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OBJECTIVE

The primary aim was to assess associations between total steps per day and inci-
dent diabetes, whereas the secondary aim was to assess whether the intensity
and/or cadence of steps is associated with incident diabetes.

RESEARCH DESIGN AND METHODS

Women without physician-diagnosed diabetes (n5 4,838; mean [SD] age 78.9 [6.7]
years) were followed up to 6.9 years; 395 developed diabetes. Hip-worn ActiGraph
GT3X+ accelerometers worn for 1 week enabled measures of total, light-intensity,
and moderate- to vigorous-intensity (MV-intensity) steps per day. Using Cox propor-
tional hazards analysis we modeled adjusted change in the hazard rate for incident
diabetes associated with total, light-intensity, and MV-intensity steps per day. We
further estimated the proportion of the steps-diabetes association mediated by BMI.

RESULTS

On average, participants took 3,729 (SD 2,114) steps/day, of which 1,875 (791)
were light-intensity steps and 1,854 ± 1,762 were MV-intensity. More steps per
day were associated with a lower hazard rate for incident diabetes. Confounder-
adjusted models for a 2,000 steps/day increment yielded hazard ratio (HR) 0.88
(95% CI 0.78–1.00; P 5 0.046). After further adjustment for BMI, HR was 0.90
(95% CI 0.80–1.02; P 5 0.11). BMI did not significantly mediate the steps-diabe-
tes association (proportion mediated 5 17.7% [95% CI 255.0 to 142.0]; P 5
0.09]). The relationship between MV-intensity steps per day (HR 0.86 [95% CI
0.74–1.00]; P 5 0.04) and incident diabetes was stronger than for light-intensity
steps per day (HR 0.97 [95% CI 0.73–1.29]; P5 0.84).

CONCLUSIONS

These findings suggest that for older adults, more steps per day are associated
with lower incident diabetes and MV-intensity steps are most strongly associated
with a lower hazard of diabetes. This evidence supports that regular stepping is
an important risk factor for type 2 diabetes prevention in older adults.

Type 2 diabetes (T2D) is increasingly prevalent among older adults, with risk for
developing T2D plateauing around age 85 years; one in five newly diagnosed cases
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are among adults older than 65 years
old, 95% of which are diagnosed as
type 2 (1,2). Older adults who develop
diabetes are at higher risk for complica-
tions including cardiovascular and periph-
eral artery disease, worse renal function,
and severe or fatal hypoglycemia (3).

Physical activity (PA) is a key modifi-
able behavior for diabetes prevention
and management (4,5); many preven-
tion studies have demonstrated that
regular PA, along with improved diet,
reduces the risk of diabetes in adults
(5,6). Using movement sensors, such as
pedometers and accelerometers, PA can
be measured in terms of steps per day.
Steps/day is a highly translatable metric
that is familiar, memorable, and accessi-
ble with many wearable devices and
smart phones (7), which have become
ubiquitous. Accelerometers also measure
steps taken over a spectrum of light activ-
ity to moderate- to vigorous-intensity
activity, which can then be used to better
understand the role of movement inten-
sity in diabetes prevention (8–10). To the
best of our knowledge, there are few
studies examining the association bet-
ween objectively measured steps per day
and incident diabetes in a community-
based setting (11).

The 2018 Physical Activity Guidelines
Advisory Committee (12 and the update
published a year later [10]) concluded
that there was insufficient evidence to
support an association of increased
steps per day with reduced T2D risk,
and called for more research on the
topic from prospective cohort studies
using objective measurements of daily
steps (12,13). One of the few existing
studies among older adults was the
Nateglinide and Valsartan in Impaired
Glucose Tolerance Outcomes Research
(NAVIGATOR) trial, from which, in post
hoc analyses, it was reported that each
2,000 steps/day increment (measured
by pedometer) was associated with a
6% decrease in the hazard rate for inci-
dent T2D (14). Unfortunately, the publi-
cations for the NAVIGATOR trial have
not yet reported on the intensity of
stepping, which may be an important
metric (15,16).

In this study, we analyzed data from a
diverse cohort of older women without
physician-diagnosed diabetes who had
enrolled in the Objective Physical Activity
and Cardiovascular Health (OPACH) Study
and were followed for up to 6.9 years for

incident diabetes. The primary aim was
to assess associations between total
steps per day and incident diabetes,
whereas the secondary aim was to assess
whether the intensity and/or cadence of
steps is associated with incident dia-
betes.

