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1. Introduction

Physical activity (PA) shows consistent cross-sectional associations to different
cardiometabolic risk markers in children (1). However, these associations are less
conclusive in prospective studies (2). Accurate assessment of PA is essential in
epidemiological studies. The duration, intensity and patterns of sedentary time (SED)
and PA are crucial to assessing the direction and magnitude of association to health
outcomes, effects of interventions, population levels and trends, and to clarify which
dimension of PA that is associated with a specific outcome (3). Accelerometry has
gradually replaced questionnaires as a feasible method applicable in large population-
based studies. The most frequently used accelerometer is the ActiGraph (4). Their
earlier models recorded activity on a uniaxial basis, but after the introduction of the
GT3X the use of triaxial accelerometry has become possible. In a triaxial output the
medio-lateral, vertical, and antero-posterior axis are squared and combined into a vector
magnitude. When recording human movement by accelerometry most acceleration is
generated from walking behavior and the vertical displacement of the center of mass.
The total vertical displacement increases with step frequency which are largely
dependent on body height and lower extremity length (5). The recorded acceleration
goes through filters and digital converters to create a raw acceleration signal. The
amount of time spent at different intensities are determined by applying pre-established
cut points. These cut points categorize the acceleration into SED, light physical activity
(LPA), moderate physical activity (MPA) and vigorous physical activity (VPA) which
is usually expressed in a count per time interval (e.g. counts per minute (CPM)). These
different PA counts are arbitrary, differ between ages (6) and are used as an expression
of PA intensities (7). In a vector magnitude the vertical axis explains the majority of
CPM with up to 95% of the variance during daily routine movements (8). The
difference in the final PA outputs intensity classification from the vector magnitude and
vertical axis seem dependent on the type of activity and intensity of the activity being
done (8). The correlation to doubly labeled water determined PA energy expenditure
differs between uni- and triaxial accelerometry. Uniaxial correlation to doubly labeled
water determined PA energy expenditure is low to moderate (0.37-0.56), but higher
correlations are found for triaxial accelerometry (0.32-0.79) (9). This suggests that using
triaxial accelerometry provides a better measure of total PA volume. Recently it has

been investigated how uni- and triaxial PA are associated with cardiometabolic health in



children. The uni- and triaxial PA levels varied but were highly correlated (r=>0.72)
(10). When analyzing the medio-lateral, vertical and antero-posterior axes separately,
they were all associated with cardiometabolic health, but their strongest association
varied in the amount of CPM. The vertical axis showed the strongest association to
cardiometabolic health at 7000-7499 CPM while the antero-posterior axis was strongest
at 6000-6499 CPM and the medio-lateral axis 100-249 CPM. The vector magnitude
pattern reflected the three axes combined and showed the strongest association at 9499-
9999 CPM. The vector magnitude achieved a higher model fit (R?=18.9%) than the
vertical axis (R?=17.0%). These results suggest different associations between uni- and
triaxial derived PA and cardiometabolic health and a potential for future use of triaxial

accelerometry (10).
Gaps in current research

The article by Aadland and colleagues broke new ground in accelerometer research by
uncovering a considerable difference between uni- and triaxial accelerometry and its
association to cardiometabolic risk markers. This was the first article to compare the
vertical axis and vector magnitude from ActiGraph accelerometers in children. They
applied a multivariate pattern analysis to their data which we don’t know how compares
to the traditional cut point approach (10). Their results were cross-sectional which is
prone to reverse causation that are avoidable with prospective studies that can adjust for
outcome baseline values and be able to account for potential benefits of altered PA
levels. The uni- and triaxial difference remains unclear for the time spent in different

PA intensities and the magnitude and shape of association to cardiometabolic health.
Study aim

This study will compare uni- and triaxial derived time spent sedentary, light, moderate,
vigorous, and moderate-to-vigorous physical activity (MVPA). We will investigate if
uni- and triaxial accelerometry has implications for the magnitude and shape of the
prospective association to cardiometabolic risk markers in children. We aim to:
Compare the magnitude and shape of association between SED, LPA, MPA, VPA, and
MVPA from uni-and triaxial accelerometry in different epoch lengths to a composite

cardiometabolic risk score in children.



Uni- and triaxial differences

When recording human movement different activities can consist of complex agile
motion. The collection and storage of uni- and triaxial PA outputs for ActiGraph differs.
A triaxial signal includes the medio-lateral = x, vertical = y and antero-posterior = z

axis. Combining these and squaring them (y/x2 + y2 + z2) gives us a vector
magnitude. There has been indications that uni- and triaxial accelerometry are
comparable for assessing SED, but methods and protocols varies across studies (11).
The time spent in different PA intensities vary with the data processing criteria used.
Comparison between studies are complicated as this would require standardization of
data processing across studies. The studies comparing uni- and triaxial accelerometry
have used two or more different accelerometers, which limits comparability and
complicates interpretation of results. Accelerometer post-processing decisions affects
the amount of time spent in each PA intensity estimate. These differences are largely
dependent on post-processing decisions and lead to limited agreement between datasets.
The final PA intensity estimates are considered data reduction specific (12). In the
vector magnitude output the vertical axis generally explains the majority of CPM.
However, this is largely dependent on what activity and the intensity of it as the uni-
and triaxial difference grows as the intensity increases. This is especially evident in
activities that consists of complex, rapid and agile movement (8). Triaxial
accelerometry are expected to record a wider range of movement in activities compared
to uniaxial accelerometry. The use of triaxial accelerometry results in significant
differences for all PA intensities in adults with less SED and more time spent in LPA
and MVPA registered compared to uniaxial outputs (13). The increase in MVPA leads
to higher PA guideline compliance. It seems that triaxial accelerometry captures more
bouted and non-bouted movement than uniaxial, most prominently non-bouted MVPA
(13). Uni- and triaxial differences are smaller in laboratory settings, probably due to
movement restricted activities used in calibration studies. In laboratory conditions the
activities used may not include enough movement along the additional medio-lateral
and antero-posterior axes, which could be expected in free-living conditions (14).
Activities and movements along the medio-lateral axis or rotational movement (e.g.
dancing or gymnastics) will to some degree always involve some vertical displacement
(8). The difference between uni- and triaxial registered PA seem dependent on what

type of activity and the intensity of it. Activities with a high triaxial signature could



possibly result in PA estimate differences large enough to affect associations to
cardiometabolic risk markers.

Physical activity, sedentary time, and cardiometabolic risk

markers

PA is considered a continuum of intensity consisting of SED, LPA, MPA and VPA,
where MPA and VPA often are combined into MVPA (15). SED is defined as activity
not surpassing an energy demand of <1.5 metabolic equivalent of task (MET) while in a
sitting or reclining posture (16). LPA is defined as <4 MET, MPA <6 MET, VPA >6
MET and consequently MVPA >4 MET (17) when categorizing PA intensities in
children. Accelerometer assessed PA, especially higher intensities, is associated with
cardiometabolic risk markers (2, 18). LPA seems favorably associated with high density
lipoprotein (HDL), blood pressure and adiposity (19). Additional LPA should be
considered beneficial to cardiometabolic health in adjunction to fulfilling the PA
recommendations if possible. LPA is more feasible, but less potent than MVPA (19).
Obijectively assessed MVPA is consistently associated with cardiometabolic risk
markers. The strongest prospective associations is to insulin (18, 20, 21), triglycerides
(2, 22, 23) and clustered risk (2). The associations is moderated by cardio respiratory
fitness (CRF, 24,25) and adiposity (25-27). Furthermore, adjusting for MVPA,
moderates other associations (28). Certain aspects of SED, such as TV or screen time, is
associated with levels of adiposity when assessed by questionnaires (29), but may be
confounded by high energy food and beverage intake (30). There is no evidence for any
prospective association between SED and any cardiometabolic risk markers when
assessed by accelerometry (2). In this thesis SED will not differentiate types of
activities as we are not able to clarify the context of the behavior with our accelerometer
data.

Physical activity registration in children

Childrens PA level has previously been assessed through direct observation in small
groups and by proxy report in larger samples through different questionnaires. As
accelerometers became a feasible method and gradually replaced questionnaires the PA
studies among children were revolutionized. Compared to adults, children produce

higher step frequencies to compensate for shorter stride length (5). Most childrens daily
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PA are walking behavior just like adults, but childrens high intensity PA are thought to
occur in a more sporadic and intermittent manor, either through organized sport or

recreational play (31). The agreement between uni- and triaxial accelerometry varies in
different activities and sports (8). The PA registration process, differences and how this

relates to this thesis should be described.

The accelerometer records acceleration as an interpretation of human movement. The
first ActiGraph accelerometers had all the processing software integrated in the
accelerometer where the end product to the user was given as activity counts. Newer
generations of ActiGraph accelerometers allow for raw data storage and activity
registration for multiple weeks. A raw data signal consists of a gravitational component,
movement and noise. Values are expressed in milli (10) gravity-based units (mg)
where g=9.81 m/s? (earth’s gravity). Researchers can apply different processing criteria
to the raw data where the purpose is to give an estimate of bodily movement by
removing gravitational acceleration and noise from the signal (32). The signal provides
information about PA duration, intensity, patterns and inactivity. This is expressed in
activity counts, a unit that’s arbitrary to the accelerometer make and is without any
biomechanical or physiological meaning (7, 33). The counts are summed up into
epochs, where the epoch length determines the time period that activity strings are
aggregated and summarized. For example, a 10-s string of 2000-2500-2500-2500-2000-
3000-3500-3500-4000-4500 CPM would result in 6-s of LPA, 3-s of MPA and 1-s of
VPA in an 1-s epoch, whilst 5-s of LPA and MPA in a 5-s epoch (mean 2300 and 3700)
and 10-s of LPA in a 10-s epoch (mean 3000) when using the vector magnitude cut-

points of Romanzini (34).

