Walking and leisure—time activity and risk of hip fracture in postmenopausal women

- Feskanich D, Willett W, Colditz G.
MWty JAMA. ,
#.2.57 |I13;288(18):  Jun—-00
RITHE 2002
PubMed!) 2% |[Intto://vwww.nebinimnih.geov/pubmed/ 12425707
Er B | _BRX _ HRETHRZE
AR | —EEE | 1 I I | C____. ) AR—AAR
HROWR | MR | g |« )| s )| IROBE|C )
I MoTTE . ) LURCEEA
FOE &0 10000LL £ TH ( ) ( )
HREOHX BEEK ( )
% B L 5L 5L ﬁ“‘”ﬁ*’**( )| ¢ )
Tobhls
HEx-wE L L L L ( ) ( )
S
R FxiGH B
Eﬁgﬁ;ﬂ}ﬂ%t:ﬁgé@w—#yﬁl REBEBRTOBKEES ERRBREEHEIRREDBEFEERITTS
: M —CL\ o
KEMIZEWT 1986 EMN S 12 BB LT BRMBERETICEFL-BEmERELE
AIEZEDHETH 5,
R—=RS AL THA, DR, KZEREHEEREDBIFEDIL., 6751200 A DREARZE DX MHM0-TTHRT
9asuM B N ERERELT,
B-hREEDOEEICESIKEEEHERNN—RS/ LB BIREL:, RIBEBBTOSKE
B = EIENBE., HF EY, IEICOM-BEREEDBEA D ITENT-, 19865F ~1998FE DM, 415ADK
(800%FT) [MREBHMBFAROLONT, Fi, BML BRRORILVELFIOFA, BIE FEEMCTHELKER
BEHBNFEDYRIITEERESHEN, SMET-B/E (EEDRETIE/R/BNSHT) ENT 5L
6%(4%—9%; 95% CI, P<O0IMEL o7z D& 24MET B /38, BIKEEIT 5 %%, SMET-B5/:8
KRFBDFEENDLELNEHEELERTRR, 0.45; 95% CI, 0.32-0.63) KEE B EE B D R H55% T Hio
fzo BMIBNE W =OIZ, B FBEDIVRIMEVWEZE TERHNTHIETERREDURIZ/NSKL
TW =, EFFLTOENWEHETE, DACTEHARB4BB SO TO ST HIE., 1IBRE STV E
LY KEEEEBITDOYRIHM41%E D LUT=(RR, 0.59; 95% CI, 0.37-0.94), > TL\AEfE -4
ILTKEBEEHERDYRIEELLTLV .
o |SEEECPRED S HEAR RO EOKREENBROURIEE TSRS,
TER—F '
[2&Bar0b | ZEEREEL-RIRMETR—FTHS the Nurses’'s Health Study IZKDHETH S,
(200FET)

*E%% 'I;—Elk;d&:ji\ﬁ' ;JEE%U?

-226-



Original Contribution

[} American Journal of Epidemiology
w@ © The Author 2009. Published by the Johns Hopkins Bloomberg School of Public Health.

All rights reserved. For permissions, please e-mail: joumals.permissions @ oxfordjoumals.org.

DOI: 10.1093/aje/kwp181

Vol. 170, No. 5

Advance Access publication July 21, 2009

Physical Activity and Incident Diabetes in American Indians

The Strong Heart Study

Amanda M. Fretts, Barbara V. Howard, Andrea M. Kriska, Nicolas L. Smith, Thomas Lumley, Elisa

T. Lee, Marie Russell, and David Siscovick

Initially submitted February 26, 2009; accepted for publication May 29, 2009.

The authors examined the association between total physical activity (leisure-time plus occupational) and in-
cident diabetes among 1,651 American Indians who participated in the Strong Heart Study, a longitudinal study of
cardiovascular disease and its risk factors among 13 American Indian communities in 4 states (North Dakota,
South Dakota, Oklahoma, and Arizona). Discrete Cox models were used to examine the association between
physical activity level (in tertiles), compared with no physical activity, and incident diabetes, after adjustment for
potential confounders. During 10 years of follow-up (f1989-1999), 454 incident cases of diabetes were identified.
Compared with participants who reported no physical activity, those who reported any physical activity had a lower
risk of diabetes: Odds ratios were 0.67 (95% confidence interval (Cl): 0.46, 0.99), 0.67 (95% Cl: 0.45, 0.99), and
0.67 (95% Cl: 0.45, 0.99) for increasing tertile of physical activity, after adjustment for age, sex, study site,
education, smoking, alcohol use, and family history of diabetes. Further adjustment for body mass index and other
potential mediators attenuated the risk estimates. These data suggest that physical activity is associated with

a lower risk of incident diabetes in American Indians. This study identifies physical activity as an important de-

terminant of diabetes among American Indians and suggests the need for physical activity outreach programs that

target inactive American Indians.

diabetes mellitus, type 2; health behavior; Indians, North American; life style; motor activity

Abbreviations: Cl, confidence interval; MET, metabolic equivalent; SHS, Strong Heart Study.

Physical activity is a core component of type 2 diabetes
prevention programs (1). This recommendation is based
on epidemiologic studies and clinical trials that suggest
a strong association between physical inactivity and in-
cident type 2 diabetes (2-5). However, this association
has not been well studied in American Indians, a popula-
tion with a strong genetic susceptibility to type 2 diabetes
that may have very different physical activity patterns
than other segments of the population (6). The few studies
that have examined the association between physical ac-
tivity and diabetes among American Indians have been
mostly limited by small sample sizes or cross-sectional
analyses (7-9). To date, there have been no published
studies of physical activity and incident diabetes in a

population-based multitribal cohort of American Indians.
In 1 published study, Kriska et al. (10) examined the pro-
spective association between physical activity and inci-
dent diabetes in the Gila River Indian community in
Arizona. Confirmation of those findings in other Ameri-
can Indian communities is needed.

Our purpose in this study was to examine the association
between physical activity and incident diabetes among
American Indians in 13 communities who participated in
the Strong Heart Study (SHS), a population-based cohort
study with repeated examinations over a 10-year follow-
up period. The SHS offered us a unique opportunity to as-
sess the association between physical activity and incident
diabetes in a high-risk population using a validated
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questionnaire designed specifically for use in studies of
American Indians.

MATERIALS AND METHODS
Setting and study population

The SHS is a population-based longitudinal study of car-
diovascular disease and its risk factors in 13 American
Indian communities in 4 states (Arizona, North Dakota,
South Dakota, and Oklahoma). The institutional review
board and Indian Health Services office for each participat-
ing tribe approved the study, and written informed consent
was obtained from all participants at enrollment. For enroll-
ment, lists of eligible persons were obtained from tribal
registries, and in each study area approximately 1,500 non-
institutionalized tribal members aged 45-74 years were re-
cruited during 1989-1991. In Arizona and Oklahoma, all
eligible persons were invited to participate in the SHS, while
in North and South Dakota, a clustering sampling technique
was used to recruit study participants. The SHS cohort con-
sisted of 4,549 participants who were seen at the baseline
examination, conducted in 1989-1991. Of the original co-
hort, 3,870 persons also had at least 1 follow-up examination
conducted in 1993-1995 or 1998-1999. Details of the study
design, survey methods, and laboratory techniques have
been reported previously (11).

For the current investigation, SHS participants who did
not undergo any follow-up examinations (n = 679) or who
had diabetes at the baseline examination (n = 1,838) were
excluded from the analyses. Among participants without
diabetes at baseline (n = 2,032), those with rheumatic heart
disease (n = 63), cancer (n = 93), emphysema (n = 33),
kidney failure (n = 20), or a history of stroke (n = 7),
coronary heart disease (n = 38), or heart failure (n = 25)
were excluded, since these conditions may influence both
physical activity patterns and diabetes risk. In addition, par-
ticipants who had no information on baseline physical ac-
tivity (n = 84) or diabetes status (n = 18) were excluded
from the analyses. The remaining 1,651 persons comprised
the study population.

Data collection

The baseline examination included a standardized per-
sonal interview, physical examination, and laboratory
work-up. Information regarding previous/current medical
conditions, education, smoking, alcohol consumption, tele-
vision viewing habits, and family history of diabetes was
collected during the personal interview.

Anthropometric measurements were obtained at the base-
line examination with the participant wearing lightweight
clothing and no shoes. Body mass index was calculated as
body weight (kg) divided by height squared (m?). Waist
circumference was measured at the umbilicus while the par-
ticipant lay in a supine position. Percentage of body fat was
estimated using bioelectrical impedance. Blood pressure
was measured 3 times on the right arm using a standard
mercury sphygmomanometer while the participant was
seated, after 5 minutes’ rest; the mean of the second and
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third measurements was used in this analysis for both sys-
tolic and diastolic pressure (11, 12).