RESEARCH DESIGN AND METHODS

Study Population
The OPACH Study is a prospective, ancil-
lary study of the Women’s Health Initia-
tive (WHI) aimed at characterizing PA
and cardiovascular health in older women.
In 2012, the OPACH Study recruited par-
ticipants from the WHI extension study
(2010–2015) and Long Life Study (2012–
2013); details of the OPACH Study have
previously been published (17). Briefly,
6,489 ambulatory women wore an accel-
erometer and 6,382 returned the device
with evidence of human wear. We exc-
luded prevalent cases of diabetes, those
with a history of diabetes treated with
medication prior to OPACH enrollment
(n 5 1,358), 173 women (3%) having <4
days with 101 hours of awake wear
time—a commonly recommended criteria
for actigraphy processing (18), 10 women
missing information on incident diabetes,
and 3 individuals whose average daily
steps (>30,000 steps/day) exceeded
expected maximum values. The final
analytic sample consisted of 4,838 women.
The Institutional Review Board of the Fred
Hutchinson Cancer Research Center (WHI
coordinating center) approved all study
protocols, and all participants gave infor-
med consent prior to entry.

Measuring Steps Per Day
PA was measured with an ActiGraph
GT3X1 worn 24 h/day over the right
hip for 1 week, except when bathing or
swimming. A nightly sleep diary was con-
currently completed. Accelerometer move-
ment was collected 30 times per second
(i.e., 30 Hz) and then aggregated to 15-s
epochs with use of ActiLife software (ver-
sion 6). Steps for each 15-s epoch were
derived using ActiLife’s proprietary algo-
rithm (17). The factory default (i.e., normal
frequency) filter was used to process
accelerometer data to compute steps, as
has been done in similar studies (16,19).
Awake wear time was defined as the time
participants were wearing the device while
awake; nonwear time was identified using
the Choi algorithm (20) with a 90-min

window, 30-min stream frame, and 2-min
tolerance; and awake time was identified
using self-reported sleep logs. Out-of-bed
periods were identified using sleep diaries.
When at least one in-bed or out-of-bed
time was missing, each woman’s average
in-bed and out-of-bed time was used if
available; otherwise, the overall cohort
mean in-bed (10:45 P.M.) and out-of-bed
(7:22 A.M.) times were used.

We calculated steps per day by divid-
ing cumulative steps over all included
days by the total number of adherent
device wear days. When accounting for
interindividual differences in awake wear
time, numbers of steps per day were
residualized by regressing the number of
steps per day on wear time. Residuals
were added to the mean predicted
value to obtain a wear time–adjusted
measure of steps per day. We used
this residual approach over tradi-
tional adjustment, since it allows for
modeling the exposure in nonlinear
models, or through use of quartiles
or tertiles, and enables the nonwear
time to be addressed as a measure-
ment issue directly in those nonlinear
parameterizations. Since we residualized
for awake wear time, we effectively con-
trolled for average sleep duration in our
analyses. A total of 304 women were
missing all sleep diary data; missing diary
data were not related to incident diabe-
tes (P 5 0.27 [data not shown]), and in
our previous work, use of alternate sleep
time imputation methods (21) did not
influence results (22). In addition to
steps per day, three common measures
of step cadence were computed (16).
Peak 30-min cadence represented the
mean steps per minute for the fastest 30
min each day. The average daily percent-
age of wear time with $40 steps/min
was used to measure “purposeful
stepping,” which has been validated in
adult populations (23). Lastly, we consid-
ered average steps per day that were
accumulated in bouts (i.e., short, contin-
uous periods) of at least 5 min or more.

In a separate, laboratory-based cali-
bration study among 200 OPACH Study
women, acceleration cut points for vec-
tor magnitude (VM) counts were identi-
fied for stratification of each 15-s epoch
into sedentary time (<19 VM counts/
epoch) and PA of light intensity (19–518
VM counts/epoch) and moderate to vig-
orous (MV) intensity ($519 VM counts/
epoch) (24). ActiLife software also
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provided step counts for each 15-s
epoch. Using both steps and counts, we
computed “light steps” as the average
daily number of steps that occurred
while VM counts per 15 s were <519.
“MV steps” were computed as the aver-
age daily number of steps that occurred
while VM counts per 15 s were >518.