From a biomechanical standpoint, most counts generated by walking behavior stems
from vertical displacement from a person’s center of mass, which makes stride length a
key determinant of walking/running. When walking/running speed increases so does the
stride length, but the frequency only to some degree (35). There is a linear increase in
vertical displacement when increasing walking speeds, with a major leap when
transitioning into running (5). For a given speed, children in general produce higher step
frequencies than adults to compensate for a shorter stride length. This suggests that the
children in our sample would produce increasingly more acceleration when walking and

running compared to adults at the same speed. This pattern would become even more
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distinctive if we were to compare the vector magnitude to the vertical axis. The vertical
displacement and hence counts, levels off when reaching running speeds of 10-12 km/h
(33). This is problematic seeing that individual gait patterns may vary greatly, and
movement frequencies may therefore rise above ActiGraph filters band pass limits,
which then would lead to attenuation of the acceleration frequency signal (5, 7). This
does however only affect our activity registration to a lesser degree, as children of our
samples age are thought to be unable to uphold such running speed for longer periods of
time. It has been proposed that widening the ActiGraph band pass filter (Standard
ActiGraph filter is 2.5 Hz) to 4 and up to 10 Hz may increase accuracy for capturing
movement and distinguish PA intensities, especially MPA from VPA. Widening the
frequency range reduces measurement bias with running activities above 10 km/h.
However, even with better classification of PA intensities there were no significant
increase in free-living measured VPA by widening the frequency range compared to the
original ActiGraph filter (36). When using narrow filters, the filtering process might be
influenced by the high step frequency seen in children, leading to more acceleration
being filtered out as noise. It’s been proposed that the relative contribution of noise in
the signal, especially in children, leads to a higher misclassification of lower PA
intensities, generally misclassifying SED as LPA (37). However, when widening the
filter, it led to a substantial increase in measured acceleration at higher intensities. The
frequencies were not evenly distributed, but dependent of the intensity. Widening the
filters had little impact on misclassification of SED and LPA, instead there was major
disagreement between MPA and VPA (37). The filters purpose is to attenuate non-
human movement or eliminating low frequency movement. Acceleration in human
movement is almost exclusively found between 1-10 Hz so widening filters further
seems unnecessary, especially for our age group. This could be explained by childrens
higher step frequency of walking/running, where each step would exert an acceleration
(movement), deacceleration (gravitational component) and a ground contact phase
(noise) thereby increasing the total amount of noise being filtered out related to MPA
and VPA (37). Because step frequency is proportional to the internal work, whereas the
vertical displacement of the center of mass is proportional to the external work the
increased step frequency would potentially lead to more noise being filtered out (5).

12



Accelerometer processing criteria and physical activity

estimates

When assessing PA by accelerometers there is multiple data processing criteria to
consider. Device placement, non-wear time criteria, valid day criteria, sampling
resolution, filter function, epoch length and intensity cut points all have the potential to
influence the final PA output. Decisions regarding device placement, sampling
resolution and the use of filter function are taken before collecting the data. Which non-
wear time and valid day criteria, epoch length and intensity cut points to use for the raw

acceleration data are applied afterwards.

The accelerometers placement varies mainly between hip and wrist. In adolescents there
have been reports of higher compliance with wrist-worn than hip-worn accelerometers
(38). However, similar wear-time compliance at the hip is seen when implementing a 24
h/day wear-time protocol. (39). Device placement results in differences in intensity
classification, with higher outputs of SED and all PA intensities from wrist than at the
hip. The intensity classification accuracy is generally higher for SED and LPA than
>MVPA when comparing wrist-worn to hip-worn measured PA (40). The ability to
discriminate between different types of SED seems to vary between
laboratory/calibration settings and free-living measurements (41). When comparing
non-dominant to dominant wrist and hip-worn placement, hip-worn achieved the
highest ROC-AUC of >0.90 for all cut-points. Even though large studies such as U.S.
National Health and Nutrition Examination Survey (NHANES) use wrist placement for
increased compliance (42) and the correlation to doubly labelled water are similar (43)
hip placement has historically been the favored device placement (6). This could be
attributed to the postural capabilities of hip-worn to classify SED, as a person might be
lying or sitting in a supine position and still register activity by moving their arms
and/or upper body (43). Additionally, activity is largely dependent on movement of the
center of mass (5).

Accurately assessing non-wear-time is crucial to get a precise estimate of actual wear-
time. The difference between SED and time when the accelerometer is not worn, is a
major problem for researchers. When analyzing accelerometer data, consecutive strings

of zero acceleration are identified and excluded from the total wear-time estimate (44).
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The choice of non-wear-time has the potential to influence both sample size and the
amount of registered SED. Shorter non-wear-time criteria lead to higher total CPM per
day by the exclusion of more time with zero recorded counts. Furthermore, the
percentage portion of SED decreases and all PA increases, with the opposite effect
observed with longer wear-time criteria (6). One study compared 10 different non-wear-
time criteria with adjacent logbooks. Their criteria were >10, 20, 30, 45, 60, 90, 60-1,
60-2, 90-1, 90-2, where -1 or -2 allows for short 1- and 2-min breaks in a string of zero
counts. While there were differences in the amount of SED, there was no significant
difference in time spent in LPA, MPA, VPA or MVPA with any duration used (45).
Another study compared four non-wear-time criteria (10, 20, 60 and 100 min of zero
string) with different sedentary cut-points in 9- and 15-year olds. They found a
significant increase in mean hours of SED per day between cut-points. However, there
was no significant difference between the non-wear-time criteria within each sedentary
cut point (46). Similar result were reported when upholding the non-wear-time criteria
of consecutive 20 min of zero string, where the PA estimate did not differ significantly
by epoch length (1, 5, 10, 15, 30 and 60-s) (47). There is no consensus regarding which
non-wear-time criteria that is best, as it seems to vary with the population being studied
(45, 48). Over the last decade there seems to be a trend to use shorter non-wear-time
criteria. This is possibly explained by the decrease in PA with age in children and

adolescents (49).

Similar to non-wear-time criteria, the valid day criteria has effect on sample sizes, as
more h/day needed for a valid day, the smaller sample size and consequently the study’s
statistical power (48). The required overall wear-time to accurately capture individuals
usual PA pattern varies. Recommendations vary by gender and age, usually between 3-
10 days. There have been recommendations that at least 7 days is enough to acquire
reliable PA estimates, but 3 days is the most frequently used inclusion criteria (44). The
fewer amount of days needed generally lead to bigger sample sizes, where more days
needed has the opposite effect. As the number of days increases so does the focus on
acquiring compliance rates to upkeep the sample sizes. This could be a reason why

researchers use less stringent criteria (44).

Since the release of the GT3X+ sampling between 30 and 100 Hz (in a 10 Hz interval)

has been possible. The higher resolution, the more detailed data, as the resolution
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determines how many times per second the acceleration-signal is recorded and stored.
The chosen resolution should reflect what and who are being investigated as sampling
frequency have shown to affect activity counts. Similar activity estimates are seen when
using 30, 60 and 90 Hz, which is referred to as the “multiplication principle”. When
comparing those sampling frequencies to other frequencies it led to increased activity
counts. For instance, when comparing 40 vs 30 Hz an increasingly higher total CPM are
observed for different walking and running speeds. Differences are credited to
manufacturers original filters which originally were developed for 30 Hz (50). In
children the filter function does not alter the total CPM significantly. There have been
comparisons between the ActiGraph normal filter function and the low frequency
extension filter. Where the ActiGraph filters purpose is to attenuate acceleration signals
outside of the normal frequency of human movement, the low frequency extension filter
extends the lower end of the cut-off, therefore making the measurement more sensitive
(51). The use of different filters seems to be dependent on what type of activity that is
being investigated. When investigating sleep, the difference over the course of 8h with
normal and low frequency extension filter resulted in 6 CPM more when the low
frequency extension filter was used (51). When widening the dynamic filter (0.29-1.66
Hz) from the original ActiGraph filter to 4 and 10 Hz an increasingly higher linear
increase in CPM up to running speeds of 10 km/h were observed between the filter
width (37).

The short and intermittent bouts of PA typically seen in children calls for shorter epochs
to accurately capture PA. For children the recommended epoch lengths is between 1 -
15-s (6). PA was previously captured using a 60-s resolution in children, due to device
storage capabilities. More recently shorter epoch lengths have been deployed, typically
being <15-s (44). The association between PA and cardiometabolic health are affected
by epoch length, and bout duration. When using different bout durations ranging
between 1-s — 60-min and analyzing them in 1, 10 and 60-s epoch length the total
amount of SED, LPA and VVPA varied, while overall PA, MPA and MVPA were
unaffected (52). The time spent in each intensity was dependent on the epoch setting.
The largest portions of MPA, VPA and MVPA was accumulated in 1 and 10-s epoch
lengths and in the shortest bout durations (1 - 9-s for 1-s epoch and 10 - 39-s for 10-s
epoch) (52). Cut points are reintegrated into smaller or larger epochs in many studies.

Although short epochs are recommended for children few cut points are calibrated in
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short epoch (e.g. 1 — 5-s). Reintegration into smaller or larger epochs is done with the
assumption that this does not change PA classification. One study found the activity
counts and MVPA estimates mean difference to be minimal and not significant (53).
The study by Logan et al found no differences in the total mean CPM between any
reintegrated epoch lengths for the vector magnitude. However, reintegrating the
Romanzini cut points from 1 - 60-s (1-5-15-30-60-s) resulted in a decrease in SED,
MPA, VPA and an increase in LPA (54). There are various epoch lengths used in
studies on children. If the bout length of PA is shorter than the epoch length it can lead
to misclassification of PA intensities (55). Studies have shown that by increasing the
epoch length, SED and VPA decreases, while LPA and MPA increases (54-56). The
differences in PA estimates when reintegrating epochs can be substantial, with so much
as >150 and >160 min/day of SED and LPA when reintegrating from 1 to 60-s epoch.
This might potentially skew associations between PA intensities and cardiometabolic
risk markers as each intensity are differently associated (55). The strongest association
to cardiometabolic health varies with epoch lengths, where longer epoch could lead PA
estimates to have stronger associations at lower amounts of CPM (57). The
accumulation of different intensities vary the most when comparing the shortest (1,2,3,5
and 10-s) to the longest (30 and 60-s) epochs commonly used (55). The shortest epochs
seems to be the most comparable when reintegrated from shorter epochs in children (55,
56). This further strengthens the growing consensus that calls for shorter epoch lengths

when assessing childrens PA level (58, 59).

