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Abstract

Background: Steps/day is widely utilized to estimate the total volume of ambulatory activity, but it does not directly
reflect intensity, a central tenet of public health guidelines. Cadence (steps/min) represents an overlooked opportunity
to describe the intensity of ambulatory activity. We sought to establish thresholds linking directly observed cadence
with objectively measured intensity in 6-20 year olds.

Methods: One hundred twenty participants completed multiple 5-min bouts on a treadmill, from 13.4 m/min
(0.80 km/h) to 134.0 m/min (8.04 km/h). The protocol was terminated when participants naturally transitioned to
running, or if they chose to not continue. Steps were visually counted and intensity was objectively measured
using a portable metabolic system. Youth metabolic equivalents (METy) were calculated for 6-17 year olds, with
moderate intensity defined as =24 and < 6 METy, and vigorous intensity as 26 METy. Traditional METs were calculated
for 18-20 year olds, with moderate intensity defined as =23 and < 6 METs, and vigorous intensity defined as 26 METs.
Optimal cadence thresholds for moderate and vigorous intensity were identified using segmented random coefficients
models and receiver operating characteristic (ROC) curves.

Result: Participants were on average (£ SD) aged 13.1 4.3 years, weighed 55.8 + 22.3 kg, and had a BMI z-score of
0.58 + 1.21. Moderate intensity thresholds (from regression and ROC analyses) ranged from 1284 steps/min among
6-8 year olds to 87.3 steps/min among 18-20 year olds. Comparable values for vigorous intensity ranged from 157.7
steps/min among 6-8 year olds to 119.3 steps/min among 18-20 year olds. Considering both regression and ROC
approaches, heuristic cadence thresholds (i.e,, evidence-based, practical, rounded) ranged from 125 to 90 steps/min
for moderate intensity, and 155 to 125 steps/min for vigorous intensity, with higher cadences for younger age groups.
Sensitivities and specificities for these heuristic thresholds ranged from 77.8 to 99.0%, indicating fair to excellent
classification accuracy.

Conclusions: These heuristic cadence thresholds may be used to prescribe physical activity intensity in public
health recommendations. In the research and clinical context, these heuristic cadence thresholds have apparent
value for accelerometer-based analytical approaches to determine the intensity of ambulatory activity.
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Background

There is growing interest in translating public health
physical activity recommendations using step-based met-
rics. A step is an intuitively obvious unit of human am-
bulatory behavior. While steps/day provides important
information regarding ambulatory volume, this metric
does not directly reflect intensity, an important constitu-
ent of public health guidelines. There is increasing con-
sensus [1] that 100 steps/min is a reasonable heuristic
(i.e., evidence-based, practical, rounded value) threshold
indicative of minimally moderate intensity ambulation (>
3 metabolic equivalents [METs]) in adults. However, to
date, the evidence supporting cadence thresholds corre-
sponding to moderate and vigorous intensity MET cut
points for children, adolescents and young adults re-
mains unclear (to avoid confusion hereafter, we have
used the term “thresholds” when referring to cadence
values corresponding to MET “cut points”).

It is expected that cadence-intensity thresholds will be
somewhat higher in children and decrease throughout
adolescence as adult stature and movement patterns are
attained. This is likely due, in part, to the shorter stature
(i.e, leg length) and associated step length of children,
thereby requiring higher cadences to achieve a given speed
and therefore intensity. However, this explanation is
speculative. Four previous studies have collected cadence
data (using accelerometers or pedometers) and indirect
measures of intensity (e.g., heart rate, accelerometry) in
healthy children/adolescents [2-5], with a fifth study col-
lecting cadence data using an accelerometer and compar-
ing with absolutely-defined intensity (indirect calorimetry;
METs) [6]. There is limited evidence, however, regarding
the relationship between directly observed cadence (the
accepted criterion standard) and absolutely-defined inten-
sity. A single published study by Morgan et al. [7] exam-
ined absolutely-defined intensity and direct observation of
cadence. However, the age range of participants (9-12 year
olds), sample size (n = 23), and number of evaluated am-
bulation speeds (4 walking bouts) limits the external valid-
ity and generalizability of their findings. In a review of
ambulatory activity in children and adolescents [8], we
concluded that “further research is needed to confirm and
extend values for directly measured cadences, associated
speeds and MET values in young people.”

Therefore, the primary aim of this study was to establish
heuristic thresholds linking directly observed cadence with
absolutely-defined intensity (METs) during ambulatory ac-
tivity (i.e., walking/running) across the developmental life-
span of 6-20 years of age. These heuristic cadence
thresholds may be used to prescribe physical activity in-
tensity in public health recommendations, shape intensity
in intervention and clinical settings, and be used for
accelerometer-based analytical approaches to determine
the intensity of free-living ambulatory physical activity.
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Since steps are almost ubiquitously reported by consumer
and research-grade physical activity monitors, there is
great potential for a valid measure of ambulatory intensity
that directly reflects the enacted behavior to be harmoni-
ously applied across a wide variety of validated devices.