Diabetes Incidence
Incident diabetes and date of diagnosis
were determined based on self-report
of newly physician-diagnosed diabetes
requiring insulin or oral hypoglycemic
medication, queried on annual health
updates administered in the national
WHI. High validity was demonstrated
for this case definition of diabetes in a
separate study of >700 WHI participants;
82% of women reporting incident diabe-
tes were classified by expert physicians as
having incident diabetes following a medi-
cal record review, and reports of being
without diabetes were concordant in 95%
of women confirmed as not having diabe-
tes (25). Note that a description of covari-
ates and their measurement can be
found in Supplementary Procedures.

Statistical Analyses
Baseline characteristics were summarized
across quartiles of daily steps per day. x2

and F tests were used to test differences
in baseline characteristics across steps
per day quartiles for categorical and con-
tinuous variables, respectively. The Cox
proportional hazards regression modeled
the change in the hazard rate for incident
diabetes for each 2,000-steps/day incre-
ment. Hazard ratios (HRs) approximate
instantaneous relative risk, and are not
risk ratios, and should be interpreted
accordingly (26). We tested the Cox pro-
portional hazards assumption in each
outcome model using the Schoenfeld
residuals and found no violations (Supple-
mentary Material 1). As in previous WHI
studies, time to event was computed as
the number of days from accelerometry
to the received date of the medical his-
tory update containing the first ever
record of physician-diagnosed diabetes,
with time for those without diabetes cen-
sored either at death or the date of the
last received medical history update.
Restricted cubic splines were used to

test nonlinear associations between
steps per day and incident diabetes
with 3-5 knots (rms; R package version

6.1-1). The estimated dose-response
curve was nearly linear, and the result
of the Wald test for the nonlinear
functional form was not statistically
significant (3 knots Pnonlinear 5 0.92,
Poverall 5 0.13; 4 knots Pnonlinear 5
0.30, Poverall 5 0.09; 5 knots Pnonlinear 5
0.14; Poverall 5 0.06). Therefore, a contin-
uous, linear functional form was used in
the models (see Fig. 1). Three multivari-
able models were fit to evaluate the
association between step measures and
incident diabetes. The selection of covari-
ates mirrored our previous study (27)
and was based on existing literature in
the fields of exercise science, epidemiol-
ogy, and diabetes. To address the fact
that we are studying an older population
(average age �80 years), we also took
into account variables that were highly
related to age, PA, and diabetes, includ-
ing multimorbidity, physical functioning,
and self-rated health. The first model
included adjustment for age and race-
ethnicity, as did the second model with
addition of the following covariates to
model 1: education, family history of dia-
betes, self-rated health, physical func-
tioning, alcohol consumption, and
smoking status. In the final model we
added BMI, which is a potential media-
tor in the causal pathway between steps
per day and diabetes. We then added an
interaction term between total steps per
day and each potential effect modifier
selected a priori, including age, BMI,
physical functioning, race-ethnicity, and
family history of diabetes (28), to test for
multiplicative interaction. Associations of
step cadence (all three metrics, modeled
separately) and steps taken at light or
MV intensity (both metrics, modeled
separately) with incident diabetes were
examined with use of the same proce-
dures described above.

We performed two sensitivity analy-
ses to address the concern for reverse
causation, whereby subclinical diabetes
and its associated comorbidities may
lead to reduced PA and fewer steps per
day. First, we repeated the confounder-
adjusted model after excluding 121
women who reported a diagnosis of
diabetes within 2 years after accelerom-
etry. Second, we excluded 170 women
(37 of whom were subsequently diag-
nosed with incident diabetes [9.4% of
total incident diabetes cases]) who had
fasting glucose levels meeting the clini-
cal threshold for diabetes diagnosis (29)

(>126 mg/dL, based on a single blood
test at OPACH baseline) and repeated
the confounder-adjusted Cox regression
models.