Blood samples were collected after a 12-hour overnight
fast and were stored at —70°C. Plasma glucose was measured
using enzymatic methods, and glycosylated hemoglobin was
measured using a high pressure lipid chromatography assay.
Insulin was measured using a modified version of the
Morgan and Lazarow radioimmunoassay test (11). Low den-
sity lipoprotein cholesterol and high density lipoprotein cho-
lesterol were isolated by ultracentrifugation, as described
previously (13). Each study participant who was not cur-
rently being treated with insulin/oral hypoglycemic agents
or did not have a fasting glucose level greater than or equal to
225 mg/dL was given an oral glucose tolerance test (14).

Physical activity assessment

Each SHS participant completed a detailed physical ac-
tivity questionnaire designed specifically for American
Indians at the baseline visit (15). The questionnaire mea-
sured leisure-time and occupational physical activities over
the past year for estimation of usual level of physical activ-
ity. Only leisure-time and occupational activities that re-
quired greater energy expenditure than daily living
activities, such as bathing, grooming, and eating, were as-
sessed (10). The questionnaire was used previously in the
Pima Indian Study of Arizona and has been shown to be
valid and reliable. The validity of the questionnaire was
assessed in the Pima Indian Study using Caltrac activity
monitors (Accusplit Corporation, Livermore, California),
and past-week self-reported physical activity was highly
correlated with activity monitor counts (p = 0.80). Like-
wise, the questionnaire has been shown to be reliable among
participants in the Pima Indian Study, with test-retest corre-
lations ranging from 0.63 to 0.92 for past-year occupational
and leisure-time activities (15).

For assessment of leisure-time activity, each participant
was asked to document the frequency and duration of 24
structured leisure-time activities common to the cohort,
such as running, swimming, bicycling, fishing, and hiking,
performed during the last 12 months. For occupational ac-
tivity, participants were asked to list all jobs held during the
past 12 months. For each job entry, data were collected for
the amount of time spent walking or cycling to work per day,
as well as the average job schedule (months per year, days
per week, and hours per day of working). Activity on the job
was determined by the number of hours spent sitting at work
and selection of the category that best described the most
frequent physical activities performed when not sitting
(light; moderate, which included carrying light loads, con-
tinuous walking, heavy cleaning, plumbing, and electrical
work; or hard, which included carrying heavy loads, heavy
construction, farming, digging ditches, sawing, shoveling,
and chopping). Persons who were retired or unemployed
documented the non-leisure-time activities that they per-
formed in a normal 8-hour day.

The average number of hours per week spent in each
activity was multiplied by an estimate of the metabolic cost
of the activity to obtain a measure of metabolic equivalent
(MET)-hours per week. MET-hours per week represent an
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estimate of total energy expenditure in all activities captured
by the questionnaire. One MET represents the energy ex-
penditure of a resting individual, while a 10-MET activity
requires 10 times the resting energy expenditure (15). MET-
hours per week of activity were calculated for leisure-time
and moderate-to-high-intensity occupational activities sep-
arately and then summed (leisure and moderate-to-high-
intensity occupational activities combined) to obtain a mea-
sure of total physical activity. Thus, total physical activity is
a summary measure of the MET-hours per week of partici-
pation in 24 leisure-time activities and moderate-to-high-
intensity occupational activities. Changes in physical activity
after the baseline examination were not assessed for the pur-
pose of this analysis; the level of total physical activity re-
ported at the baseline examination was assumed to represent
the participant’s level of total physical activity throughout the
follow-up period.

Diabetes assessment

Based on the 1999 World Health Organization definition
(16), any participant taking insulin or oral antidiabetic med-
ication or with a follow-up fasting plasma glucose level
greater than or equal to 126 mg/dL or a 2-hour oral plasma
glucose level greater than or equal to 200 mg/dL was con-
sidered diabetic. Since type 1 diabetes is rare in Indian
populations and all SHS participants were at least 45 years
of age at baseline, we assumed that all new occurrences of
diabetes were type 2.

World Health Organization criteria (16) were used to de-
fine incident diabetes because it is the measure most fre-
quently used in other SHS publications. However, since it
has been shown that the World Health Organization criteria
for diabetes diagnosis may give higher diabetes estimates
than the American Diabetes Association criteria (17, 18), we
also performed a sensitivity analysis using American
Diabetes Association criteria. The American Diabetes Asso-
ciation criteria simply exclude the 2-hour glucose measure.

Statistical analyses

All statistical analyses were conducted using STATA,
version 9.0 (Stata Corporation, College Station, Texas).
Among persons who reported any leisure-time or occupa-
tional activity, reported physical activity was divided into
tertiles based on the distribution of physical activity in
the study cohort in order to assess the potential for a dose-
response. The total physical activity tertiles used were <30
MET-hours/week, 30-106 MET-hours/week, and >106
MET-hours/week, with the referent group being persons
with no reported leisure-time or moderate-to-high-intensity
occupational physical activity. Physical activity was catego-
rized into tertiles for the primary analyses, since finer strat-
ification would have resulted in very few participants in each
stratum and limited statistical power to assess the association
between physical activity and incident diabetes. The use of
other cutpoints, such as quartiles and quintiles, for catego-
rizing physical activity was assessed in sensitivity analyses.

Multivariate discrete Cox models were used to assess the
association between baseline physical activity and incident

diabetes, considering death from any cause or loss to follow-
up as censoring events. We calculated odds ratios and 95%
confidence intervals to compare the risk of diabetes for
a particular category of physical activity with the risk of
diabetes in the referent group: persons with no reported
leisure-time or moderate-to-high-intensity occupational
physical activity. To better understand whether the associa-
tion between physical activity and diabetes risk differed by
type of physical activity, we performed separate analyses for
total physical activity, leisure-time physical activity, and oc-
cupational activity. All analyses were adjusted for age, sex,
and study site (Oklahoma, Arizona, North Dakota, or South
Dakota). Potential confounders included smoking status, al-
cohol consumption, education, and family history of diabetes.

We examined the potential interaction of total physical
activity with sex, body mass index (<25, 25-<30, 30-<35,
or >35), and age (<55, 55-<65, or >65 years) to investi-
gate whether these factors modified the association between
physical activity and diabetes. To test the statistical signif-
icance of the interaction, we included the product of the
factors in a discrete Cox model and tested for the effect of
each interaction term, adjusting for age, sex, and site as
appropriate.

In additional models, we adjusted for all of the covariates
in model 1 (age, sex, and site) as well as possible mediators,
such as systolic and diastolic blood pressure, high and low
density lipoprotein cholesterol, and plasma fibrinogen.
Since risk of diabetes is associated with markers of obesity,
such as body mass index, waist circumference, and percent-
age of body fat (1), we examined the effects of including
these variables in the models in sensitivity analyses to better
understand whether they mediated the association between
physical activity and incident diabetes.

RESULTS

Among the 1,651 SHS participants who comprised the
analytic cohort, 944 (57.2%) were female, and the mean
age at baseline examination was 55.1 years. Baseline char-
acteristics of the study participants according to category of
total physical activity are shown in Table 1. Participants
with higher levels of physical activity were younger, more
educated, and had a lower body mass index, percentage of
body fat, and waist circumference than those who reported
less activity. In addition, persons who reported higher levels
of physical activity had lower systolic blood pressures, rest-
ing heart rates, and plasma fibrinogen, fasting insulin, and
fasting glucose levels. However, participants who reported
more physical activity were more likely to smoke and had
a higher diastolic blood pressure and low density lipoprotein
cholesterol level than those who reported less physical
activity.