There is no consensus about what set of cut-points to apply to accelerometer data. Cut
points vary for what and who is being investigated and there is a difference between the
use of vertical axis and vector magnitude cut points (60). When creating cut points, the
PA intensity thresholds are calibrated using different activities representable for SED
and different PA intensities. The activities are carried out while the oxygen
consumption is measured by a metabolic system. Some have used whole room
calorimetry, but the most common is a portable metabolic system. The protocol includes
activities or behaviors that are categorized by certain MET thresholds. The most
common thresholds of <1.5, >1.5, >4 and >6 MET are used to reflect SED, LPA, MPA
and VVPA respectfully, in children (17). There have been disagreements between the use
of 3 or 4 MET as the threshold for MPA in children, but seeing how walking behavior

that make up most of daily routine activity closer approximate 4 MET (17) and that
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children’s resting energy expenditure is greater than adults by relative weight (61), 4
MET seems most appropriate to classify MPA. The participants are instructed to do
different activities, household chores or other behaviors typical to a daily life routine.
Calibration protocols usually have 2-4 different activities for SED or PA intensities that
are presumed representative for that specific behavior at whole. These activities seem
arbitrarily chosen as there is no standardization across studies. They do however include
treadmill walking at different speeds that are either voluntarily selected by the
participants, researchers or extracted from the compendium of physical activities. The
discrepancy between MET thresholds for MPA and individual gait pattern differences
further complicates comparisons between studies using different cut points.

Cut point consideration

The cut points by Evenson and co-workers were validated and developed for the vertical
axis. They used a pre-established regression equation of the VO, measures and the heart
rate of their participants at 2,3 and 4 mph at treadmill walking/running to determine
their predicted VO2.max and maximum heart rate. These values were used to calculate the
most sensitive and specific thresholds for each cut point, were all cut points showed a
good (>0.80) ROC curve (62). They categorized SED as <100 CPM, LPA >100, MPA
>2296 and VPA as >4012 CPM. These cut points are frequently used in comparison to
others in youth (17), which is related to their calibration protocol including activities
that are less structured and more indicative to free living activity (62). The use of vector
magnitude in epidemiological studies are rare, and few ActiGraph cut points exist that
are eligible for our study sample of 5" graders. To be able to answer our research
question the cut points for vertical axis and vector magnitude need to be calibrated from
the same data. There are a limited number of studies that have developed vector
magnitude cut points applicable to our sample. One study validated cut-points in 5-9-
year-old (mean age 7.5-y) children using a 5-s epoch setting. Their protocol consisted of
different walking/running speeds (2, 4, 6 and 8 km/h) on a treadmill followed by some
free-play and ball activities (63). Similarly, Hanggi and colleagues developed vector
magnitude cut points in 1-s setting using children between 10-15 years old (mean age
10.8-y). Their calibration protocol consisted of activities lying down, sitting, standing,
Nintendo wii boxing and different treadmill speeds. The treadmill speeds were

determined in collaboration with the child to represent slow-brisk walk and slow-
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medium running speeds (11). Another study used prediction equations determined by an
artificial neural network model to develop cut points for the vertical axis and vector
magnitude. They used a sample of 31 adolescents with a mean age of 14.7 years old for
predicting combined cut points for children/youth. They calculated cut points for MPA,
VPA and very vigorous PA equaling 3, 6 and 9 MET (64). The aforementioned studies
share some limitations. Neither of them provides cut points for all intensities (SED,
LPA, MPA, VPA). Jimmy et al and Santos-Lozano et al does not provide cut points for
SED, while Hanggi et al do not separate MPA and VPA in their MVVPA cut point. This
would limit the comparability to other studies. The studies use a variety of different
activities and different walk/running speeds. The lack of standardization of activities
and speeds makes the cut points difficult to compare. These calibration protocols would
have greatly benefited from considering the accelerometer movement registration when
using triaxial accelerometry and the device placement. All the mentioned studies
include treadmill walking/running in their calibration protocol, even though it is easy to
standardize, the majority of movement stem from the vertical axis. The lack of activities
that would to a greater extent include the antero-posterior and medio-lateral should be
considered. The study by Hanggi included a 3 minute period of Nintendo Wii boxing
which in theory could be representative of childrens video gaming, but video gaming
would in most cases be carried out in a sitting or reclined position that would better
represent SED than LPA or in some cases MPA. In this case boxing would be a more
appropriate activity if the accelerometer were attached at the wrist rather than the hip.
Furthermore, the treadmill speeds used were randomly selected in collaboration with the
child. The authors themselves argues that this is a weakness as a conversion factor
between the number of axes included could not be calculated due to the variation of
agreement within the activities. The study by Santos-Lozano uses an artificial neural
network to determine their cut points. This method is rather complicated to use and
understand for the general researcher. They present a universal equation to determine
the cut points for youth, adults and older adults. Their equation is presented for a wide
age interval that seems to fail to take maturation into account, evidently with the highest

specificity value for the youth cut points being 22.3% (64).

The Romanzini cut points are to the authors knowledge the only cut points that are
calibrated for both the vertical axis and vector magnitude from the same data that

provides cut-points for SED, LPA, MPA and VPA. They categorized their uniaxial cut
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points for SED as <46 counts*15-s (<184 CPM), LPA as <606 counts*15-s (<2427
CPM), MPA as <817 (<3271 CPM) and VPA as >818 counts*15-s (>3272 CPM). Their
triaxial cut points for SED was <180 counts*15-s (<720 CPM), LPA as <756
counts*15-s (<3027 CPM), MPA as <1111 (<4447 CPM) and VPA as >1112
counts*15-s (>4448 CPM). The SED and MVPA cut points were similar to the vertical
axis cut points of Evenson and colleagues (34). This adds comparability between the
uniaxial SED and MVPA cut points of Romanzini and Evenson. Calibration studies
often use a portable metabolic system for measuring the metabolic cost of each activity.
The Cosmed K4b2 (Cosmed, Rome, Italy) was used in combination with a heart rate
transmitter (Polar, Kempele, Finland). The Cosmed has been validated for use for
children (61). Their study provides a more detailed calibration protocol with more free-
living activity than the aforementioned studies. In addition to walking/running at a
treadmill they include sports and activities such as soccer, basketball, volleyball and
skipping rope (34). This introduces more movement detectable to the antero-posterior
and medio-lateral axis which in turn would be applicable to free living activity
registration. When a person walks straight forward the vector magnitude will register
more PA than the vertical axis (33), evidently in the calibration protocol (34), but even
more during sports (8). The increase in the vertical axis can be up to 6 times higher than
the increase in the antero-posterior and medio-lateral axes during walking behavior,
which makes the output from the two axes lower than it would be during other activities
(33). The activities included in the Romanzini calibration protocol should be considered
a strength because the generated counts from the activities are more dependent on the
activity than the individuals characteristics. This resulted in almost perfect
discrimination (ROC-AUC = >0.93) for SED and all PA intensities (34).

Composite risk score

Despite several ways to define the metabolic syndrome and no consensus on which
criteria to use (65), the prevalence in children is increasing (66). While different
definitions disagree on the range and thresholds, they agree on which variables to
include. The definition mostly includes a measure of fasting or impaired glucose, waist
circumference, triglycerides, HDL and blood pressure. These variables are recognized
as risk factors for adverse health outcomes later in life, as children with metabolic

syndrome have increased risk for having metabolic syndrome in adulthood (67). With
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this increased risk follows the risk of all-cause mortality, cardiovascular disease
mortality and morbidity, type 2 diabetes and some types of cancer (68). Because a risk
factor really have no hard endpoint in children (69), the variables are treated as markers
that are used as indicators for cardiometabolic health. For this thesis, the use of and
difference between factors and markers should be clarified. A risk factor can be defined
as a measurable biological characteristic in an individual that precede a defined outcome
of a disease, can predict that disease and is directly associated with that disease trough
causality. A marker is a biological indicator that may or may not be causal. The marker
can be involved in the process of developing a disease, but it is not necessary for the
development. Risk factors have important properties as to identify asymptomatic
individuals who are at risk of develop that disease in the future compared to the general
population (70). Few children will exhibit any sign of the long term adverse health
outcomes before after adolescence, seeing how the metabolic syndrome track from
childhood to adulthood (71), metabolic syndrome and the variables included in the

definition should be considered risk markers for children (72).

When investigating SED or PAs association to metabolic health, the associations is
either individually to one risk marker or in a cluster of risk in composite scores. There is
no consensus as to which variables to include in a score, but it should include risk
factors that can identify risk and reflects the metabolic syndrome as these variables have
predictive capabilities from youth to adulthood (72). Most composite scores consist of
one measures of adiposity, blood pressure, triglycerides, total cholesterol (TC), some
sort of ratio between lipoprotein subclasses and a measure of insulin/glucose intolerance
(69). Some composite scores include an indirect or direct measure of CRF as this has
shown to attenuate cardiometabolic risk independent of age and sex (24). There are
many variables that represent the same measure which may introduce challenged with
multicollinearity. For example, when including body mass index (BMI) or waist
circumference as the measure of adiposity in our composite score there was a
correlation of r=0.97 for the scores (data not shown). Despite showing almost identical
capabilities there are some considerations to make prior to selecting a variable for a
composite score. While both measures represent adiposity, each variable measure it
differently. BMI uses height and weight to determine a person’s weight status based on
pre-established cut-offs. By doing so BMI fails to take lean body or bone mass into

account which could result in children with a healthy weight being misclassified as
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overweight (73). BMI is not able to measure bodyfat distribution as an indicator of
adiposity (74). While suitable for use in populations, individual assessment is not
recommended without additional supplementary measures. Waist circumference is a
valid measure of abdominal fatness which is related to the accumulation of excess
subcutaneous fat storage. As with BMI, it cannot measure bodyfat distribution either. In
our sample maturation is a potential confounder that may greatly influence weight,
height and body composition. However, the gynoid fat storage on the hips in women
have yet to manifest itself at this age (75), therefore making the subcutaneous fat around
the waist a valid measurement of bodyfat distribution in children (74). It would be
desirable to use a measure of adiposity that could address maturation while taking
abdominal adiposity into account. We included waist-to-height ratio (WThR) in our
composite score. Given the challenges and the aforementioned measurement properties,
the WThR can measure abdominal adiposity while accounting for height differences
due to maturation (74). WThR of >0.5 are an efficient threshold of risk in children of all
ages (74). The WThR can detect abdominal adiposity and identify children without
abdominal adiposity that are categorized as overweight by BMI (76).