Methods

Study design and regulatory information
CADENCE-Kids was a laboratory-based cross-sectional
study conducted at the Pennington Biomedical Research
Center in Baton Rouge, Louisiana, United States. All
study procedures were reviewed and approved by the
Pennington Biomedical Institutional Review Board. Be-
fore participating, informed parental consent and partici-
pant assent were obtained for children and adolescents
6—17 years of age. Participants between 18 and 20 years
of age provided informed consent.

Participants

A total of 123 children, adolescents and young adults be-
tween 6 and 20 years of age were recruited to participate
in the study. To ensure a relatively equal distribution of
participants across the evaluated age range of this study,
an attempt was made to recruit at least 4 boys and 4
girls from each age-year between 6 and 20 years for a
minimum total sample size of at least 120 children, ado-
lescents, and young adults. The study’s age span was
designed to effectively capture the age and growth-
dependent changes in cadence related to height up to
and including attainment of adult stature. Since the
intentional focus of CADENCE-Kids was on ambulatory
activities, exclusion criteria included those who used
wheelchairs or had other impairments that could pre-
vent normal ambulation. Other exclusion criteria were
hospitalization for mental illness within the past 5 years,
any condition/medication that might affect heart rate or
metabolic response to exercise testing or be aggravated
by exercise, pregnancy, or presence of a pacemaker or
other implanted medical device including metal joint
replacements.

Measures

Height measures

The participant’s standing height (without shoes) was
measured to the nearest 0.1 cm using a wall-mounted
stadiometer (Harpenden model; Holtain Ltd., Crosswell,
Crymych, Pembrokeshire, UK) with their head aligned in
the Frankfort plane. A stadiometer was also used to
measure the sitting height of each participant to the
nearest 0.1 cm while seated on a table with legs hanging
freely and arms resting on the thighs. Each participant
completed two standing height and sitting height mea-
surements, with a third measurement required if the first
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two measurements were > 0.5 cm apart. The average of
the two closest measurements was retained for analysis.

Weight

The participant’s weight was measured (without socks
and shoes) using a digital scale (Tanita SC-240; Tanita
corporation, Tokyo, Japan). Each participant completed
two measurements and a third measurement was taken
if the first two measurements were > 0.5 kg apart. The
average of the two closest measurements was retained
for analysis.

Derived anthropometric indices

Body mass index (BMI) was calculated as weight divided
by height squared (kg/m?). Percentiles of BMI and BMI
z-scores (BMI,) were calculated using reference data
from the Centers for Disease Control and Prevention
[9]. Calculated BMI percentiles were then used to
categorize each participant as underweight (BMI < 5th
percentile), normal weight (5th < BMI < 85th percentile),
overweight (85th<BMI<95th percentile), or obese
(BMI > 95th percentile). Subischial leg length was calcu-
lated as standing height minus sitting height [10].

Physical Activity intensity

Respiratory gas concentrations (oxygen consumption
[VO,] and carbon dioxide production [VCO,]) and flow
volumes (L/min) during treadmill bouts were measured
using a validated portable metabolic system (COSMED
K4b2, Rome, Italy; [11]). The device was calibrated ac-
cording to the manufacturer’s recommendation prior to
use.

Metabolic testing procedures

Participants were required to be in a fasted state (no
food or calorie/caffeine containing beverages) for at least
4 h prior to the start of metabolic testing. Following a
25-min seated resting period (which included several
sedentary activities not reported on herein [i.e., seated
rest, coloring in a book, watching a movie), participants
sequentially completed a series of up to 10 five-minute
ambulatory treadmill bouts at 0% grade. The first tread-
mill bout began at 13.4 m/min (0.5 mph) and each sub-
sequent bout increased in speed by 13.4 m/min up to a
maximum of 134.0 m/min (5 mph; see Additional File 1,
for miles/h and km/h conversions). Treadmill testing
was terminated following the first bout when the partici-
pant naturally transitioned to running, or if they chose
to not continue, reflecting their personal tolerance.

A trained technician visually counted accumulated
steps with a hand tally counter during each 5-min bout
and a video recording was made of each participant’s
lower body movements. Video recordings were referred
to in the event that staff-disclosed miscounting or when
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ambiguous data were identified during post-test process-
ing. For the activities evaluated herein, a “step” was
counted anytime a participant raised their foot off the
treadmill and subsequently replaced it while supporting
their own weight [1, 12, 13] Start and end times of each
bout were recorded.

