing levels
of energy expenditure. The findings are consistent with
the hemodynamic theory of atherosclerosis.

The results of this study do not support the notion
that heavy physical labor has ceased to be a potential
health hazard in the so-called modern service economy.
To the contrary, they show that a substantial proportion



of aging men and over 50% of those with IHD in this
sample were still exposed to excessive caloric job de-
mands according to current recommended maximum
levels for %VO,max.

Job evaluations using ambulatory heart rate moni-
toring to estimate % VO,max or %VO,Res should be
considered for every job requiring physical effort other
than mostly sitting at a desk and for the evaluation of
work modifications for workers with CVD.

Regulatory statutes dealing with worktime and rest
schedules need to assure that workers are protected from
excessive aerobic strain even if individual monitoring is
not available. Such prevention measures are especially
needed for older workers with age- or disease-related re-
duced cardiorespiratory fitness, existing IHD, or known
atherosclerosis.
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Appendix A

Krause et al

Characteristics of the study population and the distribution of the independent variables by IHD (ischemic

heart disease) status at baseline (N=612) (FIM = Finnish marks, %V0,max = relative aerobic strain,

%V0,Res = percent of oxygen uptake reserve)

Independent variables Men without IHD (N=535) Men with IHD (N=77) P-value @
N % Mean SD N % Mean SD
Covariates
Age and technical factors
Age at baseline (years) - 491 5.9 - 52.3 55 0.001
Log of maximum intima media thickness at baseline (log mm) - -0.013 0.19 - -0.056 0.25 0.018
Sonographer at the 11-year follow-up®

A 19 3.6 2 2.6

B 6 1.1 - . .

C 510 953 75 974 0.585
Participant in the placebo group of the lipid-lowering drug trial 37 7.0 6 7.8 0.778
Participant in the treatment group of the lipid-lowering drug trial 34 6.4 6 7.8 0.633

Biological factors
Blood glucose (mean¢ mmol/l) - 49 0.9 - 49 0.7 0.755
Plasma fibrinogen (mean ¢ g/l) - 3.0 0.5 - 31 0.4 0.044
Body mass index at baseline - 26.5 3.2 - 26.8 3.3 0.419
Low-density lipoprotein at baseline (mmol/l) - 3.8 09 - 3.9 1.0 0.223
High-density lipoprotein at baseline (mmol/l) - 1.3 0.3 - 1.3 0.3 0.684
Systolic blood pressure at baseline - 131.4 14.4 - 1271 14.7 0.015
Proportion of follow-up time under lipid-lowering medication - 0.01 0.07 - 0.04 0.14 0.059
Proportion of follow-up time under blood-pressure-lowering - 017 0.31 - 0.34 0.41 0.001
medication

Behavioral factors
Alcohol consumption (mean ¢ g/week) - 77.6 97.1 - 80.6 108.7 0.805
Smoker

No 203 379 28 364

Former 155 29.0 23 299

Irregular 40 7.5 7 9.1 .

Current 137 256 . 19 257 . . 0.957
Conditioning leisure-time physical activity (mean¢ hours/year) - 118.9 99.3 - 1194 90.7 0.968
Cardiorespiratory fitness [ml 0,/(kg-min)] - 34.2 7.0 - 28.3 6.9 0.001

Socioeconomic status
Personal income (mean ¢ 1000 FIM/year) - 12.0 6.7 - 9.4 45 0.001
Psychosocial job factors
Social support at work, score - 6.0 2.5 - 57 24 0.245
Index of mental strain at work - 11.8 5.2 - 13.4 54 0.021
Stress from work deadlines - 0.35 0.48 - 0.40 0.49 0.364
Exposure variables (energy expenditure)
Absolute measures
Kilocalories per typical workday at baseline - 2020 844 - 2224 842 0.048
Total number of kilocalories during the follow-up (in 1000 kcal) - 3862 2669 - 2984 2415 0.012
Kilocalories per 8 hours actually worked during the follow-up - 1800 565 - 1968 642 0.013
Kilocalories per potential 8-hour standard workday during the - 1499 1028 - 1167 950 0.014
follow-up
Relative measures
%V0,max at baseline - 28.0 11.3 - 37.8 15.5 0.001
%V0,Res at baseline - 21.2 12.9 - 31.0 17.9 0.001
2 Difference (t-test or chi-square test).
b All of the ultrasound examinations were performed by the same sonographer at baseline.
¢ Mean of the baseline, 4-year, and 11-year values.
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Appendix B