Blood pressure is an easy, low cost and non-invasive measure that is routinely included
in most epidemiological studies and composite scores. There are different methods of
measuring and comparing blood pressure. The average and number of measurement and
the final variable used for analysis varies (77). Most studies either use the average of 2-
4 measurements for the mean arterial pressure, systolic blood pressure (SBP) or
diastolic blood pressure (DBP). High blood pressure tracks from childhood to
adulthood, but children rarely have elevated DBP values at a young age. A review and
meta-analysis of the tracking of blood pressure found an overall greater tracking
correlation for SBP than DBP (78). In composite scores for children, SBP has shown to
be a better measure of cardiovascular health than DBP and improves the classification
accuracy (79). The mean SBP of three measures are included in our composite score.

CRF is included in our composite score as it is a strong predictor for both individual and
clustered risk. CRF will potentially increase over time in healthy children. This is not
observed in our children’s CRF as this remains relatively stable through the intervention
period (7 months) of the Active smarter kids’ study. The PA level on the other hand,

varies and to account for differences in the samples PA level, CRF is included as this is
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a result of long-time activity/inactivity (24). The inclusion of CRF in composite scores
Is debated. The validity and reliability of the tests used to assess CRF decreases as
sample sizes increases moving from direct to indirect tests due to feasibility. Smaller
samples allow for direct analysis of respiratory gases involved in pulmonary ventilation,
but due to the high cost of equipment, time consumption and required test expertise,
indirect tests such as 20-meter shuttle runs are often used for assessing CRF in large
population samples. A systematic review of the validity of field tests to estimate CRF
concluded that 20-meter shuttle run tests are the most feasible way to evaluate CRF in
large samples of children (80). A validation study of The Andersen test concluded that
the test provides reliable and valid data on a group level for 10-year-old children, but
there was a large individual variability (81). The Andersen test has limitations that
should be considered as to why we included CRF in a composite score based on
measurement properties. Indirect tests can only be interpreted as an estimation of CRF.
The interpretation of units of mL/kg/min is derived from a regression equation that is
population specific. The test might penalize those with high body fat and the protocol is
susceptible to test familiarization, and are biased by confounding factors such as time,
location and inter-rater test variability (81, 82). The testing was done by the same test
leaders and there were few children categorized as overweight or obese (14.4 and 3.3%
respectively). This should limit the degree of random errors and biases related to the

Andersen test results.

Triglycerides, TC and lipoprotein subclasses (typically low-density lipoprotein (LDL)
and HDL) are assessed in standard lipid profiles and composite scores. Triglycerides
has shown a strong association to cardiovascular disease risk, where those with higher
triglycerides have higher risk which is often accompanied with higher levels of LDL
and lower HDL (83). There is no association between SED and TC, HDL or LDL and
inconsistent evidence that MVPA improves any of the associations (2). The serum
levels of TC appear to have a moderate tracking correlation coefficient throughout
adolescence (84) and are affected by CRF as higher CRF seems to stimulate a shift
towards a less atherogenic lipid profile (85). The combination of triglycerides to
represent the free fatty acids in blood plasma and the TC:HDL ratio to represent the
total serum concentration and the less atherogenic lipoprotein subclass, has a higher

cardiometabolic predicative capability than any of the factors alone (85, 86).
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In the international diabetes federation diagnostic criteria for metabolic syndrome a
fasting glucose above 5.6 mmol/L is included as an absolute criteria. In a composite
score for children, glucose have little predicative capabilities, as they could have
developed insulin resistance without the fasting glucose being elevated (69). Insulin
resistance is a result of long-term exposure to adiposity and is regarded as a key factor
in the development of several adverse health outcomes later in life. Fasting glucose and
insulin are used to compute a HOMA score which has shown to be a better measure of
impaired glucose regulation than a measure of glucose alone. However, children with
insulin resistance are still able to sufficiently regulate their blood glucose. Therefore, the
majority of the HOMA score is determined by measure of insulin alone in children.
Insulin will be included in our composite score to not miss possible concealed

information by variable computation (69, 87).

Most other composite scores include either the same variables or merged variables as a
z-score, making our composite score comparable to others (88). Computing a
continuous Z-risk score is preferred over dichotomized criteria scores. Example wise,
metabolic syndrome in childhood does not predict metabolic syndrome in adulthood
when using categorical/dichotomized definition criteria. However, when combining the
risk factor criteria into a continuous cluster score, a tracking correlation was shown in
early adulthood (72). Dichotomizing criteria can mask important tracking effects and
assessing risk as «present» or «absent» does not take clustering into account. Where one
participant might move from being above to below a threshold, the relative reduction
might be smaller than one who’s still are above a threshold after an intervention (72,
89). When constructing a composite score, it assumes that each of the included variables
are weighted equally. Some factors might play a more prominent role in predicting or
developing of a health-related outcome. While several risk factors might not surpass a
defined threshold, one or more variable might be elevated to the point where the risk

cluster without being defined as at risk (71).
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2. Methods and materials

Study design

This study uses data from The Active Smarter Kids Study. The Active Smarter Kids
Study is a cluster randomized controlled trial with a parallel group design. They aimed
to investigate the effects of a 7-month long PA intervention during school hours on
academic performance and cardiometabolic risk markers related to non-communicable
diseases. Schools with at least seven children in their 5™ grade class, which were
without any serious or chronic illnesses, could participate in daily PA, physical
education and were able to complete the academic tests were invited to participate. The
participants were randomized in a 1:1 ratio by a neutral third party (90). This study uses
a longitudinal design with prospective metabolic data collected at baseline and after the
intervention period. Accelerometer data was collected before the intervention period at
the included schools with the assumption that the baseline PA represents the childrens
usual PA levels. The participants with complete data on objectively measured PA,

prospective cardiometabolic risk markers and covariate data was included in our study.
Study sample

We used prospective data from The Active Smarter Kids Study which consisted of 1202
fifth-grade children (born in 2004) from 60 schools in Sogn and Fjordane county —
Norway. The data was collected over one schoolyear from 2014-15. Three schools
declined participation excluding 27 children, leading to a total of 1175 available
children, of which 1145 (97.4%) agreed to participate. The final sample represents
86.2% of the total population of 10-year old’s in the county, and 95.2% of all eligible
for participation. Measures of baseline metabolic variables were available for 1129
(98.6%) children (figure 1) and 1075 (89.4%) provided accelerometer data. A total of
442 children were excluded due to missing pre and/or post metabolic values in our
study and additionally 101 for missing accelerometer data, therefore making our study

sample consist of 659 children with complete data.
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Figure 1: Flowchart of valid and excluded study participants (n=) from baseline to final study

sample.

ASK total sample (n=1202)

»|  Missing complete set of metabolic data at
baseline - excluded (n=290)

v

Complete baseline metabolic data
(n=912)

Missing complete set of prospective metabolic
and covariate data - excluded (n=152)

v

Complete prospective metabolic
and covariate data (n= 760)

\4

Missing accelerometer data (n=101)

v

Complete prospective metabolic,

covariate and accelerometer data
(n=659)

ASK= The Active Smarter Kids Study

Data collection

Anthropometrics and maturation

Body weight was measured to the closest 0.1 kg by an electronic scale (Seca 899, SECA
Gmbh, Hamburg, Germany) with participants wearing light clothing. Height was
measured to the closest 0.1 cm by a portable stadiometer (Seca 217, SECA Gmbh,
Hamburg, Germany), facing forward without shoes. Height and weight were combined
into BMI by the formula (kg/m?). The classification of weight status is based on
previously established BMI cut points (91). Waist circumference was measured to the
closest 0.1 cm by an ergonomic circumference tape (Seca 201, SECA Gmbh, Hamburg,
Germany), approximately 2 cm — in level, over the umbilicus with a relaxed abdomen at
the end of a gentle expiration. The mean of two measurements was used unless they
varied more than 1 cm, then a third measurement was taken and the two closest
measures were used for analysis (90). Waist circumference and height were combined
into WThR (Waist circumference/ Height). The WThR accounts for differences in
height due to maturation and body fat distribution as it detects central abdominal obesity
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in children, both those normal and overweight/obese (76). Pubertal stage was measured
by the Tanner method using an image scale (92). Self-assessed pubertal status by
children using the Tanner method has previously been validated (93). Measures were
conducted in a private room where each participant was shown pictures of pubic hair
and genitalia (both sexes), and breast development for girls. The participants read a
brief description for each stage and put a checkmark at the picture that best represented
their own development. The room had a safe and relaxed atmosphere and the
researchers were the same sex as the participant (90). Socio economic status was
assessed through a self-reported questionnaire by the guardians/parents. We used the
mothers highest achieved education for this study. The categories were; 1) Lower/upper

secondary school; 2) University <4 years; 3) University >4 years (90).