All statistical tests were two tailed,
a 5 0.05, with use of R, version 4.0.2
(2020-06-22; Vienna, Austria). Multiple
imputation (mice package) was per-
formed with 50 rounds of imputation
over five iterations, and all models were
executed with multiple imputation to
avoid inducing selection bias by virtue of
restriction to those with complete data
(Supplementary Material). In addition, we
further investigated whether BMI medi-
ated the steps per day–diabetes associa-
tion (Supplementary Procedures). Overall,
there were minimal missing data for
main analyses: BMI was the covariate
with the most missing observations (6%);
<1% of observations were missing for
education, self-reported health, and phys-
ical functioning (Supplementary Table 1).

Data Availability
The data that support the findings of this
study are available from A.Z.L. (alacroix@
health.ucsd.edu) in accordance with the
WHI publications and presentations
policy.

RESULTS

Study participants were followed for a
median of 5.7 years with a maximum
follow-up of 6.9 years, during which 395
women (8.1%) developed diabetes, at a
rate of 16.3 cases/1,000 person-years.
Mean (SD) steps per day among OPACH
women was 3,729 (2,114), of which
1,875 (791) were light steps and 1,854
(1,762) were MV steps. Peak 30-minute
cadence was 36 (22) steps/min, whereas
percentage of time spent in bouts >40
steps/min and total steps accumulated in
bouts of 51 minutes were 1% (2%) and
78 (1,214) steps, respectively. Among the
25% of women with the fewest steps per
day, 75% were over >80 years in age,
and this group was more likely to be
White, have poor self-rated health, score
below average for RAND-36 physical func-
tion score, and have three or more
comorbidities (Table 1). Among partici-
pants in the highest steps per day quartile
($4,914 steps/day), 72.0% of participants
were younger than 80 years of age, and
this group was more likely to have gradu-
ated college, report excellent/very good
health, score above average for physical
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functioning, drink >1 alcoholic drink/
week, and have fewer total comor-
bidities.

More steps per day were associated
with a decrease in the hazard rate for
diabetes in this cohort of older women.
The minimally adjusted HR for a 2,000
steps/day increment was equal to 0.86
(95% CI 0.80–0.92) (Table 2). Further
adjustment for potential confounders
(education, self-reported health, family
history of diabetes, physical functioning,

alcohol consumption, and smoking) pro-
duced similar results (HR 0.88 [95% CI
0.78–1.00]; P 5 0.045). After adjustment
for BMI as a potential mediator, the
association was slightly attenuated and
the CIs widened to include the null value
(HR 0.90 [95% CI 0.80–1.02]; P 5 0.11).
Results from complete-case analyses,
which were similar to those from the
multiple imputation analysis, are rep-
orted in Supplementary Tables 2 and 3.
Accelerated failure time models demon-

strated that BMI did not significantly
mediate the steps-diabetes association
(proportion mediated 17.7% [95% CI
�55.0 to 142.0]; P 5 0.09). Tests for
interaction of steps per day with age,
race-ethnicity, BMI, physical function-
ing, or family history of diabetes were
not statistically significant (all P values
>0.60).

With stratification of steps per day
into either light or MV intensity, the
HRs for associations with light steps

Figure 1—Dose-response trajectory for associations of incident diabetes and steps per day. HR and the 95% CI (shaded gray) are from Cox propor-
tional hazards models with adjustment for age, race-ethnicity, education, general health status, family history of diabetes, number of chronic con-
ditions, physical function, alcohol, and smoking status. A: The dose-response curve data trimmed at 1st and 99th percentiles. B: Density curve
shows the number of participants at each increment of steps per day across the steps per day distribution.
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were weaker than those for MV steps.
In the crude models, the HR for incident
diabetes associated with a 2,000 steps/
day increment of light steps was 0.87
(95% CI 0.66–1.15; P 5 0.33) and of
MV steps was 0.83 (95% CI 0.72–0.95;
P 5 0.009). In the confounder adjusted
models, the HR for incident diabetes
associated with a 2,000 steps/day incre-
ment of light steps was 0.97 (0.73–1.29;
P 5 0.83) and of MV steps was 0.86

(95% CI 0.74–1.00; P 5 0.04). Dose-
response trajectories for light and MV
steps with model 2 are illustrated in Fig.
2. The complete-case analysis results for
these step-intensity metrics can be
found in Supplementary Table 3.