In general, male SHS participants were more active than
female participants. The median level of total physical
activity was 81.3 MET-hours/week for males and 43.3
MET-hours/week for females. The most common past-year
leisure-time activities reported were gardening, walking,
and hunting for males and gardening, walking, and dancing
for females. There were 130 (7.9%) participants who re-
ported no moderate-to-high-intensity occupational activity
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Table 1. Baseline Characteristics of Participants According to Category of Total Physical Activity, Strong Heart Study, 1989-1999%

Total Physical Activity®, MET-hours/week®

No Activity <30 (Median, 12.1) 30-106 (Median, 69.0) >106 (Median, 165.0) oo
(n = 130) (n = 495) (n = 474) (n = 552)
No. % Mean (SE) No. % Mean (SE}) No. % Mean (SE) No. % Mean (SE)
Female sex 86 66.15 334 67.47 264 55.70 260 47.10 <0.01
Age, years 59.51 (0.72) 55.63 (0.36) 55.27 (0.37) 53.48 (0.30) <0.01
Body mass index® 30.88 (0.60) 29.98 (0.29) 29.54 (0.25) 29.64 (0.23) <0.05
Body fat, % 38.92 (0.85) 36.93 (0.40) 35.04 (0.40) 33.64 (0.38) <0.01
Waist circumference, cm 105.70 (1.43) 101.90 (0.69) 101.56 (0.60) 101.00 (0.55) <0.01
Systgiic l?_llood pressure, 127.29 (1.58) 125.03 (0.82) 124.03 (0.81) 122.77 (0.70) <0.01
m Hg
Diastolic blood pressure, 74.74 (0.79) 76.23 (0.47) 76.40 (0.46) 77.38 (0.41) <0.01
mm Hg
High density lipoprotein 47.56 (1.17) 48.38 (0.63) 47.91 (0.70) 47.42 (0.60) NS
cholesterol, mg/dL
Low density lipoprotein 111.68 (2.82) 120.43 (1.50) 121.78 (1.53) 123.66 (1.43) <0.01
cholesterol, mg/dL
Triglycerides, mg/dL 111.93 (5.42) 116.94 (2.87) 135.18 (6.01) 130.95 (3.74) NS
Fibrinogen, mg/dL 309.89 (6.71) 289.90 (3.07) 281.00 (3.15) 269.66 (2.65) <0.01
Heart rate, beats/minute 69.50 (0.09) 68.72 (0.46) 66.53 (0.50) 66.57 (0.44) <0.01
Glycosylated 5.17 (0.05) 5.18 (0.04) 5.14 (0.03) 5.08 (0.03) NS
hemoglobin, %
Fasting glucose, mg/dL 103.80 (0.94) 101.98 (0.51) 101.50 (0.49) 101.47 (0.46) <0.01
Fasting insulin, pU/mL 17.28 (0.98) 15.76 (0.67) 15.18 (0.51) 13.92 (0.43) <0.01
Education, years 11.14 (0.26) 12.43 (0.14) 12.92 (0.14) 12.85 (0.12) <0.01
Cigarette smoking
Former smoker 35 26.92 139 28.08 150 31.65 180 32.61 NS
Current smoker 43 33.08 179 36.16 203 42.83 229 41.49 <0.05
Family history of 49 37.69 195 39.39 182 38.40 221 40.04 NS

diabetes

Abbreviations: MET, metabolic equivalent; NS, not significant; SE, standard error.

2 Sample sizes vary slightly because of occasional missing values.

b Activity categories were determined by the distribution of total physical activity within the cohort.
¢ MET-hours/week were calculated as the average amount of time spent in each activity per week multiplied by the MET value for each activity.

4 Weight (kg)/height (m)2.

or leisure-time activity, 621 (37.6%) participants who re-
ported leisure-time activity but no moderate-to-high-intensity
occupational activity, 73 (4.4%) participants who reported
moderate-to-high-intensity occupational activity but no
leisure-time activity, and 827 (50.1%) participants who re-
ported both leisure-time and moderate-to-high-intensity oc-
cupational activity.

During the 10 years of follow-up, diabetes developed in
454 of the 1,651 study participants who were free of diabe-
tes at baseline. Comparisons of baseline characteristics
among study participants who developed and did not de-
velop diabetes during the 10 years of follow-up are shown
in Table 2. Compared with persons who did not develop
diabetes, persons who developed diabetes were more likely
to be female and had higher body mass indices, percentages
of body fat, waist circumference, high and low density li-
poprotein cholesterol, and levels of glycosylated hemoglo-
bin, plasma fibrinogen, fasting glucose, and fasting insulin
at baseline. In addition, persons who developed diabetes
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reported lower levels of physical activity than those who
did not develop diabetes.

Using no reported physical activity as the referent group,
we used discrete Cox models to analyze the association
between categories of total physical activity and incident
diabetes (Table 3). Compared with persons who reported
no activity, the odds ratio for diabetes among those in the
total activity category ‘“<30 MET-hours/week” was 0.65
(95% confidence interval (CI): 0.44, 0.94), after adjustment
for age, sex, and site. Similarly, the odds ratios comparing
30-106 MET-hours/week and >106 MET-hours/week of
total physical activity with no reported activity were 0.63
(95% CI: 0.43, 0.93) and 0.64 (95% CI: 0.44, 0.94), respec-
tively. Adjustment for other potential confounders (educa-
tion, smoking, alcohol use, and family history of diabetes)
did not alter risk estimates. When body mass index and
other mediators (systolic and diastolic blood pressure, high
and low density lipoprotein cholesterol, and fibrinogen)
were entered into the model, risk estimates were attenuated
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Table 2. Baseline Characteristics of Participants According to Diabetes Status, Strong Heart Study, 1989-1999*

Incident Diabetes No Diabetes
(n= 454) (n = 1,197)
P-Trend
No. % Meamngam N % Medan(am)
Female sex 282 62.11 662 55.30 <0.01
Age, years 54.69 (0.36) 55.27 (0.23) NS
Body mass index® 32.31 (0.29) 28.86 (0.16) <0.01
Body fat, % 38.29 (0.41) 34.37 (0.26) <0.01
Waist circumference, cm 107.85 (0.66) 99.52 (0.39) <0.01
Systolic blood pressure, 125.40 (0.78) 123.70 (0.51) NS
mm Hg
Diastolic blood pressure, 77.31 (0.45) 76.25 (0.29) NS
mm Hg
High density lipoprotein 45.94 (0.61) 48.59 (0.42) <0.01
cholesterol, mg/dL
Low density lipoprotein 117.20 (1.49) 122.72 (0.98) <0.01
cholesterol, mg/dL
Triglycerides, mg/dL 141.26 (6.07) 120.82 (2.24) <0.01
Fibrinogen, mg/dL 288.54 (3.38) 279.75 (1.92) <0.05
Education, years 12.31 (0.14) 12.72 (0.09) <0.05
Glycosylated hemoglobin, % 5.37 (0.04) 5.04 (0.02) <0.01
Fasting glucose, mg/dL 105.90 (0.49) 100.27 (0.31) <0.01
Fasting insulin, pU/mL 19.74 (0.57) 13.34 (0.34) <0.01
Cigarette smoking
Former smoker 139 30.62 365 30.49 NS
Current smoker 156 34.36 498 41.60 <0.01
Physical activity,
MET-hours/week®
Total activity 55.50 (9.70-199.00) 66.00 (15.80-139.80) NS
Leisure-time activity 13.40 (2.50-32.30) 17.80 (5.2-40.10) <0.01
Occupational activity 18.50 (0-91.40) 18.50 (0—147.70) NS
Family history of diabetes 195 42.95 452 37.76 NS

Abbreviations: IQR, interquartile range; MET, metabolic equivalent; NS, not significant; SE, standard error.
& Sample sizes vary slightly because of occasional missing values.

b Weight (kg)/height (m)>2.

¢ Data are median values and (in parentheses) interquartile ranges.

and no longer statistically significant. Models that used per-
centage of body fat or waist circumference as a marker of
obesity instead of body mass index produced similarly at-
tenuated risk estimates. Using physical activity quartiles or
quintiles to categorize physical activity levels did not mate-
rially alter risk estimates.

When leisure-time physical activity was analyzed sepa-
rately, the results were attenuated (Table 4). Results indi-
cated no difference in diabetes risk when persons in the low
leisure-time physical activity group, <8 MET-hours/week,
were compared with those with no reported leisure-time
activity (odds ratio = 1.04, 95% CI: 0.74, 1.47). The odds
ratio for diabetes comparing persons with 8-24 MET-hours/
week of leisure-time physical activity with those with no
recorded leisure-time physical activity was 0.76 (95% CI:
0.55, 1.07). Persons in the highest tertile of leisure-time
physical activity (>24 MET-hours/week) had an odds ratio
of 0.68 (95% CI: 0.49, 0.95) in comparison with those with

no documented leisure-time physical activity. No associa-
tion was found between occupational activity and incident
diabetes; however, as suggested above, a large portion of the
sample reported no occupational activity.

There was no statistically significant interaction between
physical activity and age, sex, or body mass index. In sen-
sitivity analyses, we repeated the analyses using American
Diabetes Association criteria to define incident diabetes.
Use of American Diabetes Association criteria to define di-
abetes did not alter the reported odds ratios.

