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ABSTRACT

STERNFELD, B., K. P. GABRIEL, S.-F. JIANG, K. M. WHITAKER, D. R. JACOBS JR, C. P. QUESENBERRY JR, M. CARNETHON,

and S. SIDNEY. Risk Estimates for Diabetes and Hypertension with Different Physical Activity Methods. Med. Sci. Sports Exerc., Vol. 51,

No. 12, pp. 2498–2505, 2019. Purpose: To estimate risks of incident type 2 diabetes (T2D) and stage 2 and greater hypertension associated with

self-reported and accelerometer-determined moderate-vigorous physical activity (MVPA) separately and adjusted for each other. Methods:

The sample included 2291 black and white men and women, ages 38–50 yr, in the Coronary Artery Risk Development in Young Adults (CARDIA)

fitness study, conducted during the year 20 core CARDIA examination. Accelerometer-determined (Actigraph, LLC. model 7164) MVPA

(MVPA-Acc), assessed at year 20, was defined as minutes per day of counts ≥2020 min−1. Self-reported MVPA (MVPA-SR) was assessed at year

20 using the CARDIA Physical Activity History. Incident T2D was ascertained at years 25 and 30 from fasting glucose, 2 h glucose tolerance

test, HbA1c, or diabetes medication; incident hypertension was ascertained at those same times from measured blood pressure or use of an-

tihypertensive medications. Modified Poisson regression models estimated relative risk (RR) of incident (years 25 and 30) T2D or hyperten-

sion, associated with middle and high tertiles of year 20 MVPA-Acc alone, year 20 MVPA-SR alone, and both, adjusted for each other,

relative to bottom tertile. Results: In men, MVPA-Acc, but not MVPA-SR, was associated with a 37% to 67% decreased risk of incident

T2D in a dose–response relation that persisted with adjustment for BMI, Similar associations were observed in women, although the risk re-

duction was similar in the second and third tertiles, relative to the bottom tertile. In both men and women, MVPA-Acc was marginally asso-

ciated with reduced risk of incident stage 2 and greater hypertension, but only after adjustment for BMI, whereas MVPA-SR was not

associated in either sex. Conclusions: Accelerometer-determined MVPA may provide more consistent risk estimates for incident diabetes

than self-reported MVPA. Key Words: ACCELEROMETRY, SELF-REPORT, PROSPECTIVE ANALYSIS, EPIDEMIOLOGY
Decades of research have firmly established the bene-
fits of regular physical activity (PA) for disease pre-
vention and health promotion (1,2). This research

has relied largely on self-reported PA, even though the mea-
surement errors and biases inherent in this approach are widely
acknowledged (3,4). Because of the limitations of self-report
(e.g., difficulty with recall, social desirability, cognitive chal-
lenges, and lack of comprehensive ascertainment) (5–8), re-
searchers have embraced accelerometry as a PA assessment
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tool (3,9), even though this approach also has sources of error
(10,11). This shift in PA assessment poses a challenge for ep-
idemiological cohort studies that span many years, namely,
consistency of measurement approach over time or adoption
of more robust measures.

Adding to the challenge is the growing understanding that
self-report and accelerometry assess different dimensions of
PA (10,12), with self-report providing contextual details for
intentional, moderate- to vigorous-intensity PA (MVPA), most
typically in the recreational domain, and accelerometry pro-
viding information about the full spectrum of movement from
sedentary behavior and light PA toMVPA in all domains. The
implication of this is that epidemiological cohort studies might
do well to include both types of measures in their protocols to
gain a deeper and fuller understanding of the impact of PA on
health outcomes. A growing literature has begun to evaluate
this implication by examining whether associations of PA
with disease biomarkers differ depending on the PA assess-
ment method (13–19), and/or whether using both types of
measures (20,21) or combining them into a single, compositemea-
sure (20) account for more of the variability in the exposure-
outcome relation. However, to date, little is known about whether
. Unauthorized reproduction of this article is prohibited.
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risk estimates of clinical endpoints, such as hypertension or di-
abetes, differ by PA measurement approach.

In the CARDIA (CoronaryArtery RiskDevelopment inYoung
Adults) Fitness Study, an ancillary study conducted in conjunction
with the year 20 CARDIA examination, participants wore an ac-
celerometer for up to 7 d to measure PA and completed a self-
report PA questionnaire as part of the core examination. Using
these data, Gabriel et al. (20) found that having both self-
reported activity and accelerometer-determined activity as sep-
arate independent variables adjusted for each other accounted
for more of the variability in most, although not all, cardiovas-
cular risk factors than either a compositemeasure that combined
components of the two approaches or either measure alone.