None of the step cadence measures
were significantly associated with incident
diabetes after adjustment for sociodemo-
graphic and lifestyle factors (Supplemen-
tary Table 5). The estimated hazard ratios

from models of peak 30-minute cadence
suggested that faster step cadence was
associated with a decrease in the hazard
rate for diabetes, albeit not statistically
significantly (HRper 20 steps/min 5 0.91
[95% CI 0.81–1.02]; P 5 0.09) (Supple-
mentary Table 5).

In sensitivity analyses, in which women
with high fasting glucose and diabetes
onset within 2 years of baseline were
removed separately, point estimates did

Table 1—Baseline (2012–2014) characteristics for OPACH participants by quartile of steps per day

Steps per day quartiles*

PTotal (n = 4,838)
Quartile 1
(n = 1,210)

Quartile 2
(n = 1,210)

Quartile 3
(n = 1,209)

Quartile 4
(n = 1,209)

Age, years, mean (SD) 78.92 (6.73) 82.75 (5.92) 79.95 (6.26) 77.81 (6.35) 75.19 (5.98) <0.001

Age-group, $80 years, n (%) 2,487 (51.4) 907 (75.0) 706 (58.3) 536 (44.3) 338 (28.0) <0.001

Race-ethnicity, n (%) <0.001

White 2,568 (53.1) 803 (66.4) 662 (54.7) 581 (48.1) 522 (43.2)
Black 1,469 (30.4) 325 (26.9) 397 (32.8) 398 (32.9) 349 (28.9)
Hispanic 801 (16.6) 82 (6.8) 151 (12.5) 230 (19.0) 338 (28.0)

Education, n (%) <0.001

High school/GED 951 (19.8) 269 (22.4) 230 (19.1) 240 (20.1) 212 (17.6)
Some college 1,817 (37.8) 474 (39.4) 475 (39.4) 447 (37.4) 421 (34.9)
College graduate1 2,039 (42.4) 459 (38.2) 501 (41.5) 507 (42.5) 572 (47.5)

Self-rated health, n (%) <0.001

Excellent/very good 2,633 (54.6) 461 (38.3) 570 (47.2) 708 (58.8) 894 (74.1)
Good 1,818 (37.7) 573 (47.6) 535 (44.3) 439 (36.5) 271 (22.5)
Poor/very poor 371 (7.7) 171 (14.2) 102 (8.5) 57 (4.7) 41 (3.4)

Light-intensity steps, mean (SD) 1,875 (7,901) 1,161 (444) 1,712 (506) 2,089 (602) 2,540 (814) <0.001

MV steps, mean (SD) 1,854 (1,762) 460 (3,712) 1,027 (536) 1,815 (736) 4,115 (1,928) <0.001

RAND-36 physical function
score, mean (SD)

70.6 (25.1) 52.9 (25.7) 67.1 (24.4) 76.2 (20.4) 86.2 (16.1) <0.001

Smoker status, smoker, n (%) 133 (2.7) 56 (4.6) 30 (2.5) 24 (2.0) 23 (1.9) <0.001

Alcohol frequency, n (%) <0.001

<1 drink/week 1,526 (31.5) 448 (37.0) 415 (34.3) 366 (30.3) 297 (24.6)
$1 drinks/week 1,546 (32.0) 395 (32.6) 392 (32.4) 387 (32.0) 372 (30.8)
Nondrinker 1,390 (28.7) 241 (19.9) 310 (25.6) 373 (30.9) 466 (38.5)
Unspecified 376 (7.8) 126 (10.4) 93 (7.7) 83 (6.9) 74 (6.1)

Family history of diabetes, yes,
n (%)

1,599 (33.2) 382 (31.7) 415 (34.5) 404 (33.6) 398 (33.0) 0.54

BMI, mean (SD) 27.58 (5.43) 28.30 (6.01) 28.42 (5.73) 27.58 (5.13) 26.05 (4.42) <0.001

No. of comorbidities,
n (%)#

<0.001

Zero 548 (11.3) 74 (6.1) 93 (7.7) 139 (11.5) 242 (20.0)
One 1,660 (34.3) 355 (29.3) 368 (30.4) 444 (36.7) 493 (40.8)
Two 1,719 (35.5) 444 (36.7) 489 (40.4) 433 (35.8) 353 (29.2)
Three or more 911 (18.8) 337 (27.9) 260 (21.5) 193 (16.0) 121 (10.0)