DISCUSSION

The results from this analysis indicate that even modest
amounts of physical activity are associated with a lower risk
of diabetes in American Indians. Since the risks were similar
among persons who were physically active, these findings
are most consistent with a threshold effect (between no
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Table 3. Odds Ratios for Diabetes According to Category of Total Physical Activity, Strong Heart Study, 1989-

1999
Total Physical Activity, MET-hours/week
No ACtiVity <30 30-106 >106
(OR=1) ~oR 95% Cl OR 95% Cl OR 95% CI
No. of cases 49 136 123 146
Total no. at risk 130 495 474 552
Adjustment for age, study site, 0.65 044,094 063 043,093 064 044,094
and sex®
Multivariate® 0.67 046,099 067 045099 067 045099
Additional adjustment for 074 050,109 074 049,110 071 048,107
body mass index® ‘
Additional adjustment for 075 050,111 073 048,109 073 0.49,61.09
waist circumference
Additional adjustment for 079 054,117 078 052,117 081 054,121
percentage of body fat
Additional acgjustment for 070 046,1.03 072 047,108 0.71 0.47,1.07
mediators

Abbreviations: Cl, confidence interval; MET, metabolic equivalent; OR, odds ratio.
2 All results were adjusted for age (as a continuous variable), study site (Oklahoma, Arizona, North Dakota, South

Dakota), and sex.

P The model included age, study site, sex, education (less than high school, high school, post-high school),
cigarette smoking (never, ever, current), alcohol use (never, ever, current), and family history of diabetes.

¢ There were 11 underweight participants (body mass index < 18.5) included in the analyses, of which only 1
developed diabetes during follow-up. Sensitivity analyses indicated that excluding underweight participants did not

alter the reported risk estimates.

9 Results were adjusted for all covariates listed in footnote “b” above, as well as the potential mediators systolic
blood pressure, diastolic blood pressure, high density lipoprotein cholesterol, low density lipoprotein cholesterol,
plasma fibrinogen, and body mass index as continuous variables.

activity and any activity) on diabetes risk. Alternatively, the
lack of dose-response between physical activity level and
incident diabetes may reflect the limitations of the physical
activity instrument. The questionnaire we used relies on
self-reported physical activity and may distinguish between
inactive and active participants but not precisely quantify
differences in levels of physical activity among participants
who report engaging in physical activity.

The findings reported herein support prospective studies in
other populations showing an inverse association between
physical activity and incident diabetes that is attenuated after
adjustment for body mass index (2, 3, 5, 19-21). In a large
cohort study that examined the association between vigorous
physical activity and incident type 2 diabetes among middle-
aged and older (40-84 years) male physicians, Manson et al.
(2) demonstrated an inverse association between diabetes de-
velopment and frequency of vigorous physical activity. In
a second study, Hu et al. (3) examined the association of
moderate activity (specifically walking) and vigorous activity
with incident diabetes among participants in the Nurses’
Heath Study and suggested that both moderate- and vigor-
ous-intensity physical activity were associated with a lower
risk of incident diabetes. Unfortunately, those studies relied
on self-reported diabetes to measure incidence, leaving open
the possibility of misclassification of diabetes status.

Our results support the findings of 2 cross-sectional anal-
yses that suggested an inverse association between total
physical activity and insulin and glucose concentrations in

Am J Epidemiol 2009;170:632-639

Pima and Ojibwa-Cree participants (7, 22). In the longitu-
dinal study of Pimas aged 15-59 years residing in the Gila
River Indian Community during 1987-2000 (22), baseline
physical activity was assessed using a modified version of
the same questionnaire that was used in the SHS, and in-
cident diabetes was determined through oral glucose toler-
ance testing (diabetes diagnosis based on 200 mg/dL. 2-hour
postload plasma glucose concentration).

Physical activity may decrease the risk of developing di-
abetes through effects on body weight and insulin sensitiv-
ity. Since visceral fat is strongly associated with insulin
resistance, lean persons may be less likely to develop di-
abetes. In addition, physical activity has been shown to in-
crease insulin-/non-insulin-mediated glucose disposal
independent of body composition (3). Observed risk esti-
mates for total physical activity were attenuated and no
longer statistically significant after adjustment for body
mass index, waist circumference, or percentage of body
fat. Such attenuation may be due to the independent effects
of obesity on both physical activity levels and diabetes risk
(3). However, since obesity may be causally related to phys-
ical activity—that is, physical inactivity causes weight gain
and obesity—the models that adjusted for body mass index,
waist circumference, or percentage of body fat may have
underestimated the effect of physical activity on diabetes
risk.

Unlike most other studies, which rely on self-reported
diabetes, the SHS had oral glucose tolerance and fasting
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Table 4. Odds Ratios for Diabetes According to Category of Leisure-Time Physical Activity, Strong Heart Study,

1989~1999
Leisure-Time Physical Activity, MET-hours/week
No Activity <8 8-24 >24
(OR=1) og 95% Cl OR 95% CI OR 95% CI
No. of cases 65 116 125 148
Total no. at risk 203 346 468 634
Adjustment for age, study site, 1.04 074,147 076 055,107 068 049, 095
and sex?
Multivariate® 106 075,149 079 056,111 071 0.51,0.99
Additional adjustment for 1.11 078,159 0.84 059,120 074 0.52,1.05
body mass index®
Additional adjustment for 109 077,15 084 059,119 074 0.52,1.05
waist circumference
Additional adjustment for 114 080,162 085 060,121 078 0.55, 1.10
percentage of body fat
Additional adjustment for 109 076,156 080 0.56,1.15 075 0.53, 1.06
mediators

Abbreviations: Cl, confidence interval; MET, metabolic equivalent; OR, odds ratio.
2 All results were adjusted for age (as a continuous variable), study site (Oklahoma, Arizona, North Dakota, South

Dakota), and sex.

® The model included age, study site, sex, education (less than high school, high school, post-high school),
cigarette smoking (never, ever, current), alcohol use (never, ever, current), and family history of diabetes.

¢ There were 11 underweight participants (body mass index < 18.5) included in the analyses, of which only 1
developed diabetes during follow-up. Sensitivity analyses indicated that excluding underweight participants did not

alter the reported risk estimates.

9 Results were adjusted for all covariates listed in footnote “b” above, as well as the potential mediators systolic
blood pressure, diastolic blood pressure, high density lipoprotein cholesterol, low density lipoprotein cholesterol,
plasma fibrinogen, and body mass index as continuous variables.

plasma glucose measurements for all study participants at
baseline and 2 follow-up examinations. Other strengths of
this study include its use of a culturally specific and sensi-
tive instrument to measure physical activity. In addition, few
published studies have analyzed the association between
total physical activity and risk of diabetes in American In-
dians, a population with an exceedingly high burden of di-
abetes (6).

This study had several limitations. Although we measured
physical activity with an instrument that was shown to be
reliable and valid in the American Indian population, phys-
ical activity estimation was based on self-report and may
have been subject to potential misclassification. Since the
questionnaire was developed to assess popular leisure-time
and moderate-to-high-intensity occupational activities, the
role of light-intensity activities was not considered. We con-
sidered death from any cause or loss to follow-up a censoring
event. As such, persons who developed and died of diabetes
between study examinations were not captured in our case
definition. In addition, although we considered potential con-
founding by socioeconomic status, health behaviors, and
prior morbidity, the influence of unmeasured confounding
variables such as diet was not assessed. Because it is well
established that healthy lifestyle factors cluster (23), it is
plausible that persons who report greater amounts of physical
activity may also have other healthy lifestyle behaviors, such
as healthier diets, than persons who report less physical ac-
tivity. Since data on dietary intake were not available at the
SHS baseline examination, we could not determine whether

a dietary difference was a confounder in the observed asso-
ciation between physical activity and incident diabetes.
Finally, although subjects with cancer, renal disease, cardio-
vascular disease, emphysema, and arthritis were excluded
from analyses, inclusion of participants with other, nonmeas-
ured comorbid conditions that influence diabetes risk and
physical activity may have altered risk estimates.

Nevertheless, these results suggest that physical inactivity
is associated with a higher risk of diabetes in American
Indians. This study adds to the growing body of evidence
identifying physical activity as an important determinant of
incident diabetes and suggests the need for physical activity
education and outreach programs that target inactive
American Indians.
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Time-Dependent Confounding in the Study of the Effects of Regular

Physical Activity in Chronic Obstructive Pulmonary Disease: An
Application of the Marginal Structural Model

JUDITH GARCIA-AYMERICH, PETER LANGE, IGNASI SERRA, PETER SCHNOHR,
AND JOSEP M. ANTO

PURPOSE: Results from longitudinal studies about the association between physical activity and chronic
obstructive pulmonary disease (COPD) may have been biased because they did not properly adjust for time-
dependent confounders. Marginal structural models (MSMs) have been proposed to address this type of
confounding. We sought to assess the presence of time-dependent confounding in the association between
physical activity and COPD development and course by comparing risk estimates between standard statis-
tical methods and MSMs.