In the current analysis, we continue to address the question
of how the method of PA assessment impacts measures of as-
sociation with disease risk factors and outcomes by examining
whether the risk estimates for 10-yr incidence of type 2 diabetes
(T2D) and stage 2 and greater hypertension in the CARDIA co-
hort vary by PA measure. Underscoring the significance of this
issue is the conclusion reached by the 2018 Physical Activity
Guidelines Advisory Committee Report that insufficient evi-
dence exists at this time to answer the question (2), a question
that only becomes more relevant with advances in technology
and assessment methodology. The specific aims of this article
are: first, to determine the association of each type of PA
measure (i.e., self-reported and accelerometer-determined)
with each outcome; and second, to examine whether the PA
measures are independent of each other when they are consid-
ered jointly. The primary hypothesis is that associations of
accelerometer-determinedMVPA (MVPA-Acc) with incident
T2D and stage 2 and greater hypertensionwill bemore consistent
and stable than those between self-reported MVPA (MVPA-SR)
and the two outcomes.
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METHODS

Study sample. The design of the CARDIA study and the
recruitment of the cohort have been previously described (22).
Briefly, CARDIA is amultisite, longitudinal, observational study
of the development of coronary disease risk factors and sub-
clinical cardiovascular disease in young adults. The cohort, re-
cruited by random digit dialing in Birmingham, AL, Chicago,
IL, and Minneapolis, MN, and from the membership list of a
large health maintenance organization in Oakland, CA, consists
of 5115 black and white men and women, ages 18 to 30 yr at
the baseline examination in 1985 to 1986. To ensure large
enough sample sizes for meaningful comparisons, recruitment
of the cohort was designed to be roughly balanced on race,
sex, age (18–30), and education (≤12 yr, >12 yr). Follow-up
examinations were conducted in years 2, 5, 7, 10, 15, 20, 25,
and 30 with retention rates of 91%, 86%, 81%, 79%, 74%,
72%, 72%, and 71% of the surviving cohort, respectively.
All CARDIA participants provide written informed consent,
and the institutional review boards at each participating center
review and approve the study annually.
RISK ESTIMATES WITH PHYSICAL ACTIVITY METHODS

Copyright © 2019 by the American College of Sports Medicine
The sampling frame for this analysis was the 3549members
of the CARDIA cohort who attended the year 20 core examina-
tion. Of these, 3001 consented to the CARDIA Fitness Study
(CFS), a separately funded ancillary study designed to examine
20-yr changes in physical fitness, PA, and body weight in re-
lation to 20-yr changes in cardiovascular disease risk factors.
Excluded from analysis were 11 for missing self-reported
PA data, 665 for missing valid accelerometer data, 11 for
missing covariate data, 1 whowas transgender, and 22with bi-
ologically implausible values of BMI or PA (e.g., BMI ≥ 138,
MVPA-Acc = 1440min·d−1 of counts ≥ 2020). The remaining
2,291 (347 black men, 619 white men, 603 black women, and
722 white women) constitute the sample for the present analysis.

Assessment of PA (accelerometry). As part of the
CFS protocol, participants were asked to wear an accelerome-
ter (Actigraph, LLC., model 7164) placed on an elastic belt
around their waists for seven consecutive days, except when
sleeping or doing water activities (e.g., showering, swimming).
All accelerometers were calibrated before distribution and ini-
tialized with the epoch (data collection period) set to 1 min.
Upon return of an accelerometer, the data were downloaded
using the manufacturer’s software and screened for wear time
according to the methods described by Troiano et al. (23). Time
spent per day (min·d−1) in different intensity levels were defined
using the National Health and Nutrition Examination Survey
(NHANES) cutpoints (MVPA, ≥2020 counts per minute;
moderate PA, 2020–5998 counts per minute; vigorous PA,
≥5999 counts per minute) (23) to be consistent with similar
analyses conducted in the NHANES data set (16). Daily esti-
mates were then computed by averaging daily time across total
number of days accelerometer was worn for those participants
with ≥4 of 7 d with ≥10 h·d−1 of wear time. Seventy-four per-
cent of the sample provided the full 7 d of recordings, thus cap-
turing weekdays and both weekend days, whereas another 15%
provided 6 d of recordings, capturing at least one weekend day.

For the purposes of this analysis, PA was defined as daily
estimates of time spent in moderate, vigorous, or MVPA. Derived
variables, such as total or average accelerometer counts and time
spent being sedentary or in light-intensity PA, were not considered
because the PA questionnaire asked only about activities with a
MET value of 3 and above.