Data processing and aggregation

Breath-by-breath measurements of absolute and mass-
specific VO, (L/min and mLkg:min™ ', respectively) within
each minute of collected metabolic data were aggregated
(averaged) to produce a minute-by-minute data file for
each participant. Youth metabolic equivalents (METy,)
were calculated as mass-specific VO, divided by resting
mass-specific VO, [estimated using the Schofield equa-
tion; [14] for participants between 6 and 17 years of age,
while traditional metabolic equivalents (METs) were cal-
culated as mass-specific VO, divided by 3.5 mLkg-min ™"
for participants between 18 and 20 years of age. MET,
was chosen to quantify the energy cost of activity for the
participants between 6 and 17 years of age as published
evidence has demonstrated this metric provides balance in
attenuating the sex- and age-dependence of energy ex-
penditure estimates in children and adolescents across a
range of activities [15, 16]. Moreover, we chose to calculate
MET, using estimated resting VO, as opposed to directly
measured resting VO,, based upon our previous research
demonstrating the former outperforms the latter in produ-
cing an age-independent metric of metabolic intensity
among youth across a range of activities [16]. Traditional
METs were used to quantify the energy cost of activity
among participants 18—20 years of age to enable compari-
son with the cadence and intensity relationship in adults.
A single MET, or METs value was then calculated for
each completed treadmill bout by averaging values from
minutes 4 and 5 where steady state was achieved. Steady-
state ascertainments during treadmill bouts were evalu-
ated by inspecting breath-by-breath VO, variability corre-
sponding to minutes 4 and 5 from each bout. Those bouts
with absolute VO, variability < 10% were deemed steady-
state [17]. Bouts not meeting this criterion were excluded
from analyses. Observed steps/min was calculated by div-
iding the total steps visually counted in each activity by
5 min, representing the duration of each bout. Step data
were retained only when the participant completed the en-
tire 5-min bout.

Moderate, and vigorous intensity MET, and METs cut
points were defined as follows. For participants 6—
17 years of age, moderate intensity was defined as >4
and <6 MET,, and vigorous intensity was defined as >6
MET,. For participants 18—20 years of age, moderate in-
tensity was defined as 23 and <6 METs, and vigorous
intensity was defined as 26 METs. Considerable dis-
agreement exists in regards to selecting MET cut points
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consistent with various intensities of physical activity
among children and adolescents [18, 19]. Although 3
METs has typically been considered indicative of moder-
ate intensity among adults [20], evidence in children and
adolescents indicates that brisk walking (= 5.6 km/h; [21,
22]), a common indicator of moderate intensity physical
activity communicated in public health guidelines [23],
elicits absolute physical activity intensities closer to 4
METs than 3 METs [16-18]. As such, for participants
6-17 years of age, 4 MET, was used herein to indicate
moderate intensity, consistent with previous accelerom-
eter calibration and validation studies in children and
adolescents [17, 21]. Similarly, vigorous intensity was de-
fined >6 METy and METs, consistent with these previ-
ous studies.

Analytic Sample

Of the 1230 possible treadmill bouts (123 participants * 10
treadmill bouts), 249 treadmill bouts were not completed
after the participant terminated testing. Of the remaining
981 treadmill bouts, 129 bouts were excluded due to not
meeting our a priori steady-state criteria (i.e., participant
failed to complete the entire 5-min bout or absolute VO,
variability was >10%) and 4 bouts from a single partici-
pant were excluded due to a malfunction of the portable
metabolic system. As a result of the 382 excluded bouts
described above, a total of 3 participants from the initial
123 did not have any usable data available for analyses.
This resulted in a total of 848 treadmill bouts available for
analyses among 120 participants (see Additional File 2
to view/download the final analytical data set and
Additional File 3 for the accompanying data dictionary).

Statistical analyses

All statistical analyses were conducted using R (version
3.3.1; R Foundation for Statistical Computing, Vienna,
Austria) and significance was defined as p <0.05. De-
scriptive statistics (means, ranges, frequencies) were cal-
culated to characterize the sample and graphical
techniques were used to visually explore variable distri-
butions (histograms and q-q plots) and the relationship
between cadence and physical activity intensity (scatter
plots with cadence on the x-axis and METs/METs on y-
axis).

Preliminary Analyses

Graphical depictions across the range of evaluated tread-
mill speeds tended to indicate the presence of two dis-
tinct linear trends between cadence and metabolic
intensity (i.e., a segmented relationship). This was fur-
ther confirmed by analyses demonstrating higher Mar-
ginal R*> and lower AIC values for segmented models
predicting metabolic intensity from cadence than for lin-
ear or curvilinear approaches (data not shown). As such,
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for participants 6-17 years of age, a segmented random
coefficients model was fitted with In(MET,) as the
dependent variable, and two cadence basis functions
(Fig. 1) serving as independent variables. An iterative
procedure was used to identify an optimal breakpoint
which minimized the model deviance for the segmented
model. Utilizing this basic framework, a series of ran-
dom coefficients models were fitted evaluating the influ-
ence of age, biological sex, BMI,, and leg length in terms
of their potential influence as additional independent
variables within predictive models while exploring the
significance of their interactions and main effects. For
participants 18-20 years of age, the same preliminary
analytic strategy was used while using In(METs) as the
dependent variable. In(MET,) and In(METs) were chosen
as the dependent variables in all models to yield homo-
scedastic residual distributions that more closely approx-
imated normality than those obtained from modelling
untransformed MET, or METs.