METHODS: By using the population-based cohort Copenhagen City Heart Study, 6,568 subjects selected
from the general population in 1976 were followed up until 2004 with three repeated examinations.
RESULTS: Moderate to high compared with low physical activity was associated with a reduced risk of

" developing COPD both in the standard analysis (odds ratio [OR] 0.76, p = 0.007) and in the MSM analysis

(OR0.79, p = 0.025). In the subgroup with COPD (n = 2,226), high physical activity was associated with
areduced risk of COPD admissions during follow-up (standard, incidence rate ratio, 0.74; p = 0.096; MSM,
0.68, p = 0.044), and with a reduced risk of mortality (standard, hazard ratio 0.80, p = 0.001; MSM, 0.81,
p = 0.008).

CONCLUSION: These results support the previously reported associations between physical activity and
reduced risk of COPD development, hospitalizations, and mortality, thereby suggesting they were not due to
time-dependent confounding.

Ann Epidemiol 2008;18:775-783. © 2008 Elsevier Inc.  All rights reserved.

KBY WORDS: Confounding Factors (Epidemiology), Epidemiology, Epidemiologic Methods, Exercise,

Models, Statistical, Motor Activity, Pulmonary Disease, Chronic Obstructive.

INTRODUCTION

The regular practice of physical activity has been related to
a reduced risk of premature mortality and several chronic
diseases and conditions, including cardiovascular diseases,
diabetes, or colon cancer (1). Despite the large amount of
research on the benefits of physical activity, its effects on
respiratory health have hardly been studied (1). Chronic
obstructive pulmonary disease (COPD) is one of the main
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causes of morbidity and mortality worldwide (2); it has
been recently reported that the regular practice of physical
activity may reduce the risk of developing this disease (3)
and improve its prognosis (4, 5).

A limitation of the studies alluded to above is that they
could not have sufficiently accounted for confounding. Stan-
dard methods of analysis model the probability of the out-
come as a function of exposure and covariates. In the study
of the effects of physical activity in COPD, as in many other
settings, both exposure (physical activity) and many of the
covariates (nutritional status, respiratory symptoms, or qual-
ity of life) are time varying. When both exposure and cova-
riates change over time, and covariates are confounders that
are also affected by prior exposure, standard methods of anal-
ysis may be biased (6). This situation has been labeled as
time-dependent confounding (7). To appreciate how time-
dependent confounding may lead to biased results, consider
the role of obesity in a longitudinal study of the association
between physical activity and mortality, with repeated mea-
sures over time of physical activity and obesity. Physical ac-
tivity (at time t) is a behavior that reduces the risk of
mortality (1). Previous obesity (at t-1) is a covariate that

1047-2797/08/$—see front matter
doi:10.1016/j.annepidem.2008.05.003
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Selected Abbreviations and Acronyms

BMI = body mass index

CCHS = Copenhagen City Heart Study

CI = confidence interval

COPD = chronic obstructive pulmonary disease
FEV| = forced expiratory volume in 1 second
FVC = forced vital capacity

HR = hazard ratio

ICD = International Classification of Diseases
IQR = interquartile range

IRR = incidence rate ratio

m = mean

MSM = marginal structural model

n = number of cases

OR = odds ratio

SD = standard deviation

relates to a reduced level of physical activity (at t) and it is
also associated with higher risk of mortality (8). Therefore,
obesity at t—1 is a confounder. Additionally, subjects prac-
ticing higher levels of physical activity (at t) have a reduced
risk of obesity (at t+1) (8), so obesity (at each t,) is also af-
fected by prior exposure (physical activity at t,,_;). In this ex-
ample, the crude association between physical activity (at t)
and mortality (at t+1) will be biased because subjects with
lower level of physical activity (at t) will tend to be those
with higher obesity (at t—1) and higher risk of mortality
(at t+1). The estimate obtained after adjusting for obesity
at time t—1 will be biased because it ignores the fact that,
after the start of the study (at t), the level of physical activity
may change according to changes in obesity (at t or t+1).
The control for repeated measures of obesity will also give
biased estimates in part because obesity is on the pathway
between exposure and outcome (9-11).

Since standard methods for longitudinal analysis do not
propetly account for the problems derived from time-depen-
dent confounding, marginal structural models (MSMs) have
been developed (6). Although these models are relatively
easy to implement in common statistical software, their
use in applied epidemiology is still scarce. It is interesting
to note that several of the studies using MSMs have reported
differences between the estimates obtained with MSMs and
* estimates obtained with standatd methods, which in some
cases meant even a change in the direction of the associa-
tion under study (12-15). As a result, all these studies
recommend the use of MSMs when time-dependent
confounding is likely. In the study of the health effects of
physical activity, to our knowledge only two papers have
used MSMs (16, 17). These studies pointed to the need to
consider repeated measurements of physical activity and
body composition to appropriately assess their role as deter-
minants of functional limitations in the elderly, since the
changing nature of physical activity and body composition
over time could produce the mentioned time-dependent
confounding.

AEP Vol. 18, No. 10
October 2008: 775-783

In the present study, we used the population-based cohort
Copenhagen City Heart Study to assess the presence of
time-dependent confounding in the association between
physical activity and (i) COPD development, and (ii)
COPD course, by comparing standard statistical methods
with MSMs.

MATERIAL AND METHODS
Subjects

The Copenhagen City Heart Study (CCHS) involves the
study of an ongoing prospective cohort of adults recruited
from the general population, with repeated examinations
every 5 to 10 years. A random age-stratified sample of the
general population aged 20 years or more was drawn from
the Copenhagen Population Register as of January I,
1976, and an initial examination (n = 14,223, 74% of the
eligible) took place in 1976-1978. At the second examina-
tion 5 years later (1981-1983), the cohort was supple-
mented with a new sample of subjects aged 20 to 24 years
(total n =12,698, 70% of the eligible). In the third exami-
nation (1991-1994), the sample was supplemented with
20- to 49-year-old subjects (total n = 10,135, 61%.of the
eligible) (18, 19). The institutional review board and
Danish regional ethics committees approved the research
protocol. Participants gave written informed consent.

For the present study, we selected two sets of participants,
according to the objective of each analysis. For the study of
the association between physical activity and COPD devel-
opment, all subjects who participated in the first, second,
and third CCHS surveys with available data regarding
both physical activity and lung function (n = 6,568). The
date of participation in the first CCHS examination was
considered the start of follow-up. All subjects were followed
up to the third CCHS examination, with a mean follow-up
of 16 years (range, 14-18 years). »

For the study of the association between physical activity
and COPD course, subjects with criteria of COPD either in
the first or second examination, and with the condition of
having participated in at least two surveys, were selected
(n = 2,226). COPD was defined on the basis of lung func-
tion including forced expiratory volume in one second
(FEV,) and forced vital capacity (FVC) as the presence of
airway obstruction (FEV{/FVC <70%) (20). The date of
participation in the survey when COPD was first diagnosed
was considered the start of the follow-up period. Given that
the period with available data for admissions was shorter
than for mortality, the study considered two different end
points. For the admissions outcome, subjects were followed
up either to the time of death or to December 28, 2000
with a mean of 19 years (range, 5-25 years). For the mortal-
ity outcome, subjects were followed up either to the time of

-237-



AEP Vol. 18, No. 10
October 2008: 775-783

death or to March 11, 2004, with a mean of 21 years (range,
5-28 years).

Measures

Identical methods were applied in the first, second, and third
CCHS examinations and have been previously described in
detail (18, 19). For the present analysis, both baseline and
repeated measurements of all variables were considered. A
self-administered questionnaire on regular physical activity
over the previous 12 months, current smoking and alcohol
consumption, socioeconomic factors (gender, age, educa-
tion, marital status, cohabitation, income), current symp-
toms (dyspnea [21], sputum, chest pain, leg pain, and
intermittent claudication), a diagnosis of comorbidity at
any time (asthma, ischemic heart disease, myocardial infarc-
tion, stroke, diabetes), and health service use over the
previous 12 months was completed and checked by the
CCHS staff. Blood pressure, plasma cholesterol, glucose
concentrations, and body mass index (BMI) were also mea-
sured. Clinical records were reviewed to obtain information
about comorbidity.