Assessment of PA (self-report).At every examination,
CARDIA participants have completed the same PA history
(PAH) questionnaire (24), which asks about participation in
13 mostly recreational activities (eight of vigorous intensity
and five of moderate intensity) over the previous 12 months;
data from the year 20 PAHwere used in this analysis. Because
frequency and duration are not assessed specifically, the re-
sponses are summarized in terms of Exercise Units (EU), com-
puted by multiplying the intensity of the activity in METs by
the number of months of minimal participation (at least 1 h total
time) plus a weighting factor applied to the number of months
of participation at a specified weekly frequency and duration
and then summing over all activities. A score of 300 EU can
be interpreted as approximately equal to meeting the PA rec-
ommendations of 150 min·wk−1 of moderate-intensity activity
Medicine & Science in Sports & Exercise® 2499
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or 75 min·wk−1 of vigorous-intensity activity or an equivalent
combination (1,25). Scores are computed for moderate-intensity
PA (activities with MET values of 3 to <6), vigorous-intensity
PA (activities with MET values of 6 and above), and total
MVPA (sum of moderate and vigorous PA). The CARDIA
PAH has reasonable test–retest reliability and has been vali-
dated against accelerometers, PA diaries, and more detailed
PA questionnaires (26), including one identical to the PAH ex-
cept for inclusion of explicit questions about frequency and
duration (25). It has also been indirectly validated by showing
the expected relations with physical fitness, measures of body
fat, and cardiovascular and metabolic outcomes (24,27,28).

Ascertainment of incident diabetes and hyperten-
sion. Incident diabetes was determined at the years 25 and
30 core examinations based on the presence of any of the fol-
lowing: fasting glucose ≥7 mmol·L−1; use of medications for
diabetes treatment; 2 h glucose tolerance test, ≥11.1 mmol·L−1

or HbA1c, ≥6.5% (48 mmol·mol−1 IFCC) (29). Serum glucose
concentrations were measured using the hexokinase method.
Consistent with recent categorizations from the American Col-
lege of Cardiology (30), presence of stage 2 and greater hyper-
tension was defined as systolic blood pressure >140 mmHg, or
diastolic blood pressure >90 mmHg, or use of antihypertensive
medications and was ascertained at years 25 and 30 based on
measured resting blood pressure (Omron automated blood pres-
sure device, calibrated to values obtained from a random zero
sphygmomanometer) and reportedmedications. A standardized
protocol was used to measure blood pressure that included 5 min
of seated rest before the first measurement, followed by two ad-
ditional measurements with a 1-min rest in between; the aver-
age of the second and third measures were used in the analysis.

Those meeting the case definitions at either year 25 or year
30, but not at year 20, were counted as incident cases of diabe-
tes or hypertension, respectively.

Covariates. The covariates considered in this analysis were
those that, based on the literature, might confound the risk of di-
abetes or hypertension associated with PA, specifically age, sex,
race, education, smoking status, and body mass index (BMI).
Sex and race were self-reported at the baseline examination.
Education was reported at year 20 and dichotomized as high
school or less versus more than high school. Agewas calculated
as the difference between date of birth, reported at the baseline
examination, and date of the CFS examination. Smoking status,
self-reported at the year 20 CARDIA examination using a
standard questionnaire that has been repeated at all CARDIA
examinations, was categorized as smoker versus nonsmoker.
BMI was defined as weight (kg)/height2 (m2) from measured
height and weight using a calibrated scale and stadiometer and
following a standardized study procedure. Study site was also con-
sidered as a covariate to account for any center differences, as was
accelerometer wear time to account for differences in wear time.

Data analyses. Given evidence of differential relations
between self-reported and objectively assessed PA in men
and women (31), and to be consistent with the initial sampling
methodology, all analyses were stratified by sex. Year 20 char-
acteristics of the CFS participants who were included in the
2500 Official Journal of the American College of Sports Medicine
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analytic sample were compared with those who were excluded,
using Student t tests for differences in means for continuous
variables and χ2 tests for differences in proportions for categor-
ical variables. The year 20 characteristics of those in the sample
were similarly compared by race and stratified by sex. The PA
variables, both self-reported and from accelerometry (except for
wear time), had highly skewed distributions and were described
by medians and the interquartile range, and racial differences
between blacks and whites, within sex, were assessed by the
Wilcoxon rank sum test. Spearman rank order correlation co-
efficients, for the sample as a whole and stratified by race/sex
group, provided measures of association of the self-reported
PA variables with the accelerometer-determined variables.

Separate multivariable modified Poisson regression models
(32), stratified by sex, estimated the relative risk of incident di-
abetes or hypertension at years 25 and 30 associated, first, with
year 20MVPA-SR alone, then, with year 20MVPA-Acc alone,
and finally with both, adjusted for each other. Because of the
skewed distributions, both self-reported and accelerometer-
determined MVPA were categorized into sex-specific tertiles
with the bottom tertile used as the reference. All models were
adjusted for age, race, and education. Models with diabetes as
the outcome further adjusted for year 20 fasting glucose and
excluded those with prevalent T2D (n = 152), whereas the
models with hypertension as the outcome adjusted for year
20 diastolic and systolic blood pressure and excluded those
with prevalent hypertension (n = 429). Models that adjusted
for smoking status, study center, and wear time were also run.
To provide evidence of the degree to which body fat con-
founded or mediated the relation between PA and risk of dia-
betes or hypertension, a second set of models adjusted further
for BMI. Model fit was assessed by the Quasi-likelihood un-
der Independence Model Criterion (QIC).