Primary analyses

For participants 6-17 years of age, separate segmented
random coefficients models with In(MET,) as the
dependent variable, and two cadence basis functions as
independent variables (Fig. 1) were fitted for four differ-
ent age groups (6-8, 9-11, 12—14, and 15-17 years). For
participants 18-20 years of age, the same primary ana-
lytic strategy was used to fit a single model using
In(METs) as the dependent variable. Marginal R* values
(iE., variance explained by each model’s fixed-effects fac-
tors) were calculated for each model [24]. Fitted models
were used to solve for cadence thresholds corresponding
to 4 and 6 MET, for 6-17 year old participants, and 3
and 6 METs for 18-20 year old participants (moderate
and vigorous intensity, respectively for MET, and
METs). Calibration intervals (99%) for each identified ca-
dence threshold were computed using inverse estimation
[25]. Sensitivity and specificity were then quantified rela-
tive to each regression-identified cadence threshold.
Additionally, receiver operating characteristic (ROC)
curves were used to identify optimal cadence thresholds
(minimum d=vV[(1 - Sensitivity)2+ 1 - Specificity)z])
that maximized sensitivity and specificity when predict-
ing 4 and 6 MET, (6-17 year olds) or 3 and 6 METs
(18-20 year olds) within each age group. Confidence in-
tervals (99%) for optimal thresholds, and area under the
curve (AUC) were obtained using the bootstrap with
20,000 replicates. ROC curve AUC values were inter-
preted as excellent (> 0.90), good (0.80-0.89), fair (0.70—
0.79), and poor (< 0.70; [26]).

Heuristic cadence threshold determinations
Using the more precisely identified regression and ROC
curve-based moderate and vigorous intensity cadence
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thresholds, a more parsimonious set of heuristic thresh-
olds (i.e., evidence-based, practical, rounded values) were
generated for use in public health contexts. To this end,
heuristic cadence thresholds consistent with moderate
and vigorous intensity were defined as the steps/min
value (in multiples of 5 steps/min) that minimized the
mean distance between the heuristic threshold and the
identified regression and ROC curve-based thresholds.

Once each heuristic cadence threshold was identified,
sensitivity and specificity were quantified.

Results

Descriptive characteristics of the 120 children, adoles-
cents, and young adults included in the analytic sample
are presented in Table 1. As intended, the sample was
distributed across sexes and evaluated age groups while
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Table 1 Descriptive characteristics of the analyzed sample

Variable Boys (n=60) Girls (n =60) Total (n=120)
Race/ethnicity (n)

African-American 20 22 42

Caucasian 38 37 75

Other 2 1 3
Age ranges (n)

6-8y 12 10 22

9-11y 12 13 25

12-14y 12 13 25

1517y 12 12 24

18-20y 12 12 24
Age () 130 + 43 131 + 42 131 + 43
Weight (kg) 573 + 227 544 + 221 558 + 223
Height (cm) 1578 £ 191 1530 =+ 141 1554 =+ 169
Sitting height (cm) 821 + 95 810 =+ 74 815 + 85
Leg length (cm) 757 £ M3 721 £ 73 739 + 97
BMI (kg/mz) 222 + 57 225 + 68 224 + 63
BMI percentile 647 + 318 644 =+ 306 646 =+ 31.1
BMI z-score 061 £ 125 057 £ 118 058 £ 1.21
BMI classifications (n)"

Underweight 3 3 6

Normal weight 33 36 69

Overweight 1 7 18

Obese 13 14 27

Notes. Data are presented as frequencies or M £ SD. BMI = body mass index.
BMI classifications defined as BMI < 5th percentile (underweight), 5th < BMI <
85th percentile (normal weight), 85th < BMI < 95th percentile (overweight), and
BMI > 95th percentile (obese)

the race/ethnic distribution was heterogeneous including
large proportions of African-American (35.0%) and Cau-
casian (62.5%) participants. Mean age of the overall sam-
ple was 13.1+4.3 years and the proportion of
participants classified as overweight or obese (37.5%)
was slightly higher than nationally representative esti-
mates for U.S. 6-19 year olds (=34%; [27]). Sample sizes,
cadence values, VO,, MET,, and METs for each tread-
mill bout are available (see Additional File 4 for table of
values). We have previously reported descriptive energy
expenditure data among this sample in an effort to sup-
port the development of the Youth Compendium of
Physical Activities [16].