P value: x2 for categorical variables and trend test for continuous. GED, General Educational Development. *Steps per day is defined as quar-
tiles: quartile 1, <2,337 steps/day; quartile 2, 2,337–3,396 steps/day; quartile 3, 3,396–4,914 steps/day; and quartile 4, >4,914 steps/day.
#Chronic conditions used to compute this included cardiovascular disease, cancer, cognitive impairment, depression medication use, osteoar-
thritis, history of frequent falls, chronic obstructive pulmonary disease, hypertension, and cerebrovascular disease.
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not appreciably change for the observed
relationship between steps per day and
diabetes onset, though the CIs were
wider (Supplementary Table 6).

CONCLUSIONS

In this racially and ethnically diverse
cohort of community-dwelling women
who were predominantly in their late
70s/early 80s, each 2,000 steps/day
increment was associated with a 12%
lower hazard rate after adjustment.
Additionally, the steps per day–diabetes
association was not modified by age,
race-ethnicity, BMI, physical functioning,
or family history of diabetes, which sup-
ports the generalizability of these find-
ings to community-living older women.
In analyses we found that the asso-
ciation between accelerometer-mea-
sured steps per day and diabetes was
stronger for MV than for light stepping.
This finding further supports emerging
evidence that some PA on a regular
basis is better than none and that mov-
ing more and at higher intensity is opti-
mal for reducing one’s risk of diabetes,
irrespective of age (30).

The strength of the relationship bet-
ween more steps and a lower hazard of
diabetes observed in our study was
slightly stronger than the relationship
reported in earlier epidemiologic studies
among older adults (14,31). In a post
hoc analysis of the NAVIGATOR trial
that followed participants for 6 years,
each additional 2,000 steps/day incre-
ment, measured by a pedometer, was
associated with a 6% decrease in the
diabetes hazard rate. This relationship
was linear only after exclusion of indi-
viduals with >10,000 steps/day. One
possible explanation for observing a
stronger inverse association with T2D in

our study population is that OPACH
Study women are more closely aligned
with a population-based study; e.g., the
crude incidence of newly diagnosed
cases of diabetes among adults 65 years
old and older in the U.S. is 8.8 cases/
1,000 (95% CI 6.5–11.9) (32), and the
rate among the �80-year-old OPACH
Study population was 16.3 cases/1,000
person-years, while the crude incidence
in the NAVIGATOR trial (among adults
with impaired glucose tolerance and
either cardiovascular disease or cardio-
vascular disease risk factors) was 350
cases/1,000 person-years (14). In addi-
tion to being at higher risk for diabetes,
those participating in the NAVIGATOR
trial, which was aimed at preventing
clinical manifestations of impaired glu-
cose homeostasis, were younger (�65
years old), were more active (average
steps per day �6,200), and received
intense lifestyle modification or phar-
maceutical intervention, both, or nei-
ther. In comparison, among OPACH
Study women, on average age was 80
years and women took 3,700 steps/day,
and women were community based
(14).

In the prospective Health Ageing Initia-
tive (HAI) study of 3,055 70-year-old
Swedish men and women who were fol-
lowed up to 2.6 years for incident diabe-
tes (n 5 81 cases), there was a nonlinear,
inverse dose-response relationship with
accelerometer-measured steps (19). The
HAI cohort took notably more steps per
day than OPACH women (HAImean steps 5
7,139, OPACHmean steps 5 3,729, OPACH
70-year-oldsmean steps 5 5,087) and had
lower overall incidence of diabetes
(HAIincidence rate 5 10.2/1,000 person-
years, OPACHincidence rate 5 16.3/1,000
person-years). In HAI, the diabetes hazard
rate among older adults with >7,445

steps/day was flat and �2.5 to 3.0 times
lower than the hazard rate for those with
steps per day around the OPACH average
of 3,729. This finding suggests a possible
threshold above which additional steps
per day are not related to further decre-
ments in the diabetes hazard rate in older
adults. The apparent threshold is, how-
ever, far beyond the usual stepping levels
of these older OPACH women, among
whom just 5% had steps per day above
the 7,445 threshold suggested in the HAI
study.