To examine the existence of a linear trend in the association
of PA with risk of incident diabetes and hypertension, the cat-
egorical PA variables were entered into the respective models
as continuous variables with the value of 1 to 3.

Nonmissing exposure and covariate data were required for
inclusion in the descriptive analysis; however, only participants
in the analytic data set who had outcome data at year 25 or year
30 were included in the Poisson regressions. No adjustment was
made for multiple comparisons because there is still controversy
over this practice. As pointed out by Rothman (33), adjustment,
while decreasing type I error, would increase the risk of type II
error for associations that are not null. Nevertheless, as recom-
mended by Rothman, all findings are interpreted with caution
(34) All analyses were conducted in SAS v.9.3.
RESULTS

Compared with those included in the analytic sample, the
CFS participants who were excluded were more likely to be
black (56.4% vs 35.9%, P < 0.0001 for men, 58.6% vs 45.5%,
P < 0.0001 for women), to be current smokers (27.1% vs
17.5%, P = 0.0009 for men, 22.2% vs 15.2%, P = 0.0007
for women), and to have a high school education or less
http://www.acsm-msse.org
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TABLE 1. Year 20 characteristics of CARDIA participants included in analysis by race and sex.

Men Women

Black, n = 347 (35.9%) White, n = 619 (64.1%) P a Black, n = 603 (45.5%) White, n = 722 (54.5) P a

Age (yr), mean (sd) 44.7 (3.6) 45.6 (3.3) <0.0001 44.5 (3.8) 45.9 (3.4) <0.0001
High school or less, n (%) 119 (34.3) 104 (16.8) <0.0001 177 (29.4) 95 (13.2) <0.0001
Body mass index, mean (sd) 29.4 (6.1) 28.3 (4.8) 0.005 31.6 (7.4) 26.9 (6.6) <0.0001
Current smokers, n (%) 91 (26.3) 77 (12.6) <0.0001 116 (19.4) 84 (11.7) <0.0001
SBP (mm Hg), mean (sd) 123 (13.8) 117 (11.1) <0.0001 118 (16.7) 109 (12.3) <0.0001
DBP (mm Hg), mean (sd) 76 (10.7) 72 (9.4) 0.001 76 (11.5) 68 (10.1) <0.0001
Fasting glucose, mean (sd) 103.3 (26.0) 101.5 (21.1) 0.26 99.9 (28.0) 93.4 (13.1) <0.0001
Hypertensiveb, n (%) 85 (24.5) 99 (16.0) <0.0001 177 (30.8) 68 (9.7) <0.0001
Diabeticc, n (%) 36 (10.4) 39 (6.3) 0.02 70 (11.8) 22 (3.1) <0.0001
Self-reported PA

Total MVPA (EU), med (I-Q range) 351 (187–602) 362 (200–588) 0.69 170 (72–328) 294 (152–486) <0.0001
Heavy PA (EU), med (I-Q range) 216 (88–402) 224 (83–384) 0.68 72 (6–216) 139 (43–302) <0.0001
Moderate PA (EU), med (I-Q range) 139 (63–208) 136 (80–216) 0.09 76 (27–144) 139 (67–216) <0.0001

Accelerometer PA
Wear time (min·d−1), mean (sd) 896 (96.6) 888 (74.5) 0.26 866 (89.4) 882 (73.7) <0.0001
MVPAd (min·d−1), med (I-Q range) 33.7 (20–52) 35.4 (22–52) 0.70 17.6 (11–30) 28.2 (16–45) <0.0001
Moderate PAc (min·d−1) med (I-Q range) 32.6 (20–50) 33.3 (21.47) 0.86 17.4 (10–28) 26.6 (16–40) <0.0001
Vigorous PAb (min·d−1) med (I-Q range) 0.2 (0.0–1.0) 0.3 (0.0–2.7) 0.05 0.0 (0.0–0.2) 0.1 (0.0–1.8) <0.0001

aP value from χ2 test for difference in proportions, t test for difference in means, Wilcoxon rank sum test for difference in medians.
bHypertensive defined as systolic blood pressure >140 mm Hg, or diastolic blood pressure >90 mm Hg, or use of antihypertensive medications.
cDiabetic defined as fasting glucose ≥7 mmol·L−1, use of medications for diabetes treatment, 2 h GTT ≥ 11.1 mmol·L−1 or HbA1c ≥ 6.5% (48 mmol·mol−1 IFCC). P value fromWilcoxon rank sum
test for difference in medians.
dNHANES cutpoints (MVPA = min·d−1 ≥2020 counts per minute; moderate PA = min·d−1 = 2020–5998 counts per minute; vigorous PA = min·d−1 ≥5999 counts per minute).
SBP, systolic blood pressure; DBP, diastolic blood pressure; GTT, glucose tolerance test.