Physical activity was measured at each survey using
a questionnaire originally developed by Saltin and Grimby
(22), which discriminates between sedentary persons and
their more active counterparts with respect to maximal ox-
ygen uptake (23), and has been widely used to describe the
effects of physical activity on health outcomes in similar
types of populations (24, 25). Physical activity variables in-
cluded physical activity at work, during leisure time, jog-
ging, cycling in winter, and cycling in summer. The levels
of physical activity were classified as previously suggested
(26): low, moderate, and high.

Lung function parameters (FEV, and FVC) were mea-
sured at the first and second CCHS examination with an
electronic spirometer (model N 403; Monaghan, Littleton,
CO), which was calibrated daily with a 1-1 syringe and
weekly against a water-sealed Godard spirometer. At the
third examination a dry wedge spirometer (Vitalograph,
Maidenhead, UK), calibrated daily with a 1-1 syringe, was
used. At each examination three repeated valid maneuvers
were obtained with at least two measurements differing by
less than 5%. The highest measurements of FEV,; and
FVC were used in the analyses as absolute values and as per-
centage of predicted values, using internally derived refer-
ence values based on a subsample of healthy individuals
who never smoked (27). A yearly rate of decline in FEV;
and FVC was defined according to “(final — baseline
levels)/follow-up in years” for each subject and period.

Information about hospital admissions (dates and diag-
noses on discharge) during follow-up was obtained from
the National Patient Register which covers all Danish hos-
pitals and is administered by the National Board of Health.
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COPD admission was defined as any admission classified as
International Classification of Diseases (ICD), 8th Revision co-
des 490-492 or ICD-10 codes J40-J44 for the main diagnosis.
Data on deaths and the causes thereof were obtained from
the Danish National Board of Health.

Statistical Methods

We first examined the association between physical activity
and COPD development. For this analysis, all subjects con-
tributed with two complete periods of information: from first
CCHS survey to the second, and from the second to the
third. Repeated measures analysis was used to treat repeated
measurements of the same subject. Physical activity (defined
as previously (3) as a combined measure between each pe-
riod and the following) was considered the exposure vari-
able. Three different outcome measures of COPD were
used: FEV; decline, FVC decline, and COPD development.
Multiple linear regression was used for FEV{ and FVC de-
cline. After exclusion of subjects with COPD during the first
or second survey, those with COPD at the third survey were
defined as new cases, and modeled using multivariate logis-
tic regression.

Second, we analyzed the association between physical ac-
tivity and COPD course. For this analysis, subjects contrib-
uted with two (45% of the subjects) or three (55%)
complete periods of information: from first survey to second,
from second to third, and from third to the end of the follow-
up. Repeated measures analysis was used to treat repeated
measurements of the same subject. Physical activity at
each period was considered the exposure variable. Two out-
come measures of COPD course were used: number of admis-
sions due to COPD and all-cause mortality. For the COPD
admissions outcome, zero-inflated negative binomial regres-
sion with the number of COPD admissions, considering
time of follow-up, as the outcome was used. For all-cause
mortality, Cox regression was not appropriate because the
assumption of proportionality of hazards was not satisfied.
Instead, parametric regression was used to estimate mortal-
ity hazard ratio (HR) among groups of physical activity
level. Since there were no losses to follow-up, no censoring
was present.

To assess the presence of time-dependent confounding,
we compared qualitatively the estimates provided by both
standard and marginal structural methods in all analyses:
linear regression for FEV| and FVC decline, logistic regres-
sion for COPD development, negative binomial regression
for hospital admissions and parametric regression for
mortality.

Briefly, MSMs are based on the concept of counterfac-
tuals, which represent the set of outcomes that a subject
would have experienced in case of having had other expo-
sures than those that actually occurred (6). Weighting
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subjects by the inverse probability of the observed exposures
creates a pseudopopulation in which confounders are no
longer associated with the exposure because the distribution
of confounder values is the same among subjects in the dif-
ferent exposure levels. Thus, the analysis in the pseudopopu-
lation allows for unbiased estimates of the associations under
study (see Robins et al. [6] for an example on how weighting
removes time-dependent confounding). As follows, we de-
scribe how the MSMs were implemented in our study.

Following the notation by Robins et al. (6), let Aj repre-
sent observed levels of physical activity (low, moderate,
high) at time k (k = 1, 2, 3), let L;, denote a vector of cova-
riates, and let Y represent the outcome. Covariates in Ly, act
as confounders since they relate both to exposure Aj and
outcome Y, and include gender, age, income, years of school,
BMI, sputum, smoking, alcohol, asthma, glucose, systolic
blood pressure, FEV; and FVC. (Other potential con-
founders [such as health services use or other socioeconomic
factors, symptoms, or comorbidities] were also tested, but
they did not fulfill the conditions for being considered con-
founders in our analysis). Additionally, all confounders in L;,
but gender and age are also affected by A;_;.

The contribution of each subject was weighted by the
inverse of its probability density function of being in its
own level of Ay, conditioned on L. Given that a strong
association between L; and A, may produce a large vari-
ability in weights (12), we replaced them by the proposed
(12) stabilized weights, which include in the numerator
the unconditional (unadjusted) probability density func-
tion, that is, the probability of each subject of being in
its own level of A;. Thus, stabilized weights were com-
puted, separately for each k study visit, according to the
following formula:

(equation 1)

SWi=fa, (@) /fau, (alb)

Since Ay is a discrete three-category variable {(low, mod-
erate, high), a politomic logistic regression was used to cal-
culate the probability of being at each A level. The
numerator in Equation 1 (unconditional probability of
each subject of being in its own level of A;) was computed
as follows:

fa(a) =Pr(A=a,)=

3
:exp(,@kak)/l —l-Zexp(,Bk}),ak:l,ZJ
i=1

Pr(A,=0)=1/1+ iexp (m},)

(equation 2)
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The denominator in Equation 1 (conditional probability
density function of each subject being in its own level of Ay)
was computed as:

Fadiay =Pr(Ar=a|Ly=L)=

3
=exp(akuk —I—oqlk)/l + Zexp(ak]. -I—oqlk),

j=1

ak=1,2,3

3
Pr(Av=0Li=l)=1/1+> exp(aq + aik)

j=1
(equation 3)

The parameters 81, Biz, B3, Qkl, %2, %3 and @y can be
fitted in Stata by using the command for multinomial logit
models mlogit. Formally, weighting by stabilized weights al-
lows for the estimation of parameters of a marginal structural
model (6).

Since we assessed the effects of physical activity on
several outcome variables (FEV; decline, FVC decline,
COPD development, hospital admissions, and mortality),
and each of these analyses included a different set of subjects
and covariates, weights were computed separately for each
outcome analysis. Distribution of weights, with mean values
around 1.00, is included in the Appendix. Confounders were
defined as published previously (3, 5) and were included in
the standard analyses as covariates of the multivariate
models, while in the MSMs they were included as covariates
(Ly) in Equation 3. Some studies have used covariates in
k—1 to predict exposure in k (12). In our study, the interval
between examinations was longer (5-10 years) than in such
previous studies and concomitant covariates had stronger
associations with levels of exposure than covariates of the
previous examinations. Thus, covariates in k provided a bet-
ter control of confounding. Although the periodicity of 5 to
10 years responded to availability of data, it was appropriate
for the outcomes under study because the biology underlying
lung function decline and the population-based nature of
the sample needed from a longer follow-up and a lower mea-
surements frequency than other outcomes would have re-
quired. Therefore, and assuming that L; preceded A, we
included concomitant exposure and covariates in Equation
3. Interaction terms for plausible effect modifiers were
tested, as previously defined (3, 5), and finally not included
because of the lack of statistically significant interactions.

Regarding the general assumptions underlying MSM im-
plementation, we assumed the following: (1) no unmeasured
confounding (since we included all the confounders that
have been previously reported as related to the risk of
COPD development or course[28]); (2) time ordering (since
in all analyses exposure preceded the outcome); (3) consis-
tency assumption (observed outcomes is a member of the set
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of all possible counterfactual outcomes); (4) experimental
treatment (exposure) assignment (all possible exposures
are observed for given covariates); and (5) no model mis-
specification.

Tables 1-4 show results with standard methods and
MSMs. Present results with standard methods may be
slightly different than previously published results (3, 5) be-
cause previous analyses did not include repeated measure-
ments of exposure and confounders. The analysis was
performed using Stata, release 8.2 (StataCorp, 2005, Col-
lege Station, TX). All p values are two sided.