Preliminary analyses revealed a significant cadence*-
age interaction (p < 0.005) for children and adolescents
between 6 and 17 years of age. Further age group
stratified analyses revealed no significant sex main ef-
fects or cadence*sex interactions among 6-8, 9-11,
12-14, or 15-17 year olds. However, a significant
cadence*sex interaction was noted among 18-20 year
olds (p=0.036). No significant BMIz main effects or
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cadence*BMIz interactions were noted for 9-11, 15—
17, and 18-20 year olds. However, a significant BMIz
main effect was observed among 6-8 year olds (p =
0.025) and a significant cadence*BMIz interaction was
noted for 12-14 year olds (p =0.020). No significant
leg length main effects or cadence*leg length interac-
tions were observed among 6-8 and 15-17 year olds.
However, significant cadence*leg length interactions
were noted for 9-11 (p = 0.033), 12—-14 (p = 0.002), and
18-20 year olds (p = 0.036).

Age-group stratified scatterplots of cadence and
In(MET,) for 6-17 year olds, and cadence and
In(METs) for 18-20 year olds, are depicted in Fig. 1.
For each age group, graphical displays revealed the
presence of a segmented relationship between cadence
and metabolic intensity. Estimated cadence thresholds
consistent with moderate and vigorous intensity (6—
17 year olds: 4 and 6 MET,, respectively; 18-20 year
olds: 3 and 6 METs, respectively) from the age-group
stratified regression models are presented in Table 2. In
general, an inverse relationship between cadence
thresholds and age was observed. Identified thresholds
consistent with moderate intensity varied from a high
of 128.4 steps/min among 6-8 year olds to a low of
87.3 steps/min among 18-20 year olds. Regression-
based thresholds consistent with vigorous intensity
ranged from 157.7 steps/min among 6-8 year olds to
126.3 steps/min among 15-17 year olds. Optimal ca-
dence thresholds consistent with moderate and vigor-
ous intensity identified via ROC curve analyses are
presented in Table 3. Similar to regression-based re-
sults, optimal cadence thresholds appeared to be in-
versely related to age. Optimal thresholds consistent
with moderate intensity ranged from 121.3 steps/min
among 6-8 year olds to 95.9 steps/min among 18-
20 year olds. Optimal thresholds consistent with vigor-
ous intensity ranged from 149.0 steps/min among 6—
8 year olds to 119.3 steps/min among 18-20 year olds.
Overall, AUC from ROC curves indicated that cadence
served as an excellent predictor (all AUC=0.93) of
moderate and vigorous intensity activity. Heuristic ca-
dence thresholds consistent with moderate and vigor-
ous intensity are presented in Table 4. To reiterate,
these thresholds were identified as the cadence value
(in multiples of 5 steps/min) that minimized the mean
distance between the heuristic cadence thresholds and
the identified regression and ROC curve-based thresh-
olds. These heuristic cadence thresholds ranged from
125 to 90 steps/mins for moderate intensity and 155 to
125 steps/min for vigorous intensity, with higher ca-
dences for younger age groups. Sensitivity and specifi-
city values for these heuristic cadence thresholds were
similar to the regression and ROC curve-based thresh-
olds (Tables 2 and 3).
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Table 2 Identified cadence thresholds (steps/min), sensitivity, and specificity corresponding to moderate and vigorous-intensity

derived from regression analyses

6-8 year olds® 9-11 year olds®

12-14 year olds®

15-17 year olds® 18-20 year olds”

Intensity ~ Measure Cadence  99% CI' Cadence  99% CI' Cadence  99% CI' Cadence  99% CI' Cadence  99% CI'
Moderate  Thr 1284 121.7-1345 1165 109.3-1239 1066 102.5-111.0 1013 97.5-104.8 873 794-95.7
Se (%) 60.6 89.1 90.9 95.2 94.2
Sp (%) 94.7 89.5 86.7 925 80.0
Vigorous  Thr 157.7 151.8-1640 1427 1346-1528 1293 124.1-1356 1263 1229-1298 1299 126.3-1336
Se (%) 85.7 38.1 66.7 86.5 756
Sp (%) 100.0 97.7 96.2 98.6 98.1

Notes. Thr = Cadence thresholds in steps/min. Se = sensitivity. Sp = specificity. ® Thresholds estimated using MET, (mass-specific VO, [mL-kg-min~"] divided by
resting mass-specific VO, [estimated using the Schofield equation]) with moderate and vigorous intensity cut points of 4 and 6 MET,, respectively. ® Thresholds
estimated using METs (mass-specific VO, [mLkg-min~ '] divided by 3.5 mL-kg:min~") with moderate and vigorous intensity cut points of 3 and 6 METs, respectively.