TABLE 2. Spearman correlation coefficients between self-reported and accelerometer-
measured PA.

Whole Sample (N = 2018)

MVPA-SR
Mod
PA-SR

Vig
PA-SR MVPA-Acc

Mod
PA-Acc

Vig
PA-Acc

MVPA-SR 1.00 0.72 0.92 0.36 0.33 0.32
Mod PA-SR 1.00 0.42 0.25 0.26 0.16
Vig PA-SR 1.00 0.33 0.30 0.33
MVPA-Acc 1.00 0.99 0.56
Mod PA-Acc 1.00 0.47
Vig PA-Acc 1.00

Mod PA-SR, moderate-intensity PA, self-report; Vig PA, vigorous-intensity PA self-report; Mod
PA-Acc, moderate-intensity PA, accelerometer; Vig PA-Acc, vigorous-intensity PA, accelerometer.
All correlations significantly different from 0, P < 0.0001.
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(29.9% vs 23.1%,P = 0.01 for men, 28.0% vs 20.5%,P = 0.002
for women). Additionally, among the men, those excluded
were younger (mean = 44.8 yr, sd = 3.7 vs mean = 45.3 yr,
sd = 3,4, P = 0.03), and among the women, those excluded
had a higher BMI (mean = 30.8 kg·m�2, sd = 7.8 vs
mean = 29.1, sd = 7.4 kg·m�2; P = 0.0001), a higher systolic
blood pressure (mean = 116 mm Hg, sd = 17.4 mm Hg vs
113 mm Hg, sd = 15.2 mm Hg; P = 0.001, a higher diastolic
blood pressure (mean = 74 mm Hg, sd = 12.8 mm Hg vs
mean = 71 mm Hg, sd = 11.4 mm Hg; P = 0.0008), and were
more likely to be hypertensive (28.5% vs 19.3%, P = 0.0001).

Among those in the analytic sample, blacks at year 20 tended
to be younger, have less education, higher BMI, higher sys-
tolic blood pressure, and diastolic blood pressure, to be current
smokers, and to have prevalent hypertension and diabetes than
whites in bothmen andwomen (Table 1). Black women also had
higher fasting glucose than the white women. As shown in
Table 1, the black women were also considerably less active
on all measures of self-reported and accelerometer-determined
PA than the white women. Among themen, there were no differ-
ences in self-reportedMVPA, but based on accelerometry, black
men spent less time in vigorous-intensity PA than white men.

Table 2 demonstrates that the self-reported PA variables had
only a modest correlation with the accelerometer-determined
PA variables (rho ranged from 0.16 to 0.36). Even self-
reported vigorous PA had a correlation of only rho = 0.33
with accelerometer-determined vigorous PA. Self-reported vig-
orous PA accounted for much of MVPA-SR (rho = 0.92),
which combines bothmoderate- and vigorous-intensity activity,
whereas accelerometer-determined moderate PA accounted for
virtually all of the variability inMVPA-Acc (rho = 0.99). Similar
correlations were observed in each of the race/sex groups (data
not shown), although the correlations between the self-report
and accelerometer variables were even lower in the men
(range from rho = 0.06 to 0.29) than in the sample as a whole.
RISK ESTIMATES WITH PHYSICAL ACTIVITY METHODS

Copyright © 2019 by the American College of Sports Medicine
Risk of incident diabetes associated with PA. At
years 25 and 30, 147 new cases of diabetes (59 in men and
88 in women) were detected. The risk of incident diabetes
was significantly lower among men by about 56% in the middle
tertile and 67% in the upper tertile of MVPA-Acc, after control-
ling for year 20 fasting glucose and race, age, and education
(Table 3, Model 1b) and, additionally, MVPA-SR (Table 3,
Model 1c). The risk estimates associated with MVPA-Acc
were still significant and only modestly attenuated with further
adjustment for BMI (Table 3, models 2b and c). There was no
significant association between incident T2D and MVPA-SR
(Table 3, models 1a, 1c). Similarly, among the women,
incident diabetes was only associated with MVPA-Acc and
not MVPA-SR. Evidence of a dose–response relation with
MVPA-Acc was present only in men.