Assessment of physical activity

PA was measured by ActiGraph GT3X/GT3X+ accelerometer (ActiGraph, LLC,
Pensacola, Florida, USA) worn at the right side of the waist for seven consecutive days.
The participants were instructed to remove the accelerometer only during water
activities (e.g. swimming and showering) and when sleeping. The ActiGraph GT3X
(ActiGraph, LLC, Pensacola, Florida, USA) is a 27 gram, 3.8x3.7x1.8 cm device
typically worn on an elastic belt, on the hip. The acceleration sensor in the GT3X is an
ADXL335 (Analog devices, Norwood, Massachusetts, USA) which is a surface
micromachined, monolithic integrated circuit polysilicon dual axis chip in a
microelectron-mechanical-system (MEMS) accelerometer sensor with a dynamic range
of £3g (94). The ActiGraph GT3X+ (ActiGraph, LLC, Pensacola, Florida, USA)
weighs 19 gram, measures 4.6x3.3x1.5 cm and uses a Kionix (Ithaca, NY, USA)
KXSC7-3672 MEMS accelerometer sensor with £6g as dynamic range (95). Despite the
different MEMS sensors, the principles for recording acceleration are the same. The
sensors have two independent polysilicon fixed plates working as electrodes. Parallelly
bridging the electrodes is a moveable central plate with polysilicon springs attached to
each side of the electrodes forming two back to back capacitors to each fixed plate.
These plates form a differential capacitor where the deflection of the central plate
responds to acceleration by giving out a specific voltage change to movement. The
voltage change is compared to a constant existing electric flow which is an analog

signal proportional to the detected acceleration (7). Data was sampled at 30 Hz and
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analyzed by using Propero ActiGraph data analyzer version 18 (University of Southern
Denmark, Odense, Denmark). We applied a non-wear-time criteria of uninterrupted
consecutive 20 min with zero counts (47), >480 min/day between 06.00 AM and 00.00
PM as a valid day for >4 days/week (44) with the normal filter function as valid monitor
data. We analyzed both the vertical axis and vector magnitude in 1, 10 and 60-s epochs
by using the Romanzini cut-points of <184=SED, <2427=LPA, <3271=MPA and >3272
CPM=VPA for the vertical axis and <720=SED, <3027=LPA, <4447=MPA and >4448
CPM=VPA for the vector magnitude (34). The epochs were chosen to accommodate
shorter epochs for children and enable cross time comparisons. The earliest ActiGraph
uniaxial accelerometers collected data at a 60-s epoch due to storage capabilities, in
contrast to the more modern ones that are not restricted by storage space (e.g. <15-s
epochs). Additionally, we contribute to the further expansion on the ongoing research in
axial differences by using similar processing criteria as previous research (10). The cut
points are originally calibrated in a 15-s epoch length, so the cut points were
reintegrated into 1, 10 and 60-s epochs by multiplying by four and then dividing by 6
and 60.

Blood pressure

Blood pressure was measured by an Omron HBP — 1300 automated monitor (Omron
healthcare, inc, Vernon hills, IL, US) after a 10-min rest, in a sitting position without
distractions. The monitor has been validated for blood pressure measurements (96).
Measurements were taken in a quiet room on the upper right arm with a size appropriate
cuff. They measured blood pressure four times with 1 minute between each
measurement, with the mean of the three last measures being used, unless they varied
more than 5 mmHg, then a fifth measure was taken and the mean of the four last
measures being used for analysis (90).

Blood samples

All samples were collected by a nurse or phlebotomist by intravenous blood from the
antecubital vein, after an overnight fast, between 08.00 -10.00 AM in the morning. The
samples were obtained following a 5 step process: 1. Blood plasma was sampled in 5
mL tubes with gel (Vakuette® serum gel with activator, G456073); 2. The tubes were

turned upside-down five times before being placed vertically for coagulation; 3. 30-min
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later the tubes was centrifuged at 2000 g for 10-min. This process was repeated until
there was no visual residues present; 4. The samples were stored at 4°C before pipetting
0.5 ml into cryo tubes; 5. The samples were stored at -80°C before biochemistry
analysis (90). The samples were analyzed for insulin, glucose, triglycerides, TC, HDL
and LDL by standard laboratory methods. Both pre and post intervention samples were
analyzed at the same time at the accredited endocrine laboratory of the VU medical
center (VUmc, Amsterdam, the Netherlands). Analysis of low molecular weight
metabolites and lipoprotein subclasses was done by proton magnetic resonance (1H-
NMR) spectroscopy. The proton NMR profiles of the fatty and amino acids were
obtained by using a standard experimental setup (97). Lipoproteins were obtained by a
minor modified protocol as used by (98). Each average lipoprotein subclass
concentration of each class was derived from NMR profiles. Fatty acids were analyzed
by following protocol: a 200 pL blood samples were weighted into a 10mL glass tube
and water evaporated under nitrogen, followed by adding 150 uL internal standard
(triheptadecanoin, 0.4855mg/mL.). after evaporation the sample was dervatized to fatty
acids methyl esters (FAME) by direct esterification in methanolic HCI at 90°C for 2h
under nitrogen atmosphere (99). FAME was then extracted and analyzed by gas
chromatography as previously described (100). The samples were run in a randomized
sequence and the FAME reference mixture GLC-461 (Nu-Chek prep, Elysian, MN, US)
was analyzed as every 10" sample. Chromatographic areas were corrected by empirical
response factors calculated from the GLC-461 mixture. The amount of fatty acids was
quantified by means of the internal standard. The total amount in each sample was

converted to amounts in g per g sample by dividing by the sample weight.
Cardiorespiratory fitness

CRF was assessed by The Andersen test which is an intermittent running test.
Participants were allowed a 10-min warm-up and received information about the
protocol prior to the test. Two parallel lines were drawn 20-m apart in a gymbhall or
similar accommodations, with a wooden or rubber floor. Participants started at one line,
ran to the other where they had to touch the floor behind the line with one hand before
turning and running back (101). The test was divided into continuous 15-s periods of
running and resting (standing still) separated by the test leaders whistle blow, for a total

of 10-min (e.g. 5 minutes of breaks and 5 minutes of running). Participants ran as fast as
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possible and tried to cover the longest distance they could. At the last whistle blow
participants stopped as fast as possible (about 2 steps) and their distance was measured
and summed as the test result. Each group consisted of 10-20 children where one
member of the research staff was responsible for registration of 1-2 children. Verbal
encouragements were given throughout the test (101). The relationship between the
Andersen test and physical fitness has shown an overall ICC=0.84. The bivariate
relationship between the Andersen test and VV02-peak Were r=0.73. The Andersen test

provides reliable and valid data on a group level for 10-year-olds (81).
Statistics

Descriptive statistics of anthropometrics, demographics, cardiometabolic risk variables
and the amount of time spent sedentary and in different PA intensities are presented as
mean with standard deviation, unless stated otherwise. Continuous data variables were
tested for normal distribution through Kolmogorov/Smirnov test of normality and visual
inspection of histogram distribution. The difference between included and excluded
participants were tested through independent sample t-tests. Categorical variable
differences were tested through persons chi square tests and uni- and triaxial SED and
PA differences through paired sample t-tests. The correlation between uni- and triaxial
mean CPM in different epoch lengths are illustrated through correlation plots. We

computed a composite cardiometabolic risk score by summing the z-scores

( standard deviation

meters) and insulin. The magnitude of association between SED and different PA

Sum—-mean

) of WThR, SBP, triglycerides, TC:HDL ratio, CRF (Andersen test in

intensities and the cardiometabolic risk score was assessed through multiple linear
regression models. The model was adjusted for age, sex, maturity, socio economic
status, wear-time and the baseline cardiometabolic risk score. Additionally, SED was
controlled for MVPA and MPA, VPA and MVPA for SED. we tested for significant
difference in the regression slopes between the uni- and triaxial estimates of the same
epoch length by using their beta-coefficients and standard error. Based on the
assumption that the standard error variance were heterogeneous and that each

independent variable in the regression model had >20 observations we tested for

B1-p2
VSE12 —SE22

statistical difference (102). The dose-response patterns of MVVPA and the

difference by using the formula z = . A z-value of £ 1.96 represents a

cardiometabolic risk score were assessed through mixed regression models. The models

30



were adjusted for the same variables as the previous models and SED. MVPA were
divided into quartiles and used as the fixed effect, while school were used as the random
effect. All statistical analyses were done in Statistical package of social science version
24 (SPSS, INC, Chicago, lllinois, USA). The alpha level was set to p=<0.05.

Ethics

The Active Smarter Kids Study was registered at clinicaltrials.gov (NCT02132494) and
was approved by the south-east regional committee for medical research ethics in
Norway. Data collection and storing was approved by Norwegian center for research
data. The research was done in accordance with the world medical associations
declaration of Helsinki. All the childrens parent/guardian provided a written informed
consent prior to all testing and the children were given a verbal invitation and
information about the study. Our project used unidentified data for analysis, with no
possibility for the researchers to identify the participants. The dataset used for this thesis

will be deleted after final evaluation and publication.
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Abstract

Background: Differences in physical activity measured by uni- and triaxial
accelerometry and their magnitude of association to metabolic health and the influence

of epoch length in children is unknown.
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Methods: We used data from a 7-month school-based randomized controlled trial
conducted over the school year 2014-2015 in Sogn & Fjordane county in Norway. Data
were available for a total of 1129 children of which 659 had complete physical activity,
prospective cardiometabolic and covariate data. We applied the Romanzini cut points to
the accelerometer data. These cut points provide thresholds for both uni- and triaxial
estimates that are calibrated from the same data. Time spent sedentary, light, moderate,
vigorous, and moderate-to-vigorous was then analyzed in 1, 10 and 60-s epoch length.
We analyzed the prospective association between a cardiometabolic risk score and
sedentary time, light, moderate, vigorous, moderate-to-vigorous physical activity by
linear regression models. We used mixed regression models to describe the dose-response
patterns of moderate-to-vigorous physical activity to cardiometabolic risk. We computed
a composite cardiometabolic risk score by summing the z-scores of waist-to-height ratio,
systolic blood pressure, triglycerides, total cholesterol: high density lipoprotein ratio,

insulin and cardiorespiratory fitness.