RESULTS
Physical Activity and COPD Development

A total of 6,568 subjects from the general population were
included (41% men; mean age at baseline, 49 years) (Table
1). In the standard (adjusted) analysis, higher physical activ-
ity levels showed an improved FEV; decline by gaining +6.5
and +10.2 mL/yr in the moderate and high physical activity

TABLE 1. Characteristics of 6,568* subjects recruited in the
Copenhagen City Heart Study from the general population of
Copenhagen in the period 1976-1978 and followed up with
physical activity and lung function information until 1991~
1994

CCHS First CCHS Second CCHS Third

examination examination examination

1976-1978  1981-1983 1991-1994
n= 6,568 n = 6,568 n = 6,568
Gender (men), No. (%) 2720 (41.4) 2720 (41.4) 2720 (41.4)

Age (yr), mean (SD) 49.43 (10.62) 54.14 (10.62) 65.03 (10.64)
Smoking, self-reported, No. (%)

Never 1528 (23.3) 1526 (23.3) 1595 (24.4)
Former 1175 (17.9) 1462 (22.3) 1903 (29.1)
Active 3859 (58.8) 3575 (54.5) 3042 (46.5)
FEV, (1), mean (SD) 2.76 (0.82) 2.61(0.85)  2.42(0.85)
FVC (1), mean (SD) 3.42 (0.96) 3.25(1.00) 3.17 (1.02)
COPD (FEV{/FVC < 70%), 742 (11.4) 799 (12.2) 1268 (20.3)
No. (%)
Physical activity at each survey, No. (%)
Low 037 (14.3) 843 (12.8)  884(13.6)
Moderate 3473 (52.9) 3243 (49.4) 3528 (54.4)
High 2153 (32.8) 2480 (37.8) 2076 (32.0)
Outcomes
Mean FEV] decline —27.86 (97.36) -19.35 (40.89)

(mL/yr), mean (SD)

Mean FVC decline ~32.89 (111.57) —8.82 (15.31)
(mL/yr), mean (SD)
COPD development 661 (13.1)

(n = 5041), No. (%)

CCHS = Copenhagen City Heart Study; FEV| = forced expiratory volume in 1
second; FVC = forced vital capacity; COPD = chronic obstructive pulmonary dis-
ease; SD = standard deviation..

*The numbers do not always add up to reported totals because some values are miss-
ing for certain variables: 6 in the first, 5 in the second, and 28 in the third exami-
nation for smoking; 68, 39, and 20 for FEV| and 5, 2, and 80 for physical activity.
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groups, respectively, as compared with the low physical ac-
tivity group. Corresponding figures in the marginal struc-
tural (weighted) approach were very similar: +7.4 and
+10.3 (Table 2, a). Similarly, subjects in the moderate
and high physical activity group showed a reduced FVC de-
cline, in a dose-response manner, and very small differences
were found in the estimates between the standard and the
marginal structural models (Table 2, b). There were a total
of 661 new cases of COPD during the follow-up period. Sub-
jects in the moderate to high physical activity group had
a statistically significant reduction of COPD development
with respect to the low physical activity group: OR 0.76
(95% CI, 0.62-0.93) in the standard and 0.79 (0.64-0.97)
in the marginal structural approach (Table 2, ¢).

Physical Activity and COPD Course

A total of 2,226 subjects with COPD from the general pop-
ulation were included and followed up (52% men; mean age
at baseline, 54 years) (Table 3). Fewer than 23% of them
had admissions due to COPD during follow-up. Subjects
in the high physical activity group had a lower risk of admis-
sions than those in the low or moderate physical activity
group. The association was slightly stronger in the MSM
(IRR, 0.68 [95% ClI, 0.47-0.99]) than in the standard model
(0.74 [0.52-1.06]) (Table 4, a). More than half of the sub-
jects died during the follow-up. Being in the moderate or
high physical activity group was associated with a statisti-
cally significant reduced risk of mortality, in a dose-response
manner. The magnitude of the association was slightly lower
in the MSM (HR 0.88 [0.76-1.01] and 0.81 [0.69-0.95] for
the moderate and high activity groups, respectively, com-
pared to the low physical activity group) than in the
adjusted model (HR 0.83 [0.74-0.94], and 0.80 [0.69-0.91],
respectively) (Table 4, b).

DISCUSSION

We have used MSMs to estimate the effects of physical ac-
tivity on COPD development and COPD course because
standard methods are not appropriate when there are con-
founders that are affected by previous levels of physical
activity. This is the first study assessing time-dependent
confounding in the study of the effects of physical activity
on respiratory outcomes. The inclusion of several outcomes
allowed to test whether the magnitude of this confounding
could vary from one outcome to another. It is necessary to
point out that standard and MSM approaches cannot be
compared quantitatively, and only qualitative differences
with respect to inference can be drawn. In our study, the
lack of differences between the associations estimated
with the standard methods and the ones obtained with the
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TABLE 2. Adjusted (standard) and weighted (marginal structural model) association between physical activity and FEV| decline (2a),*
FVC decline (2b)," and COPD development (2c)* in 6,568 subjects from the general population in Copenhagen

n = 6,568 (13,136 observations)

Adjusted® Weighted®
2a* Coefficient 95% CI p Value Coefficient 95% CI p Value
Physical activity
Low (reference)!! -279 -32.0
Moderate’ 6.5 3.0-9.9 <0.001 7.4 3.4-11.5 <0.001
High1Y 10.2 6.8-13.6 <0.001 103 6.6-14.0 <0.001
p for linear trend <0.001 <0.001
2bt n = 6,568 (13,136 observations)
Adjusted” Weighted”
Coefficient 95% Cl p Value Coefficient 95% CI p Value
Physical activity
Low (reference) -26.0 -29.3
Moderate¥ 7.1 3.0-11.2 0.001 6.9 1.9-11.8 0.001
High¥ 11.9 7.9-16.0 <0.001 10.0 5.5-14.5 <0.001
p for linear trend <0.001 <0.001
2t n = 5,041 (10,082 observations)
Adjusted** Weighted®*
OR 95% CI p Value OR 95% CI b Value
Physical activity
Low 1.00 1.00
Moderate 0.78 0.62-0.98 0.034 0.81 0.65-1.03 0.082
High 0.73 0.59-091 0.006 0.76 0.61-0.95 0.018
Physical activity
Low 1.00 1.00
Moderate and high 0.76 0.62-0.93 0.007 0.79 0.64-0.97 0.025

Cl = confidence interval; OR = odds ratio.

*Average annual change in FEV; (mL/yr) in the low physical activity group and additional relative change (95% CI) in the moderate and high physical activity groups (linear

regression model).

TAverage annual change in FVC (mL/yr) in the low physical activity group and addirional relative change (95% CI) in the moderate and high physical activity groups (linear

regression model).

*Adjusted risk of COPD in each physical activity group (logistic regression model).

$Linear regression models adjusted or weighted for gender, age, years of school, body mass index, sputum, smoking, alcohol, and FEV/ at baseline.

llAdjusted mean values based on the linear regression equations. Negative values represent decline.

ICoefficient (and 95% CI) from the linear regression model. Positive values mean yearly gain in milliliters as compared with the low physical activity group.
“Linear regression models adjusted or weighted for gender, age, years of school, body mass index, sputum, smoking, alcohol, and FVC at baseline.

** ogistic regression models adjusted or weighted for gender, age, years of school, body mass index, sputum, asthma, and smoking.

MSM suggest that our previous reports (3, 5) were not biased
by time-dependent confounders.

Regular physical activity had been previously found asso-
ciated with reduced lung function decline(3, 29-31) and
a reduced risk of COPD development (3) in the general pop-
ulation, as well as with a reduced risk of COPD admissions
and all-cause mortality in subjects with COPD (4, 5).BMI,
baseline lung function, smoking habits, alcohol consump-
tion, chronic respiratory symptoms, and presence of ische-
mic heart disease are covariates previously included as
potential confounders of some of the described associations.
All these covariates are most likely affected by prior levels of
physical activity, so they satisfy the conditions for time-
dependent confounding. Because previous studies did not
take into account time-dependent confounding, the
provided estimates of effect could have been biased. In the
present study, we used MSMs to control for time-dependent
confounding, and the comparison of the estimates and their

confidence intervals between the standard and MSM ap-
proach reveals very small differences, which can be inter-
preted as random variability. The presence of still strong
associations between physical activity and both COPD de-
velopment and course using the MSM supports our previous
reports and reinforces the need of public health measures to
increase physical activity practice at both the population
and the patient level. These findings also suggest that public
health benefits of physical activity may have been
underestimated.