Risk of incident stage 2 and greater hypertension
associated with PA. As Table 4 illustrates, MVPA-Acc
was marginally associated with a 10% to 20% reduction in risk
of incident stage 2 and greater hypertension (N = 441, 195 in
men and 246 in women) in both men and women, but only af-
ter adjustment for BMI (model 2). In contrast, MVPA-SR was
not associated with reduced risk either when considered singly
Medicine & Science in Sports & Exercise® 2501
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TABLE 3. Relative riska of incident diabetesb over 10 yr of follow-up associated with self-reported and/or accelerometer-measured PA, adjusted for covariates, stratified by sex.c

Men Women

Model 1d Model 2e Model 1d Model 2e

RR (95% CI)c RR (95% CI)c RR (95% CI)c RR (95% CI)c

Exposure variable(s)f

MVPA-SR (EU) Model 1a Model 2a Model 1a Model 2a
T1 Reference Reference Reference Reference
T2 1.24 (0.69–2.23) 1.07 (0.74–1.55) 0.88 (0.57–1.36) 0.94 (0.69–1.29)
T3 0.81 (0.41–1.60) 0.82 (0.56–1.21) 0.63 (0.38–1.07) 0.93 (0.65–1.33)

P for trend 0.55 0.33 0.09 0.67
MVPA-Acc (min·wk−1, counts per minute > 2020) Model 1b Model 2b Model 1b Model 2b

T1 Reference Reference Reference Reference
T2 0.44 (0.24–0.81) 0.63 (0.44–0.90) 0.52 (0.32–0.86) 0.71 (0.52–0.97)
T3 0.33 (0.17–0.67) 0.52 (0.35–0.78) 0.61 (0.34–1.08) 0.71 (0.48–1.05)

p for trend 0.0007 0.0008 0.05 0.05
Both PA Measures Model 1c Model 2c Model 1c Model 2c
MVPA-SR

T1 Reference Reference Reference Reference
T2 1.31 (0.74–2.30) 1.13 (0.78–1.64) 0.94 (0.60–1.47) 0.97 (0.70–1.33)
T3 0.96 (0.50–1.84) 0.90 (0.62–1.33) 0.71 (0.41–1.26) 1.04 (0.72–1.50)

P for trend 0.95 0.67 0.25 0.92
MVPA-Acc

T1 Reference Reference Reference Reference
T2 0.45 (0.24–0.83) 0.63 (0.44–0.91) 0.55 (0.33–0.90) 0.71 (0.52–0.97)
T3 0.33 (0.17–0.65) 0.55 (0.35–0.79) 0.67 (0.37–1.22) 0.70 (0.47–1.06)

P for trend 0.0006 0.001 0.12 0.05
aRelative risk estimated from modified Poisson regression.
bDiabetes defined as fasting glucose≥7 mmol·L−1, 2 h glucose tolerance test ≥11.1 mmol·L−1 or HbA1c ≥ 6.5% (48 mmol·mol−1 IFCC (n = 59 men, 88 women).
cBased on those whose diabetes status at years 25 or 30 could be ascertained (n = 2000).
dAdjusted for race, age, education, and year 20 fasting glucose.
eAdditionally adjusted for BMI.
fThree different PA exposure variables examined for each model: (a) MVPA-SR only; (b) MVPA-Acc only; and (c) both MVPA-SR and MVPA-Acc, adjusted for each other.
RR, relative risk; 95% CI, 95% confidence interval.
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or with adjustment forMVPA-Acc and/or BMI.When stage 1 hy-
pertension (systolic blood pressure between 130 and 139 mm Hg
or diastolic blood pressure between 80 and 89 mm Hg) was
TABLE 4. Relative riska of incident stage 2 and greater hypertensionb over 10 yr of follow-up associa
by sexc.

M

Model 1d

RR (95% CI)

Exposure variablef

MVPA-SR (EU), model a Model 1a
T1 Reference
T2 1.00 (0.76–1.27)
T3 1.02 (0.79–1.33)

P for trend 0.90

MVPA-Acc (min·wk−1, counts per minute ≥ 2020), model b Model 1b
T1 Reference
T2 0.92 (0.71–1.18)
T3 0.82 (0.63–1.07)

P for trend
Both PA Measures, model c Model 1c
MVPA-SR

T1 Reference
T2 1.01 (0.77–1.33)
T3 1.05 (0.81–1.36)

P for trend 0.71
MVPA-Acc

T1 Reference
T2 0.91 (0.70–1.18)
T3 0.82 (0.63–1.07)

P for trend 0.14
aRR estimated from modified Poisson regression.
bDefined as systolic blood pressure >140 mm Hg, diastolic blood pressure >90 or use of antihyper
cBased on those whose hypertension status at years 25 or 30 could be ascertained (n = 2014).
dAdjusted for race, age, education, and year 20 systolic and diastolic blood pressure.
eAdditionally adjusted for BMI.
fThree different PA exposure variables examined for each model: (a) MVPA-SR only; (b) MVPA-Acc
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included in the case definition (30), there were no statistically sig-
nificant relationswith eitherMVPA-Acc orMVPA-SR (seeTable,
Supplemental Digital Content 1, Table Risk of Stage 1 and greater
ted with self-reported and/or accelerometer-measured PA, adjusted for covariates, stratified

en Women

Model 2e Model 1d Model 2e

RR (95% CI) RR (95% CI) RR (95% CI)