In four cross-sectional studies of
adults who on average were 55–65
years old, investigators found that more
steps per day were associated with
lower odds of diabetes (33,34) and met-
abolic syndrome (36), smaller waist cir-
cumference (33), and lower 2-h glucose
measures (36). In addition, results of a
prospective study with use of an Omron
pedometer with 5-year follow-up among
458 middle-aged adults in Australia
showed that 1,000 more steps per day
were associated with 13% lower odds of
incident dysglycemia, a precursor to T2D
(37). This study also showed that more
steps per day were associated with
lower 5-year fasting blood glucose but
not with lower 2-h plasma glucose (37).

Our findings with respect to MV and
light stepping are in line with the 2020
World Health Organization guidelines on
PA that some PA on a regular basis is
better than none and that moving more
at higher intensity is optimal for improv-
ing health outcomes (30). It is well-
known that intense lifestyle intervention
can delay or prevent diabetes, especially
when the intervention includes diet
modification (5,38). An important note
is that MV PA is attainable even among
older women with severe mobility limi-
tations, as demonstrated in our previ-
ous study where women with very low
physical function (defined as having a
Short Physical Performance Battery
[SPPB] score <4) had on average 30
min per day of MV PA (39). MET values
assigned to walking pace in the com-
pendium are based on middle-aged
adults; older women achieve MV PA
intensity at a slower pace. This differ-
ence in classifying PA is partially due to
older adults having a lower resting met-
abolic rate and higher energy cost of
movement. For example, most older
women achieve MV-intensity steps

Table 2—Associations between steps per day (unit: 2,000 steps) and incident
diabetes among older women who had accelerometry during 2012–2014 and
follow-up through 28 February 2020

HR (95% CI) P

Model 1 0.86 (0.77–0.96) 0.007

Model 2 0.88 (0.78–1.00) 0.045

Model 3 0.90 (0.80–1.02) 0.11

n = 4,838; diabetes cases = 395. Model 1, adjustment for age and race-ethnicity; model 2,
model 1 adjustments plus education, self-rated health, family history of diabetes, number
of chronic conditions, physical functioning (RAND-36), alcohol consumption, and current
smoking status; model 3, model 1 adjustments, model 2 adjustments, and BMI, which we
consider to be in the steps per day and diabetes pathway.
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during a usual paced 400-m walk (one
lap around a track) (24).

Strengths and Limitations
This study was limited in several respects.
Our diabetes outcome measure and the
corresponding diagnosis date were self-
reported, which may lead to misclassifi-
cation. Though the case definition does
not distinguish between type 1 diabetes

and T2D, T2D accounts for 95% of total
diagnosed diabetes in U.S. older adults
(2). In addition, our self-reported out-
come has demonstrated high accuracy
when compared with physician adjudica-
tion using medication inventories and
medical record review (25).

A total of 938 women consented to
OPACH but did not return accelerome-
ters with sufficient data, and in the

current study 183 women were excluded
from analyses due to missing exposure
or outcome data. As shown in our previ-
ous study (40) and Supplementary Table
1, women who were excluded had lower
PA including fewer steps, higher BMI,
and higher fasting glucose, increasing
the likelihood for incident diabetes. Any
selection bias resulting from these exclu-
sions would likely bias our results toward

Figure 2—Dose-response trajectory for associations of light and MV steps per day and incident diabetes. A: Dose-response trajectory for steps
taken at light stepping intensity. B: Dose-response trajectories for steps taken at MV stepping intensity. HR and the 95% CI (shaded gray) are from
Cox proportional hazards models with adjustment for age, race-ethnicity, education, general health status, family history of diabetes, total chronic
conditions, physical function, alcohol, and smoking status. y-axes are trimmed to the 1st and 99th percentiles. C: Light- and MV-intensity steps per
day density curves are overlaid for all participants, showing the number of participants for each light- and MV-intensity steps per day increment
across the respective distributions.
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the null, meaning that the steps and dia-
betes association may be stronger than
reported in the current study.