Previous studies using MSMs have consistently found
a relevant change in the associations under study when
these were obtained by using MSM instead of the standard
epidemiological analyses. Among them, the effectiveness
of zidovudine on the survival of HIV-positive men (12) or
the effectiveness of iron supplementation during pregnancy
on anemia (13) changed from a positive association (risk
factor) in the standard analyses to a negative association
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TABLE 3. Baseline characteristics and outcomes of 2,226
subjects with COPD recruited in Copenhagen between 1976
and 1983 and followed up until 2000 for admissions and 2004
for mortality

All subjects*

Soutce (CCHS survey)

First and second admissions 855 (38.4)

First and third admissions 64 (2.9)

First, second, and third admissions 1231 (55.3)

Second and third admissions 76 (3.4)
Gender (men) 1161 (52.2)
Age (yo)f 54.4 (10.3)
Smoking

Never 298 (13.4)

Former 336 (15.1)

Current 1591 (71.5)
Physical activity

Low 423 (19.0)

Moderate 1100 (49.5)

High 700 (31.5)
COPD severity

I - Mild (FEV, =80%) 966 (43.7)

11 - Moderate (FEV; <80% and =50%) 1027 (46.5)

[l — Severe (FEV; <50% and =30%) 190 (8.6)

IV — Very severe (FEV; <30%) 27(1.2)
Outcomes

Admissions

Follow-up period (yr)? 22.0 (16.0-23.8)

No. of COPD admissions during follow-up

0 1730 (71.1)

1 170 (7.6)

2 102 (4.6)

=3 224 (10.1)
Mortality

Follow-up period (yr)j" 22.1 (16.0-26.6)

Death during follow-up 1427 (64.1)
Time to death (yr)t (n = 1,427) 17.3(5.7)

COPD = chronic obstructive pulmonary disease; CCHS = Copenhagen City Heart
Study; FEV| = forced expiratory volume in 1 second.

#Data expressed are numbers of subjects with percentage in parentheses. The num-
bers do not always add up to reported totals as some values are missing for certain
variables: 1 in smoking, 3 in physical activity, and 16 in lung function.

Data expressed as mean with standard deviation given in parentheses.

*Data expressed as median value with interquartile range given in parentheses.

(protective factor) in the MSMs. In both cases, the authors
interpreted that the amount of confounding due to time-
dependent confounders was very high. These results are in
contrast to our findings. It could be argued that our study
did not include the relevant time-dependent confounders.
We believe that this is unlikely since we included all the
confounders that have been previously reported as related
to the risk of COPD development or course (28). Addition-
ally, authors consider unlikely that the large observed asso-
ciations are explained by the existence of unknown
confounders at once strongly associated with physical activ-
ity and COPD outcomes, and with a high frequency in our
population (32). Publication bias could be another explana-
tion if other studies showing no differences between
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standard and MSM analyses have not been published or sub-
mitted for publication.

It needs to be mentioned that MSMs have also been de-
veloped to estimate causal effects in observational studies,
either in the presence or not of time-dependent confound-
ing (6). The association measures in observational studies
cannot usually be interpreted as causal effect measures be-
cause the exposed and the unexposed subjects are rarely ex-
changeable (i.e., exposed and unexposed rarely share the
same set of confounder values). The MSMs use the inverse
probability weighting, previously detailed, to create a pseu-
dopopulation in which exposed and non-exposed are ex-
changeable (within levels of the available confounders),
and thus associations can be interpreted as causal effects
(6). Obviously, one condition is to have available informa-
tion about all potential confounders since, in the presence of
residual confounding, the associations should not be inter-
preted as causal effects. Several but not many studies have
used MSMs with this aim, like the study of the causal effects
of physical activity and body composition on functional lim-
itation in the elderly (16) or the causal effect of methotrex-
ate in mortality of patients with theumatoid arthritis (33).

Some limitations related to the assumptions of the
MSMs, and their use in observational studies, need to be
considered. First, the use of weights induces the creation
of a pseudopopulation with counterfactual (contrary to the
observed) exposures, which may be nonsense for some of
the covariates (e.g., gender) and makes the interpretation
conceptually difficult. Second, the fact that our data set
had only three repeated measurements available could
have limited the effectiveness of the MSMs to remove
time-varying confounding. However, previous studies with
only two repeated measures (13, 16) have successfully ap-
plied MSMs. Experimental treatment (exposure) assump-
tion was tested by plotting observed and predicted (given
covariates) exposures (data not shown). The wide distribu-
tion of observed exposure values for every level of predicted
exposure indicated there was no violation of this assump-
tion. Authors assume that all other assumptions required
to implement the MSM were met, and actually they are
not more restrictive than those of standard methods. Finally,
other potential study limitations beyond the use of MSMs
(e.g., selection bias, misclassification of the physical activity
level, or censoring by death in the analysis of COPD admis-
sions) have been previously discussed in detail (3, 5). In our
study, the implementation of the MSM was feasible in lin-
ear, logistic, negative binomial, and parametric regression
models. In all of our analyses, which included different com-
binations of subjects and covariates, stabilized weights satis-
fied the condition of small variability (12).

In conclusion, the results of our study support the previ-
ously reported associations between physical activity and
a reduced risk of COPD development, hospitalizations,
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TABLE 4. Adjusted (standard) and weighted (MSM) association between

physical activity and number of COPD admissions (4a)* and

all-cause mortality (4b)' in 2,226 subjects with COPD from the general population in Copenhagen

n = 2,226 (6,678 observations)

Adjusted Weighted
4a* IRR 95% CI p Value IRR 95% CI p Value
Physical activity
Low 1.00 1.00
Moderate 1.06 0.78-1.44 0.710 1.10 0.82-1.49 0.522
High 0.74 0.52-1.06 0.096 0.68 0.47-0.99 0.044
4b' n = 2,226 1,427 deaths (6,678 observations)
Adjusted Weighted
HR 95% CI p Value HR 95% CI p Value
Physical activity
Low 1.00 1.00
Moderate 0.83 0.74-0.94 0.004 0.88 0.76-1.01 0.085
High 0.80 0.69-0.91 0.001 0.81 0.69-0.95 0.008
p for linear trend 0.002 0.009

IRR = incidence rate ratio; HR = hazard ratio.
*Zero-inflated negative binomial regression model adjusted and weighted for sputum and FEV| in
doctor, and FEV| in the zero-inflated component.
tParametric regression model adjusted and weighted for gender, age, income, body mass index,

and mortality, suggesting that they were not due to time- 5.
dependent confounding. Despite the lack of relevant differ-
ences between the standard and the MSM approaches in our

study, the use of MSMs should be considered when time- 6
dependent confounding is likely, given their theoretical ap-
propriateness and the availability of feasible tools. 7.
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APPENDIX.

DISTRIBUTION OF STANDARDIZED WEIGHTS IN EACH OUTCOME ANALYSIS

Standard 5th 25th 75th 95th

Analysis Sample Examination Mean deviation Min percentile percentile Median percentile percentile Max

Physical activity and FEV; decline General population [ 1.000604 0.24 037 0.71 0.83 0.93 1.16 141 295

11 1.002214 031 034 0.65 0.84 0.94 1.14 142 581

Physical activity and FVC decline General population 1 1.000227 025 037 0.70 0.83 0.93 1.16 142 3.56

1 1.001875 033 022 0.64 0.84 0.93 1.14 147  6.80

Physical activity and COPD General population 1 1.000281 0.21 043 0.74 0.84 0.94 1.15 138 2.94

development (physical activity  excluding COPD at I 1.000340 0.24 020 0.71 0.85 0.95 1.13 138 3.89

in 3 categories) baseline

Physical activity and COPD General population 1 1.000359 0.13 043 0.84 0.95 0.99 1.03 1.15  3.01

development (physical activity  excluding COPD at 11 1.000194 0.18 0.19 0.78 0.94 0.98 1.04 1.21  3.01
in 2 categories) baseline :

Physical activity and COPD Subjects with COPD | 1.000537 0.14 056 0.79 0.97 0.98 1.03 1.25 240

admissions from the general I 1.000427 0.20 047 0.71 0.94 0.98 1.04 136  2.54

population I 1.001560 0.27 046 0.78 092 097 1.03 152 3.89

Physical activity and mortality Subjects with COPD 1 0.999796 030 047 0.62 0.81 091 1.16 1.50  2.82

from the general I 1.001648 033 035 0.62 0.81 0.94 1.12 1.58 5.18

population I 1.000206 039 041 057 0.82 0.93 1.09 159  6.10

Min = minimum; Max = maximum; FEV, = forced expiratory volume in 1 second; FVC = forced vital capacity; COPD = chronic obstructive pulmonary disease.
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