TCalibration intervals (99%) derived using inverse estimation

Discussion

Cadence has been linked strongly to intensity in adults,
with accumulating evidence consistently supporting a
cadence of =100 steps/min as a reasonable heuristic
threshold (i.e., evidence-based, practical, rounded value)
associated with absolutely-defined moderate intensity
ambulation [1]. CADENCE-Kids was undertaken pri-
marily to extend this evidence base and ultimately to es-
tablish similar heuristic thresholds consistent with
moderate and vigorous intensity ambulatory activity in
children, adolescents and young adults. Across the de-
velopmental span of 6-20 years of age, the data herein
lead us to conclude that heuristic cadence thresholds
range from 125 to 90 steps/min for moderate intensity,
and from 155 to 125 steps/min for vigorous intensity,
with higher cadences for younger age groups. These
heuristic cadence thresholds are not intended to convey
absolute precision of intensity, but are instead intended
to be used as guiding values to inform generalized
cadence-based physical activity recommendations and/or
accelerometer data processing and analysis techniques.

To our knowledge there exists only one study, con-
ducted by Morgan et al. [7], that has attempted to estab-
lish cadence thresholds using a criterion standard for
steps (direct observation) and objective measurement of
absolutely-defined intensity (indirect calorimetry). Their
analyses indicated that moderate intensity (4 METs) was
associated with 140 steps/min in healthy weight 9-10 year
olds and 130 in steps/min 11-12 year olds. For over-
weight/obese children, moderate intensity was associated
with 130 steps/min in 9-10 year olds and 120 steps/min
in 11-12 year olds. Discrepancies between the thresholds
reported by Morgan et al. and those presented herein may
be attributed (in part) to a differing definition of moderate
intensity (age-adjusted METs = elicited VO, divided by
resting VO,), as opposed to the MET, definition employed
herein (39). Further, their study contained a relatively
small sample size (N =23, with only n =4 actually classi-
fied as overweight/obese) and their treadmill protocol was
limited to only four speeds.

Despite the minimal number of children and adolescents
classified as overweight/obese in their study, Morgan et al.

Table 3 Identified cadence thresholds (steps/min), sensitivity, specificity, and area under the curve (AUC) corresponding to moderate

and vigorous-intensity derived from ROC curve analyses

6-8 year olds® 9-11 year olds®

12-14 year olds®

15-17 year olds® 18-20 year olds”

Intensity ~ Measure  Cadence  99% Cl Cadence  99% ClI Cadence  99% Cl Cadence  99% Cl Cadence  99% Cl
Moderate  Thr 1213 1063-1349 1163 112.6-120.1  108.7 100.6-1144 1056 97.7-1075 959 85.7-96.4

Se (%) 84.8 89.1 87.5 91.3 87.8

Sp (%) 88.2 89.5 943 97.8 96.7

AUC 0.94 0.88-0.98 094 0.86-099 097 0.95-099  0.99 098-1.00 097 0.95-0.99
Vigorous  Thr 149.0 1475-1672 1219 121.2-1358 1163 109.9-1305 1243 117.2-1263 1193 118.3-129.0

Se (%) 100.0 100.0 97.2 923 100.0

Sp (%) 99.0 77.5 82.2 97.9 87.7

AUC 1.00 0.99-1.00 093 0.86-098 096 0.92-0.98  0.99 0.98-1.00  0.98 0.97-0.99

Notes. Thr = Cadence thresholds in steps/min. Se = sensitivity. Sp = specificity. AUC = area under the curve. ® Thresholds estimated using MET, (mass-specific VO,
[mL-kg-min~'] divided by resting mass-specific VO, [estimated using the Schofield equation]) with moderate and vigorous intensity cut points of 4 and 6 MET,,
respectively. ® Thresholds estimated using METs (mass-specific VO, [mL-kg:min~"] divided by 3.5 mL-kg:min~") with moderate and vigorous intensity cut points of

3 and 6 METs, respectively
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Table 4 Heuristic cadence thresholds (steps/min) for moderate and vigorous intensity based on regression and ROC analysis

Regression thresholds

ROC thresholds Heuristic thresholds

Intensity Age (years) Cadence 999% CI" Cadence 99% Cl Cadence Se Sp

Moderate 6-8° 1284 121.7-134.5 1213 106.3-1349 125 7838 934
9-11° 116.5 109.3-1239 1163 112.6-120.1 115 89.1 86.0
12-14° 106.6 102.5-111.0 108.7 100.6-1144 110 864 95.2
15-17° 101.3 97.5-104.8 105.6 97.7-107.5 105 91.3 96.8
18-20° 87.3 794-95.7 959 85.7-96.4 90 914 86.7