Results: All physical activity estimates where significantly different between the uni- and
triaxial data reduction. At most, this led to a relative difference of 42.5% higher physical
activity guideline compliance. The uni- and triaxial estimates of sedentary time and
physical activity associations to metabolic health does not follow any general pattern. The
dose- response patterns of moderate-to-vigorous physical activity were similar, but the
magnitude of association were greater between the least and most active quartile when

measured uniaxial.

Conclusion: Triaxial physical activity estimates show lower prospective associations to
cardiometabolic health, especially for moderate, vigorous and moderate-to-vigorous

physical activity. The uni- and triaxial difference in the prospective associations is
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attenuated in longer epoch lengths. The dose-response patterns of MVPA are similar
between the number of axes used and epoch length, but the magnitude of association

between the least and most active quartile are greater when measured uniaxial.

Trial registration: The Active Smarter Kids Study was registered at clinicaltrials.gov

(NCT02132494).

Keywords: Uniaxial, Triaxial, Accelerometry, Cardiometabolic health, Risk markers,

Children.

Introduction

Physical activity (PA), especially when performed with high intensity, is favorably
associated with metabolic health markers in children (1,2). PA has historically been
assessed by questionnaires, more recently being replaced by accelerometers as a feasible
method in large-scale epidemiological studies, where ActiGraph are the most frequently
used brand (3). The early accelerometers where uniaxial (vertical axis), but newer
models, such as the GT3X+, can record PA on a triaxial basis (medio-lateral, vertical,
and antero-posterior axis). In a triaxial output the axes are combined into a vector
magnitude proposed as a metric capturing the full range and complexity of human
movement. In a vector magnitude the vertical axis explains most of the activity with up

to 95% of the variance during daily routine movements (4).

A study recently suggested different associations between PA-metrics and metabolic
health when comparing uni- with triaxial accelerometry in children. They found a lower
model fit for uniaxial (R?=17.0%) compared to triaxial (R>=18.9%) accelerometry (5).

Triaxial accelerometry results in significantly less time spent sedentary and more time



103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

spent in both LPA and MVVPA compared with estimates derived from uniaxial data (6).
The higher amount of MVVPA recorded with triaxial accelerometry results in higher PA
guideline compliance. Triaxial accelerometry have higher correlation to doubly labelled
water determined PA energy expenditure than uniaxial (7) which could imply a future
use for triaxial accelerometry in PA research. Triaxial accelerometry is expected to
record higher amounts of PA and lower amounts of sedentary time. However, it remains
uncertain if this is due to differences in post-processing data decisions or the triaxial
signature itself, and if it leads to the magnitude of association between uni- and triaxial
measured PA and cardiometabolic risk to differ. The epoch length influences both uni-
and triaxial accelerometry classification of different PA estimates. When the epoch
length increases the amount of sedentary time, VPA and MVPA decreases, while LPA
and MPA increases (8). The magnitude of associations could be influenced by epoch

length, but it is unclear how the epoch length affects the uni- or triaxial estimates.

The difference in sedentary time and PA estimates and how this affects the associations
with health outcomes in children is unexplored and little is known about the practical
implications of uni- and triaxial differences in different epoch length. It is important to
determine how this affects associations to metabolic health and if dose-response
patterns are similar between the number of axes used and different epoch length. Our
primary aim is to investigate; 1) Is there a difference in the magnitude of the prospective
associations between uni- and triaxial accelerometry with cardiometabolic health
markers in children; secondary aims are 2) Does epoch length affect the magnitude of
the prospective associations between uni- and triaxial accelerometry with
cardiometabolic health markers; and 3) Does uni- and triaxial accelerometry affect the
MVPA dose-response patterns to cardiometabolic health markers in different epoch

lengths.
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Methods

Participants

We included 1129 5™ grade children from the active smarter kids’ study. The active
smarter kids’ study is a 7-month clustered-randomized controlled trial conducted in
Sogn & Fjordane county in Norway during the school year 2014-2015 (9). PA was
measured at baseline before intervention start by accelerometry and metabolic variables
at baseline and post intervention. The children with complete PA data, prospective

cardiometabolic and covariate data are included in our analysis.

This study follows the ethical guidelines of the world medical associations declaration
of Helsinki. The active smarter kids study protocol was approved by the regional
committee for medical research ethics. Written consent was obtained from the
children’s parents/guardians and from the school authorities before the project start. The

active smarter kids’ study is registered at Clinical-trials.gov (ID: NCT02132494).

Procedures

A detailed description of the study has been published earlier (9), but we provide a brief
description of the methods and procedures for this study. PA was measured by
ActiGraph GT3X/GT3X+ accelerometers (ActiGraph, LLC, Pensacola, Florida, USA).
The children were instructed to wear the accelerometers on the right side of their hip
during awake hours for seven consecutive days, only to remove it during water
activities. The accelerometers were set to sample data at 30 Hz. We applied a non-wear-
time criteria of 20 min of consecutive zero counts. A valid day was considered >480

min/day of recorded acceleration between 06.00 AM and 00.00 PM, where those who
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achieved >4 days/week was included. We used the normal filter function (standard
ActiGraph filter). We analyzed both the vertical axis and vector magnitude in 1, 10 and
60-s epoch length and applied the cut-points proposed by Romanzini and colleagues
(10) to define intensity thresholds. The cut points were selected because they provide
cut points for the vertical axis and vector magnitude that are both calibrated from the
same data applicable to children, thus enabling a direct comparison. Cut-offs for
sedentary time, LPA, MPA and VPA were <184, <2427, <3271 and >3272 counts per
minute (CPM) for the vertical axis and <720, <3027, <4447 and >4448 CPM for the
vector magnitude. Both set of cut points showed almost perfect sensitivity (>96.9% for
the vertical axis and >97.8% for the vector magnitude) and excellent specificity
(>84.9% for the vertical axis and >83.7% for the vector magnitude). The cut points are
originally calibrated in a 15-s epoch length, so we reintegrated them into 1, 10 and 60-s
epoch length by multiplying by four and then dividing by 6 and 60 (exact cut-offs
shown in supplementary file). We chose the 1 and 10-s epoch length based on the
recommendation of shorter lengths to capture children’s sporadic and intermittent PA
pattern (11). There are advantages to both length, where there is a tradeoff in capturing
different PA intensities. For example, where 1-s epoch would capture every second of
MVPA during an activity, it could also capture seconds of sedentary time during
passive phases of the same activity. In this case 10-s epoch would aggregate the passive
phases with the active, resulting in the entire interval being classified as activity. The
60-s epoch was selected to enable historical comparison to earlier accelerometers that
were limited by storage capabilities. We analyzed the accelerometry data using Propero
ActiGraph data analyzer version 18 (University of Southern Denmark, Odense,

Denmark) (11).
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Body weight was measured to the closest 0.1 kg by an electronic scale (Seca 899, SECA
Gmbh, Hamburg, Germany) with participants wearing light clothing. Height was
measured to the closest 0.1 cm by a portable stadiometer (Seca 217, SECA Gmbh,
Hamburg, Germany), facing forward without shoes. Body mass index (BMI, kg/m?) was
calculated from height and weight and weight status classified according to the cut off
points proposed by Cole et al (13). Waist circumference (WC) was measured to the
closest 0.1 cm by an ergonomic circumference tape (Seca 201, SECA Gmbh, Hamburg,
Germany), approximately 2 cm — in level, over the umbilicus with a relaxed abdomen at
the end of a gentle expiration. The mean of two measurements was used unless they
varied more than 1 cm, then a third measurement was taken, and the two closest
measures were used for analysis. WC and height were combined into waist-to-height
ratio (WC/Height). Maturity was measured by the Tanner method using an image scale
proposed by Carel & Leger (14). Measures were conducted in a private room where
each participant was shown pictures of pubic hair and genitalia (both sexes), and breast
development for girls. The participants read a brief description for each stage and put a
checkmark at the picture that best represented their own development. The room had a
safe and relaxed atmosphere and the researchers were the same sex as the participant.
Socio-economic status was assessed by questionnaire (15). We used the mothers highest
achieved education derived from a question divided by the categories “upper and lower

secondary school”, “university <4 years” and “university >4 years”.

Blood pressure was measured by an Omron HBP — 1300 automated monitor (Omron
healthcare, inc, Vernon hills, IL, US) after a 10-min rest, in a sitting position without
distractions. Measurements were taken in a quiet room on the upper right arm with a
size appropriate cuff. Four measurements were taken with 1 minute between each

measurement, with the mean of the three last measures being used, unless they varied
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more than 5 mmHg, then a fifth measure was taken and the mean of the four last

measures being used for analysis.

All blood samples were collected by a nurse or phlebotomist by intravenous blood from
the antecubital vein, after an overnight fast, between 08.00 -10.00 AM in the morning.
The samples were analyzed for insulin (pmol/L), glucose (mmol/L), triglycerides
(mmol/L), total cholesterol (mmol/L), high density lipoprotein (HDL, mmol/L) and low
density lipoprotein (LDL, mmol/L) by standard laboratory methods. Both pre and post
intervention samples were analyzed at the same time at the accredited endocrine

laboratory of the VU medical center (VUmc, Amsterdam, the Netherlands).