Model 2a Model 1a Model 2a
Reference Reference Reference

1.00 (0.84–1.19) 0.78 (0.61–1.00) 0.96 (0.82–1.123)
1.01 (0.84–1.21) 0.88 (0.70–1.11) 0.95 (0.80–1.12)

0.92 0.25 0.51

Model 2b Model 1b Model 2b
Reference Reference Reference

0.89 (0.75–1.05) 0.88 (0.70–1.11) 0.90 (0.78–1.04)
0.84 (0.70–1.01) 0.80 (0.63–1.02) 0.85 (0.72–1.01)

0.06 0.07 0.05
Model 2c Model 1c Model 2c

Reference Reference Reference
1.02 (0.85–1.21) 0.80 (0.63–1.03) 0.97 (0.83–1.14)
1.04 (0.87–1.25) 0.93 (0.73–1.18) 0.99 (0.83–1.17)

0.66 0.48 0.85

Reference Reference Reference
0.88 (0.74–1.05) 0.89 (0.70–1.13) 0.90 (0.78–1.05)
0.84 (0.69–1.01) 0.82 (0.64–1.05) 0.85 (0.72–1.02)

0.05 0.11 0.06

tensive medication (n = 195 mean, 246 women).

only; and (c) both MVPA-SR and MVPA-Acc adjusted for each other.
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hypertension associated with self-reported and accelerometer-
assessed PA, stratified by sex, http://links.lww.com/MSS/B676).

Further adjustment for other covariates, including smoking,
wear time, and clinical site, did not substantively change the
estimates in any of these models (data not shown). Findings
were also similar when models were run combining the men
and women and adjusting for sex (see Tables, Supplemental
Digital Content 2, 3, and 4, risk of diabetes, stage 2 and greater
hypertension, and stage 1 and greater hypertension, respectively,
associatedwith self-reported and accelerometer-assessed PA, com-
bining men and women; http://links.lww.com/MSS/B677, http://
links.lww.com/MSS/B678, and http://links.lww.com/MSS/
B679), although in the combined models, MVPA-Acc was more
consistently associated with reduced risk of stage 2 and greater
hypertension, with or without adjustment for BMI.
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DISCUSSION

This analysis of self-reported and accelerometer-determined
MVPA and the risk of 10-yr incident diabetes suggest that the
magnitude and consistency of risk reduction associated with
the accelerometer-determined measure are greater and more
robust than with the self-reported measure. Correlations be-
tween the two PA measures were weak. The inverse relation
of MVPA-SR with incident diabetes was not significant, and
point estimates were attenuated when adjusted for MVPA-Acc
and/or BMI. No relations at all were observed between self-
reported PA and incident hypertension. The observed mea-
sures of association with MVPA-Acc with both diabetes and
hypertension also tended to be more consistent with dose–
response relations (e.g., reduction in risk associatedwith highest
tertile of activity greater than middle tertile).

The low correlation between self-reported and accelerometer-
determined PA has been recognized for some time (4,35,36),
and was starkly demonstrated by Troiano et al. (23) in 2008
who found that 25% to 33% of the population met PA recom-
mendations by self-report but fewer than 5% did with acceler-
ometry. This discrepancy has been attributed, in part, to the
different PA constructs captured by the different measurements
(12), but also, at least to some degree, to measurement error that
is particularly inherent in self-report. Although some evidence
exists of differential reporting of PA by respondent character-
istics, such as BMI or socioeconomic status (37–39), the ap-
parent substantial over-estimation of PA by self-report has
been assumed to be largely, nondifferential. Thus, associations
with health outcomes may be assumed to be biased toward the
null, and true associations with PA to be of greater magnitude
than has been observed.

The current study offers support for this assumption in that
accelerometer-determined PA was associated with increased
risk of incident diabetes and more marginally with increased
risk of incident hypertension, but self-reported PA was not.
Other studies, such as an analysis in the NHANES adult pop-
ulation that found greater associations between physiological
and anthropometric biomarkers of health with accelerometer-
determined PA, support this assumption as well, although in
RISK ESTIMATES WITH PHYSICAL ACTIVITY METHODS
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that study self-reported PA was also independently associated
with some biomarkers and remained associated when adjusted
for accelerometer-determined PA (16). Similar findings were
also observed in the NHANES youth population (15) as well
as in other study samples (17,19).