Vigorous 6-8° 157.7 151.8-164.0 149.0 147.5-167.2 155 85.7 99.0
9-11° 142.7 134.6-152.8 1219 121.2-135.8 130 81.0 87.6
12-14° 1293 124.1-135.6 1163 109.9-130.5 125 77.8 93.0
15-17° 1263 122.9-129.8 1243 1172-1263 125 86.5 97.9
18-20° 1299 126.3-133.6 1193 118.3-124.9 125 86.7 94.8

Notes. Se = sensitivity. Sp = specificity. ® Thresholds estimated using MET, (mass-specific VO, [mL-kg-min~'] divided by resting mass-specific VO, [estimated using
the Schofield equation]) with moderate and vigorous intensity cut points of 4 and 6 MET,, respectively. ® Thresholds estimated using METs (mass-specific VO,
[mLkg-min~"] divided by 3.5 mLkg-min~") with moderate and vigorous intensity cut points of 3 and 6 METs, respectively. TCalibration intervals (99%) derived

using inverse estimation

[7] indicated that BMI significantly influenced the relation-
ship between cadence and energy expenditure, and sug-
gested that cadence recommendations consistent with
moderate intensity should be specific to a given individual’s
obesity status. Although our analyses did reveal significant
BMIz-related effects among 6-8 and 12—14 year olds with
respect to metabolic intensity, the magnitude of these ef-
fects were rather small. Additionally, no significant BMIz-
related effects among 9-11, 15-17, and 18-20 year olds
were observed. To further investigate this point, we con-
ducted additional follow-up analyses to evaluate the poten-
tial magnitude of BMI-related differences in identified
cadence thresholds by refitting our age-group specific re-
gression models following stratification for obesity status
(non-overweight: BMI < 85th percentile vs. overweight/
obese: BMI > 85th percentile). For both moderate and vig-
orous intensity, the average absolute difference in cadence
thresholds between non-overweight and overweight/obese
participants across all age groups was 2.7 + 2.7 and 2.5 £ 2.2
steps/min, respectively. This magnitude of difference is
small and calls into question the need for separate BMI-
based cadence recommendations. On the other hand, leg
length did significantly influence the relationship between
cadence and intensity among some age groups (9-11, 12—
14, and 18-20 year-olds), consistent with previous pub-
lished work by Beets et al. among adults [28]. Steps/min
thresholds for moderate intensity at minimum and max-
imum values of leg length varied most among 9-11 year
-olds (64.3 cm leg length =121 steps/min; 83.5 c¢cm leg
length =110 steps/min). Considering the maximum 11
steps/min difference in moderate intensity thresholds
herein is substantially smaller than the 26 steps/min differ-
ence (85 to 111 steps/min for leg lengths of individuals 1.52
to 1.98 m in height) observed among 20 to 40 year-olds by
Beets et al. [28], it would appear that leg length may have a

smaller influence on the relationship between cadence
and metabolic intensity among children and adolescents
than adults. However, such comparisons should be taken
with caution considering some of the protocol differences
between this investigation and that conducted by Beets
et al. (treadmill ambulation vs. over-ground walking, up to
10 stages [13.4 to 134.0 m/min] vs. 5 stages [30 to 90 m/
min], among others). Regardless, it may be prudent to
correct for leg length in predictive models for scientific
research purposes, and possibly clinical applications; how-
ever, this does not seem feasible or even appropriate
within public health contexts where simplicity of messa-
ging is often a priority [29].

Heuristic thresholds derived from segmented regres-
sion and ROC analyses among young adults (18—
20 years) herein indicated moderate intensity (3 METs)
was best defined using a stepping rate of 90 steps/min.
This value falls 10 steps/min below the ubiquitous 100
steps/min recommendation indicative of moderate in-
tensity among adults [1]. However, it should be noted
that this single 100 steps/min recommendation is a
heuristic value itself representing a range of steps/min
thresholds (85 to 115+ steps/min) observed from a series
of controlled laboratory studies evaluating the relation-
ship between directly observed cadence and metabolic
intensity [28, 30-33]. The variability in this range of
thresholds is most likely attributable to differences in
participant characteristics (e.g., leg length, height, obesity
status, etc.), analytical methods (e.g., simple linear re-
gression, curvilinear models, ROC analyses, etc.), and
ambulatory protocols (e.g., treadmill vs. over-ground
ambulation, three to six ambulation speeds, etc.). As
such, the 90 steps/min value observed herein falls within
the range of values encapsulated within the 100 steps/
min recommendation. This study provides further
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evidence that an approximate stepping rate of 100 steps/
min is indicative of moderate intensity activity in adults.