Cardiorespiratory fitness was assessed by The Andersen test (16). The test is a 20-m
intermittent running test between two parallel lines in a gym hall or similar
accommodations. Participants start at one line, run to the other line where they have to
touch the floor behind the line with one hand before turning and running back. The test
is divided into continuous 15-s periods of running and resting (standing still) separated
by a test leaders whistle blow, for a total of 10-min (e.g. 5 minutes of breaks and 5
minutes of running). Participants run as fast as possible and tries to cover the longest
distance possible. At the last whistle blow participants stop and their distance is
measured and summed as the test result (16). The Andersen test has shown moderate
validity (r=0.63) and high reliability (ICC=0.84) for assessing cardiorespiratory fitness

on a group level (17,18).
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Statistics

We used prospective data from an intervention study and analyzed it as a cohort. The
temporal sequence of the metabolic measure makes it possible to determine associations
between exposures and outcomes (19). Descriptive characteristics are reported as means
with standard deviations and frequencies as percentages. Differences between
included/excluded children were tested through independent sample t-tests. Uni- and
triaxial differences in the final sample PA estimates were tested through paired sample
t-tests, and differences in categorical variables trough Pearson’s chi square tests. We
computed a cardiometabolic risk score by summing the z-scores of waist-to-height ratio,
systolic blood pressure, triglycerides, total cholesterol: high density lipoprotein ratio,
The Andersen test (meters) and insulin. We analyzed the prospective associations
between sedentary time, LPA, MPA, VPA and MVPA in 1, 10 and 60-s epoch length
with the cardiometabolic risk score by multiple linear regression models. The models
were adjusted for age, sex, socio economic status, maturity, wear-time and the baseline
cardiometabolic risk score. Additionally, sedentary time is adjusted for MVPA and
MPA, VPA and MVPA are adjusted for sedentary time. The beta coefficients of the
vertical axis were tested against their vector magnitude counterpart in the same epoch
length (i.e. sedentary time from the vertical axis in 1-s epoch was compared to the
sedentary time form the vector magnitude in 1-s epoch A.S.O). Formal statistical
examination of difference in linear regression slopes between the uni- and triaxial
estimates were based on the assumption that the standard error of the regression slope
was heterogeneous, and each PA estimate had more than 20 observations. We could

then use the beta coefficients and the standard error of the regression slopes to calculate

bpe = proposed by Kleinbaum and colleagues

differences by the formula: z = NI
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(20). Z-values = 1.96 represent a statistically significant difference under a conventional
0.05 alpha-level. The dose-response pattern of MVPA in 1, 10 and 60-s epoch length
and their association to the cardiometabolic risk score was analyzed through a mixed
regression model. The amount of accumulated uni- and triaxial MVVPA were divided
into quartiles and used as a fixed effect in each of the models respective to their epoch
length. The model was adjusted for the same variables as the previous regression
models and sedentary time. We used the fourth quartile as reference (highest levels of

MVPA accumulated) and school was used as random intercept.
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Results

The study sample consisted of 659 children with complete prospective metabolic data,
valid accelerometer data and no missing covariables. The anthropometric, demographic
and cardiometabolic risk data are shown in table 1. The excluded children were shorter
than the included children (mean diff: -1.0 cm [95% CI:-1.920 -0.253] p=0.011), had
higher insulin levels (mean: 7.04 pmol/L [95% CI: 1.990 12.097] p=0.006) and
performed less LPA (mean: 2.5 min/day [-5.166 -0.013] p=0.049) when measured by
uniaxial accelerometry in a 1-s epoch. The excluded children consistently performed
less VPA and MVPA both when measured uni- and triaxial and in 1, 10 and 60-s epoch
length (all p=<0.05). A description of differences for the included and excluded children

is shown in supplementary tables 1 and 2.
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Table 1: Anthropometrics, demographics and cardiometabolic risk variables for the final study

sample and stratified by sex. The values are expressed as mean and standard deviation unless

stated otherwise.

All participants n=659  Boys n=329  Girls n=330
Anthropometrics
Age (years) 10.8 (0.2) 10.8 (0.2) 10.8 (0.2)
Height (cm) 1471 (7.1) 147.1 (7.0) 147.1 (7.3)
Weight (KQ) 39.5 (8.6) 39.2 (8.3) 39.8(8.9)
Waist: height (ratio) 0.42 (0.04) 0.43 (0.04) 0.42 (0.04)
BMI (Kg/m?) 18.1 (2.9) 18.0 (2.8) 18.2 (3.0)
Demographics
Weight status n (%)
Normal weight* 541 (82.1) 271 (82.4) 270 (81.8)
Overweight 95 (14.4) 47 (14.3) 48 (14.5)
Obese 23 (3.5) 11 (3.3) 12 (3.6)
Pubertal status (Tanner) n (%)
Stage 1 245 (37.2) 58 (17.6) 187 (56.7)
Stage 2 328 (49.8) 203 (61.7) 125 (37.9)
Stage 3-5 86 (13.0) 68 (20.7) 18 (5.4)
SES (Mothers education) n (%)
Lower/upper secondary school 253 (38.4) 125 (38.0) 128 (38.8)
University <4 years 195 (29.6) 98 (29.8) 97 (29.4)
University >4 years 211 (32.0) 106 (32.2) 105 (31.8)
Cardiometabolic risk variables
CRF (Andersen test, meter) 9425 (97.8) 973.3(102.3) 911.7 (82.5)
Systolic blood pressure (mmHg) 104.7 (8.0) 104.8 (7.7) 104.5 (8.3)
Diastolic blood pressure (mmHg) 57.5 (5.6) 57.2 (5.7) 57.9 (5.5)
Triglycerides (mmol/l) 0.72 (0.27) 0.68 (0.25) 0.76 (0.27)
Total cholesterol (mmol/l) 4.39 (0.66) 4.39 (0.66) 4.40 (0.65)
HDL cholesterol (mmol/l) 1.63 (0.35) 1.68 (0.35) 1.58 (0.33)
LDL cholesterol (mmol/l) 2.43 (0.60) 2.39 (0.60) 2.46 (0.60)
Total cholesterol: HDL (ratio) 2.78 (0.64) 2.69 (0.59) 2.87 (0.68)
Glucose (mmol/l) 4,95 (0.31) 4.94 (0.32) 4.96 (0.30)
Insulin (pmol/l) 55.80 (29.47) 48.53 (25.18) 63.06 (31.61)

Weight status are based on the age-sex specific reference from Cole et al (13) and pubertal

status on Carel & Leger (14). BMI= Body mass index, SES= socio economic status, CRF=

cardiorespiratory fitness, HDL= High density lipoprotein, LDL= Low density lipoprotein

*Normal weight includes underweight.
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Descriptive PA-levels from uni- and triaxial data reductions at different epoch lengths
are presented in table 2. There were significant differences between all uni- and triaxial
estimates of sedentary time and PA within the same epoch length (all p<0.001). The
patterns of sedentary time and PA was similar between the uni- and triaxial estimates
and through the epoch length. Longer epoch length led to less time spent sedentary,
VPA and MVPA and subsequently more time in LPA. The amount of time spent in
MPA did not differ with epoch length and were consistent for both the uni- and triaxial
estimates. These differences resulted in the prevalence of children who met the PA
recommendations (21) to be significantly higher (p=<0.05) when measured triaxially
within all epoch lengths and longer epoch lengths resulted in lower compliance. The
mean CPM of the vertical axis and vector magnitude were highly correlated (r=>0.970)

and identical in all epoch lengths (supplementary figure 1).
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281  Table 2: Mean and standard deviation of time spent sedentary, light, moderate, vigorous,
282  moderate-to-vigorous physical activity, mean counts per minute, wear-time and valid days for

283  the vertical axis and vector magnitude in different epoch lengths (n=659).

1-s Epoch 10-s Epoch 60-s Epoch
Vertical axis
SED (Min) 589.4 (52.9) 504.6 (57.0) 422.8 (59.9)
LPA (Min) 113.9 (20.2) 201.4 (33.2) 290.3 (46.3)
MPA (Min) 21.9 (5.4) 24.5 (6.7) 26.5 (9.7)
VPA (Min) 51.0 (17.4) 455 (19.1) 34.6 (20.0)
MVPA (Min) 72.9 (21.7) 70.0 (24.2) 61.2 (27.0)
Mean CPM 694.5 (234.9) 708.0 (252.4)  726.5 (267.6)
Wear-time (Min) 776.4 (50.6) 776.2 (50.7) 774.4 (50.1)
Valid days 6.9 (1.1) 7.0(1.1) 6.9 (1.1)
Vector Magnitude
SED (Min)* 521.7 (54.4) 472.6 (58.9) 430.7 (63.3)
LPA (Min)* 122.3 (20.8) 184.3 (30.8) 2435 (41.2)
MPA (Min)* 52.1(10.2) 56.3 (12.3) 55.8 (15.8)
VPA (Min)* 80.2 (22.4) 62.9 (23.0) 46.7 (23.6)
MVPA (Min)* 132.4 (30.6) 119.2 (32.7) 102.6 (35.5)
Mean CPM* 1420.8 (361.7)  1355.5(362.1) 1322.8 (364.9)
Wear-time (Min) 776.7 (51.3) 776.2 (50.7) 777.0 (50.3)
Valid days 6.9 (1.1) 7.0(1.1) 7.0(1.1)
Physical activity
guideline compliance
Vertical axis 69.8% 62.8% 46.1%
Vector magnitude** 99.7% 98.2% 88.6%

284  The PA estimates are based on the uni- and triaxial cut points of Romanzini et al (10). The

285  percentage of children meeting the physical activity recommendations are based on acquiring
286  >60 minutes of MVPA per day (21). SED= sedentary time, LPA= light physical activity, MPA=
287  moderate physical activity, VPA= vigorous physical activity, MVPA= moderate to vigorous
288  physical activity, CPM= counts per minute. *= significant difference to the vertical axis

289  estimates (all p=<0.001), **= significant difference to the vertical axis PA guideline compliance

290  (all p=<0.05).
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The magnitude of association between uni- and triaxial- sedentary time, LPA, MPA,
VPA and MVPA estimates, and the cardiometabolic risk score are shown in figure 2.
The magnitude and shape of associations do not seem to follow a general pattern
irrespective of epoch length. The patterns in the magnitude of association for sedentary
time and VPA were similar. For these intensities, the uniaxial magnitude of association
becomes lower when the epoch length increases, while the triaxial estimates becomes
greater. The uniaxial estimates of sedentary time and VVPA are greater than triaxial in 1
and 10-s epochs, but the magnitude of association is equal over 60-s epoch length. The
magnitude of association to LPA was almost identical between the uni- and triaxial
estimate and in all epoch lengths. The uniaxial MPA estimates consistently show greater
associations to metabolic health in all epoch lengths. The triaxial MPA estimate
consistently show lower associations to metabolic health. The difference between the
uni- and triaxial estimate in 60-s epoch was statistical significantly different (Table S3).
Uniaxial estimates of MVPA show greater association to metabolic health, but to a
lesser degree with the increasing epoch length. The triaxial estimates of MVPA were

identical inn all epoch lengths.
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307  Figure 2: Unstandardized beta coefficients with 95% confidence intervals analyzed by linear
308  regression for the magnitude of association between sedentary time, light, moderate and

309  vigorous physical activity and the cardiometabolic risk score (n=659).
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The regression models are controlled for age, sex, maturity, socio economic status, wear-time,
and the baseline cardiometabolic risk score. Additionally, sedentary time is controlled for
moderate-to-vigorous physical activity and moderate, vigorous and moderate-to-vigorous
physical activity is adjusted for sedentary time. = beta, CI= Confidence intervals, *=significant
difference, **=Note: The Y-axis for moderate physical activity differs from the rest. e =

vertical axis, m = vector magnitude (n=659).