Although we performed sensitivity anal-
yses to address reverse causation, others
have reported in studies of PA and mor-
tality that exclusion of the first 5 years of
follow-up is needed to reduce the bias of
undiagnosed disease elevating mortality
risk and interfering with an individual’s
engagement in PA (41,42). In the context
of modeling risk for diabetes, additional
research is needed to determine the
exclusion period that may reduce the
potential for reverse causation for select
disease-specific outcomes. Our study inc-
ludes up to 5.9 years of follow-up, so we
did not exclude longer periods of follow-
up that went beyond the first 2 years. In
addition, there is a competing potential
for increasing the influence of survival
bias and/or the misclassification of expo-
sure in excluding earlier cases. For exam-
ple, excluding cases that occur in the first
few years of follow-up increases the likeli-
hood that the PA exposure changed from
its initial measurement (41), especially
among older adults.

ActiGraph GT3X1 accelerometers when
worn over the hip acceptably measure
steps per day compared with direct obser-
vation but only at speeds >2.0 miles/h
(43,44). This measurement feature might
lead to an underestimation of steps per
day for older people who tend to walk
slower—and if older people are more
likely to walk <2.0 miles per hour, and are
more likely to have diabetes, differential
measurement error could bias results
toward the null, indicating that our esti-
mate of a 12% lower hazard rate for each
2,000 steps/day increment might be lower
than the unbiased HR. This measurement
error could also play a role in our null find-
ings related to light steps per day. Another
potential limitation is that the absence of
an association seen for low-intensity step-
ping and diabetes could be attributed to
measurement error, since steps were mea-
sured with a hip-worn accelerometer and
processed with the default filter in ActiLife,
which misses steps taken at a low cadence
(18,44,45). In a separate analysis by our
team (E.T. Hyde, S. Nguyen, F. Tuz-Zahra,
C.C. Moore, M.A. Greenwood-Hickman,
R.L. Walker, L. Natarajan, D. Rosenberg,
J.B., unpublished data, 2021) of data from
952 older adults who concurrently wore
an ActiGraph GT3X1 and activPAL micro3
it was found that the number of steps

measured using low-frequency extension
filter was high and lacked face validity for
an older adult population and was discor-
dant with those measured by the activPAL
inclinometer (mean [SD] steps per day
with ActiGraph normal filter 4,981 [3,099],
ActiGraph low-frequency filter 11,800
[4,273], activPAL 6,832 [3,507]). Results
from this separate analysis were similar to
those from the study of Tudor-Locke et al.
(46) in 2015, which demonstrated an aver-
age of 6,200 more steps per day with
application of the low-frequency filter than
with use of the normal filter. As a result,
our team did not process OPACH Study
steps data using the low frequency exten-
sion. Future studies with use of devices or
data-processing methods that are not lim-
ited in measuring steps at low cadence
should be prioritized for replicating our
findings.

Furthermore, evidence demonstrating
the validity and reliability of step cad-
ence measures with use of the Acti-
Graph is limited, and so additional stud-
ies are needed to investigate possible
measurement error. Measurement error
may also have had a role in our inability
to assess whether step cadence was
associated with a lower diabetes hazard
rate independent of total step volume
due to multicollinearity (r > 0.90) res-
ulting from the strong interrelationship
between step volume and cadence
among the older women in our study.
However, it may be that older women
who take fewer steps per day also have
lower stepping intensity.

There are several key strengths of
this study. Our cohort of older commu-
nity-living women was relatively large
and diverse, and this study relied on
objective measures of steps per day,
step cadence, and step intensity that
were specifically calibrated (22) for older
women. Our period of follow-up coin-
cides with the known period of the life
course during which diabetes incidence
continues to increase, peaking at 85
years of age (1). Together, the research-
quality measures of steps per day and
the prospective study design are essen-
tial to adding to our understanding of
steps per day and diabetes in older
adults. In addition, our sensitivity analy-
ses reduce concern that the findings pre-
sented in this study can be attributed to
reverse causation.

Conclusion
This study provides evidence supporting
an association between steps per day
and lower incident diabetes, evidence
that the 2018 Physical Activity Guide-
lines Advisory Committee found lacking.
While further work is needed to identify
whether there is a minimum number of
steps per day that results in a clinically
significant reduction of diabetes and to
evaluate the role that step intensity plays
in diabetes etiology for older adults, find-
ings from this study suggest that MV-
intensity steps may be more important
than lower-intensity steps with respect to
incident diabetes. Steps per day–based
interventions are needed to advance dia-
betes prevention science in older adults.
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