On the other hand, in a study of a multi-ethnic British clinic
population at high risk for T2D, self-reportedwalkingwasmore
strongly associated with glucose regulation even when adjusted
for pedometer-measured steps (21). Similarly, accelerometry-
assessed sedentary time was not consistently associated with
cardiometabolic risk factors in a population-based British sam-
ple, whereas self-reported sedentary time was (40). Within the
CARDIA data set itself, Gabriel et al. (20) found that both a
composite measure of PA constructed from self-reported and
accelerometer-determined PA and adding all PA measures
separately in the model accounted for more variability in a
range of cardiovascular risk factors than either measure alone.

Importantly, as stated in the 2018 Physical Activity Guide-
lines Advisory Committee Scientific Report, there is strong ev-
idence, based primarily if, not solely, on self-reported PA, for
inverse, dose–response relationships between PA and incidence
of both T2D and hypertension (2). The fact that associations
with self-reported PAwere not consistently observed in the cur-
rent study may be due, in part, to limitations inherent in the self-
reported measure; a more detailed PA diary may have, perhaps,
resulted in stronger associations. However, previous CARDIA
investigations using the same self-reported PA questionnaire
have reported inverse associations between self-reported PA
and incident hypertension over the first 15 (41) and 20 yr of
follow-up (42). Another explanation may be the differences
in estimates of the relative risk between logistic regression
and the modified Poisson regression used in the present study;
given that hypertension, in particular, is not a rare outcome,
the odds ratios reported in other studies may exaggerate the true
relative risk (32). These inconsistencies in existing evidence
suggest that, until there is further, more definitive research, both
self-reported and accelerometer-determined PA may still be
needed to provide a deeper understanding of the full impact
of PA on health outcomes.

This study has some limitations that deserve mention. Since
the CARDIA cohort does not include Hispanics or Asians or
those of other or mixed race/ethnicity, findings cannot be gen-
eralized to those population subgroups. The findings may also
not be generalizable to those more at risk of developing either
hypertension or diabetes at a younger age, given that PA was
first assessed with accelerometry only at year 20 when the co-
hort was between the ages of 38–50. The implication of this
“left” censoring is that the analysis was conditioned on having
survived to year 20 without having developed the disease out-
comes of interest. Furthermore, selection bias could have in-
fluenced the findings since those who were excluded from
the analysis were more likely to have risk factors for diabetes
and/or hypertension, such as lower education and higher BMI
and prevalence of smoking. However, this bias would likely
attenuate differences between associations with accelerometer-
determined PA and those with self-reported PA by preferentially
Medicine & Science in Sports & Exercise® 2503
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excluding those more likely to under-estimate their true level of
activity (43). Also, the time frame for the two different PA assess-
ments was not the same. Although both are considered measures
of usual activity, the timeframe for self-reported PA was the
past year (relying on a combination of memory and synthesis
by the participant), whereas the accelerometer measures were
collected only over a 7-d period. Finally, because the self-
reported PA questionnaire asked only about moderate- or
vigorous-intensity activities, the only data used from the acceler-
ometer were the number of minutes ≥2020 counts per minute to
ensure some comparability between the measures in terms of
intensity of activity. This limited the ability to examine the
impact of accelerometer-determined sedentary behavior and
light-intensity PA on diabetes and hypertension, which is a
significant area for future research (2). Indeed, a recent find-
ing from the CARDIA study shows that substitution of seden-
tary time with light-intensity PA is associated with reduced
risk factors cardiometabolic risk factors (44).

This study also has several notable strengths. First is the large,
well-characterized, bi-racial, and geographically diverse CARDIA
cohort, which enhances the generalizability of the findings.
Second, ascertainment of study outcomes (diabetes and hyper-
tension) was based on well-defined and standardizedmeasure-
ments. Finally, the prospective study design, in which incident
diabetes and hypertension over a 10-yr period were examined
in relation to both self-reported and accelerometer-determined
PA, is essentially unique; most, if not all, other studies addressing
a similar question were cross-sectional and relied on biomarkers,
rather than disease endpoints, for the study outcomes (15–19).
2504 Official Journal of the American College of Sports Medicine
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In conclusion, this study found that accelerometer-determined
PA is superior to self-reported PA in terms of understanding the
impact of PA on risk of diabetes and hypertension, Although
several decades of research using self-reported PA have pro-
vided the basis for the widespread acceptance of PA as benefi-
cial for disease prevention and health promotion, the current
study suggests that the greater precision offered by objective
measurement of PAmay provide more specific and accurate es-
timates of those benefits. With the elimination of recall bias and
the capacity to measure sedentary behavior and light activity, as
well asMVPA, accelerometry has the potential to contribute in-
formation and insights needed for establishing new targets for
sedentary and PA behavior and shaping effective interventions.
The addition of accelerometer measures to established cohort
studies may finally help us realize the promise of PA for reduc-
ing the burden of cardiometabolic disease in the population.
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