We must acknowledge that CADENCE-Kids was a
laboratory-based study, executed under controlled condi-
tions, and likely does not reflect enacted free-living ambu-
latory behavior undertaken in all contexts. Children’s
physical activity behaviors are known to be more sporadic
and incidental in nature as opposed to rhythmic and con-
tinuous [34]. For example, Barreira et al. [35] reported that
U.S. children and adolescents spent ~4 h/day at zero ca-
dence during daily accelerometer wear time, ~8.9 h/day be-
tween 1 and 59 steps/min, ~22 min at 60—79 steps/min,
~13 min at 80-99 steps/min, =~ 9 min at 100-119 steps/
min, and ~ 3 min at cadences >120 steps/min. However, it
is difficult to ascertain instantaneous intensity from breath-
by-breath indirect calorimetry, as a steady state is required
for quality data collection and interpretation. As such, the
results of this laboratory study are defensible in providing
initial heuristic values to guide evaluation of children’s and
adolescent’s ambulatory activity, specifically continuous
walking and running. A separate analyses of simulated
free-living activities (including sedentary behaviors) col-
lected as part of the CADENCE-Kids study is planned to
examine step accumulation patterns and intensity during
these activities. A further, more focused effort on free-
living time-stamped ambulatory behavior is required to de-
termine whether or not more instantaneous patterns and
rates of movement are indeed better metrics to track in the
context of predicting health outcomes. Despite the limita-
tions outlined above, this study provides the foundational
evidence required to support the use of cadence-based
thresholds for intensity estimation in children, adolescents,
and young adults. This evidence may enhance the utility of
consumer and research-grade physical activity monitors
that uniformly report steps as an output variable.

Building on the existing empirical literature base,
CADENCE-Kids implemented a superior study design
that included a broad age range across the developmental
age span (the largest sample to date), employed the defini-
tive criterion standard of directly observed steps, used in-
direct calorimetry for measurement of absolutely-defined
intensity, utilized a youth-appropriate MET cut point to
establish moderate and vigorous intensity, and applied
multiple statistical approaches to generate evidence to in-
form the selection of heuristic cadence thresholds for
moderate and vigorous intensity ambulatory behavior.
Segmented random coefficients models and ROC curve
analyses were used to evaluate the cadences required to
achieve moderate and vigorous intensity. Both methods
have strengths and weaknesses. For example, regression
models can be disproportionally influenced by extreme
values while ROC curves are based only on ranks. Hence,
even if there are small differences between the two
methods, it is important to remember that our primary
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aim was to define appropriate heuristic thresholds. There
are also some limitations to acknowledge. Firstly, we fully
acknowledge natural intra- and inter-individual variability
in the cadence-metabolic cost relationship, thereby affect-
ing the individual applicability of heuristic cadence thresh-
olds. Secondly, cadence is an ambulatory indicator and
thus does not capture the full repertoire of all possible hu-
man movements. Thirdly, the data reported herein were
generated in a controlled laboratory setting using an in-
cremental treadmill protocol. As discussed above, instant-
aneous movement rates, typical in the free-living setting,
may convey something completely different in terms of
energy expenditure, when compared to rhythmic, continu-
ous, and persistent behavior patterns.

This study opens up a new avenue of research into
measurement and modulation of young people’s object-
ively monitored ambulatory behavior. Clearly at least one
ensuing and confirmatory study needed is to manipulate
cadence (perhaps by auditory prompt) as guided by these
proposed heuristic thresholds and gauge the consequent
metabolic response. Another is a more dedicated investi-
gation of how anthropometric factors influence the ca-
dence and intensity relationship, exploring the use of
simple clinical measures of stature or leg length, for ex-
ample, to improve upon the broadly inclusive heuristic
thresholds proposed here. Finally, it may be possible to
move from heuristic thresholds to those that are more in-
dividually calibrated; we have recently piloted the possibil-
ity of interpreting children’s free-living accelerometer data
based on individualized cadences derived a priori from
short-distance walking tests [36].

Conclusions

Despite the acknowledged limitations outlined above for
cadence-based thresholds, we believe that the generation of
this additional knowledge, combined with that provided
herein and previously reported, will be inherently useful for
a broad base of research, clinical, and population-based ap-
plications and therefore will also provide an important basis
for translating common intensity-related information across
these overlapping settings. Imagined applications include
physical activity researchers employing covert observation
techniques to estimate intensity of ambulatory activity in
school playgrounds, physical education teachers leading ac-
tivities that help children explore their own natural ca-
dences under different conditions, and improvements to
consumer and research-grade physical activity monitors to
provide real-time cadence outputs to users. These thresh-
olds must be used with caution, however, until they are
rigorously cross-validated with other study samples. Al-
though confirmatory research is needed to firmly establish
any proposed heuristic cadence threshold, additional intel-
lectual effort is needed to broaden potential applications if
such a metric is to be maximally useful.
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