Established cardiovascular risk factors, other covariates and change in intima media thickness

The predictive role of established cardiovascular risk
factors and other covariates in the progression of athero-
sclerosis was determined in the same multiple regression
model 4 (fully adjusted) as used in tables 3—6 in the text.
All 21 covariates were examined simultaneously in the
same model that included occupational exposure mea-
sured as the percentage of oxygen reserve at baseline.
In this model, statistically significant associations
with the change in the In-transformed maximum intima
media thickness (IMT) were observed for the following

variables: age, baseline IMT, participation in the placebo
group of an unrelated trial with lipid-lowering medica-
tion, proportion of follow-up time under lipid-lowering
medication, low-density lipoprotein, systolic blood
pressure, and current regular smoking. The remaining
14 covariates, including known predictors of cardiovas-
cular disease such as body mass index, health-enhancing
leisure-time physical activity, and plasma fibrinogen,
were not statistically significant. Regression coefficients
and P-values are shown in the table below.

Associations of covariates with yearly change in the In-transformed maximum IMT during 11-years of follow-up in multiple regression
analyses—Kuopio Ischemic Heart Disease Risk Factor Study, 1984-2001 (N=612 men). (IMT = intima media thickness, LDL = low-density
lipoprotein, HDL = high-density lipoprotein, FIM = Finnish marks, %V0,Res = percent of oxygen uptake reserve)

Variable Multiple regression, adjusted for all covariates 2
Coefficient P-value
%V0,Res at baseline 0.0001437 0.010
Age and technical factors
Age at baseline (years) 0.0004488 0.001
Log of maximum IMT at baseline (log mm) —0.0369053 0.001
Sonographer at 11-year®
A Reference .-
B -0.001138 0.740
C 0.002753 0.672
Participant in placebo group of the lipid-lowering drug trial —-0.0057479 0.030
Participant in treatment group of the lipid-lowering drug trial -0.0044867 0.096
Biological factors
Blood glucose (mean¢ mmol/l) 0.0005984 0.442
Plasma fibrinogen (mean¢ g/l) 0.0009593 0.521
Body mass index at baseline (kg/m?) 0.0003933 0.091
LDL at baseline (mmol/l) 0.002578 0.001
HDL at baseline (mmol/l) 0.000036 0.988
Systolic blood pressure at baseline (mm Hg) 0.0001096 0.021
Proportion of follow-up time under lipid-lowering medication —-0.0195729 0.018
Proportion of follow-up time under blood-pressure-lowering medication —-0.0010495 0.622
Behavioral factors
Alcohol consumption (mean ¢ g/week) <0.000001 0.807
Smoker
No Reference .-
Former 0.0015745 0.314
Irregular 0.0024094 0.341
Current 0.0079882 0.001
Conditioning leisure-time physical activity (mean¢ hours/year) 0.000003 0.687
Cardiorespiratory fitness [ml 0,/(kg-min)] 0.0000849 0.477
Socioeconomic status
Personal income (mean ¢ FIM per year) -0.0000381 0.720
Psychosocial job factors
Social support at work (mean¢) —0.0001455 0.597
Mental strain at work index (mean°¢) -0.0001437 0.259
Stress from work deadlines 0.0005689 0.686
Model constant 0.0222894 0.001

2 Multiple linear regression with the %V0,Res and all covariates listed in this table entered simultaneously into one model.
b All ultrasound examinations were performed by the same sonographer at baseline.

¢ Mean of baseline, 4-year, and 11-year values.
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