The pattern of the dose-response association between MVPA and the cardiometabolic
risk score were similar between the uni- and triaxial associations regardless of epoch
lengths. The first quartile always had the worst association to cardiometabolic health,
and there was little difference between the second, third and fourth (reference) quartiles
for every epoch length irrespective of the number of axes included. There was little
difference within the uni- and triaxial associations when comparing the dose-response
patterns across the epoch length. However, there is a consistent greater dose-response

association from the least to most active quartile for the uniaxial MVVPA measures.
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Figure 3: Quartiles of moderate-to-vigorous physical activity analyzed by uni- or triaxial
accelerometry with different epoch lengths and their association to the cardiometabolic risk
score. The error bars represent the confidence intervals (Cl) and the fourth quartile are used as
reference. A negative cardiometabolic risk score value means a better risk profile. Each quartile

consists of n= 164.
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Data were analyzed by mixed regression models adjusted for age, sex, socio economic status,
maturity, wear-time, baseline cardiometabolic risk score and sedentary time. School was used as
random intercept. The mean minutes of moderate-to-vigorous physical activity in a 10-s epoch
for Q1-Q4 derived from the vertical axis were 43.2, 60.1, 75.2 and 98.4 min/day respectively.
The mean minutes of moderate-to-vigorous physical activity in a 10-s epoch for Q1-Q4 derived
from the vector magnitude were 81.2, 107.8, 127.3 and 156.8 min/day respectively. VA=
Vertical axis, VM= Vector magnitude, MVPA= Moderate-to-vigorous physical activity, Q=

quartile.

-20 -



342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

Discussion

This study investigated the impact of common post-processing decisions, uni- versus
triaxial data signature and the epoch-length, on associations with a cardiometabolic risk
score. Our results show the amount of sedentary time and time spent in PA intensities
differ between these data-reduction combinations. The use of longer epoch lengths
results in less MVPA. The difference in MVVPA results in a large difference in childrens
PA guideline compliance. The association patterns to the cardiometabolic risk score
were similar within all the uni- and triaxial PA estimates. However, uniaxial estimates
of sedentary time, MPA, VPA and MVPA consistently showed greater associations in
all epoch lengths. The triaxial estimates of sedentary time, MPA and VPA were
positively associated with the cardiometabolic risk score, but when the epoch length
increased the association became negative. The uniaxial estimates of sedentary time,
MPA and VPA were greater than their triaxial counterparts. The dose-response patterns
of MVPA were similar between the uni- and triaxial associations in every epoch length,
but the difference between the least and most active quartiles is greater when analyzed

uniaxial.

There are very few studies available for comparison to our results. The difference in
sedentary time and PA estimates between axes were similar to those reported by Sagelv
and colleagues in adults (6). They report that the use of triaxial accelerometry resulted
in less sedentary time, more LPA and MVPA compared to the uniaxial estimate in a 10-
s epoch. This study’s results agree that using triaxial accelerometry yields estimates of
less sedentary time and more time spent in MVVPA. However, the levels of LPA
reported from triaxial data reduction are lower than those derived from the vertical axis

only. Although we can only compare the estimates in 10-s epochs, the decrease in
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amounts of sedentary time and LPA and the increase in MPA, VPA and MVPA in this
study are consistent in all epoch lengths. The changes in our PA estimates as a result of
longer epoch lengths follow the same pattern as those described by Banda et al (8).
They observed a decrease in sedentary time, VPA and MVPA, an increase in LPA and a
stable estimate of MPA when the epoch lengths. While their study offers comparison to
the triaxial estimates pattern, they did not include a uniaxial description, so we are
unable to directly compare estimate differences. The observed uni- and triaxial
differences in our PA estimates in different epoch lengths are in line with earlier
research. Considering the short and intermittent PA patterns of children (11), the
aggregation of PA in longer epoch lengths could lead short bouted higher intensity PA
to be averaged into lower PA intensities if the high-intensity bouts are followed by
periods of lower intensity. Similarly, sedentary time could be averaged into higher PA
intensities if there are enough higher counts within the epoch length. The required VPA
to offset aggregation of sedentary time estimates and sedentary time to offset
aggregation of VPA estimates would increase with increasing epoch lengths (22). The
decrease in MVVPA estimates by increasing epoch lengths is known to affect PA
guideline compliance (23). While the uni- and triaxial MVVPA estimates and hence PA
guideline compliance decreases by increasing epoch lengths, the relative difference in
compliance increased (relative difference of 29.9, 35.4 and 42.5% between 1, 10 and
60-s epochs respectively in our sample). These differences are potentially of mayor
implications for studies investigating PA guideline compliance over time as the data-

reduction methodology needs to be identical if informative trends are to be inferred.

The increasingly higher vector magnitude could be attributed to the offset of the antero-
posterior and/or medio-lateral axis (4). This offset would depend on the intensity and

triaxial signature of the activity. One study analyzed all the axes separately and as a
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vector magnitude and found that the three axes in the vector magnitude showed their
strongest association to metabolic health at different intensity intervals. The strongest
association to metabolic health for the vertical axis were at 7-7499 CPM, while the
antero-posterior axis was found at 6-6499 CPM and the medio-lateral at 100-249 CPM
(5). The vector magnitude association pattern reflected the three axes combined and
were strongest at 9-10000 CPM. This would suggest that uni- and triaxial PA estimates
would be differently associated with metabolic health, not because of the vector
magnitude are registering different movement, but because it registers movement
differently than the vertical axis alone. Triaxial accelerometry’s ability to capture more
movement in an acceleration signal (4) could explain some of the observed uni- and
triaxial differences. The mathematical implication of combining and squaring the
medio-lateral, vertical and antero-posterior axes implies that a triaxial estimate would
always be equal to-or greater than a uniaxial estimate. The difference would increase the

more movement along the medio-lateral and antero-posterior axis that is recorded (24).

The association patterns of sedentary time, MPA, VPA and MVPA and metabolic
health suggest that uniaxial estimates are greater than triaxial in all epoch lengths,
especially in 1-s epoch. The PA estimates reflects the calibration protocol for the cut
points used. Activities included in protocols are chosen to reflect certain behaviors
typical for an intensity. A point of mayor importance that could influence PA
classification are the lack of activities to represent LPA and MPA in the Romanzini
protocol. When walking/running on a treadmill there is a linear increase in CPM by
increased speed up to approximately 10 km/h (25). Despite this the LPA CPM gap (1.5-
3 MET=184-2427 CPM) is larger than the MPA gap (3-6 MET=2428-3271 CPM) (10).
This seems illogical as the MPA gap should be wider than the LPA. The number -and

types of activities selected to represent LPA and MPA should be considered. The LPA
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cut points are calibrated only by treadmill walking at 2 km/h. One could argue that more
activities are needed to reflect free-living LPA, preferably activity representable of
childrens daily activity habits. MPA cut points were calibrated from treadmill walking
at 4 km/h and playing volleyball on a court with reduced size. While the MPA cut
points includes an activity with a higher triaxial signature, it seems unlikely to represent
the majority of childrens daily activities, sport or play. It would be beneficial to include
more activities without passive phases and representative of childrens short and
intermittent play. There are discrepancies revolving the use of 3 or 4 MET as the cut
point for MPA in children. Although 4 MET is preferred (26) this would make the MPA
CPM interval in the Romanzini protocol narrower. The result of the lack of activities in
the calibration protocol to represent LPA and MPA led to the uniaxial VPA estimate to
be higher than the MPA in all epoch lengths. This might be plausible, but seems
unlikely, as a pattern of potential misclassification is consistent in every epoch length.
The pattern is less evident for the triaxial VPA estimates. The MPA estimates have
wider confidence intervals than the other PA intensities in every epoch length. This
could limit our ability to accurately draw conclusions about association patterns to

cardiometabolic health.

The lack of activities in the calibration protocol to classify LPA and MPA seems to
affect the triaxial estimates more than the uniaxial. As previously mentioned, movement
along the medio-lateral and antero-posterior axes would be needed to increase the
difference between uni- and triaxial PA estimates. It would be beneficial to include
more activities in the calibration protocol and especially increase the specificity of the
cut points and contribute to a better understanding of uni- and triaxial differences in PA
research. Currently an activity with a distinct triaxial signature could vary greatly by

intensity, within epoch lengths and in terms potentially be misclassified. Hypothetically,
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the medio-lateral and antero-posterior axes in the vector magnitude could attenuate
associations. However, we know very little as to why this would be the case. It is
plausible that triaxial accelerometry captures complex movements better than uniaxial,
but at the same time it might be susceptible to picking up more noise in the acceleration
signal. The medio-lateral and antero-posterior axis register less movement than the
vertical axis. The contribution of the two additional axes are dependent on the triaxial
signature of the movement captured. The additional movement captured could provide
less health benefits separately than compared to the combined vector magnitude, but

this latter is speculative and would need to be confirmed in future studies.

The dose-response pattern of MVPA showed the first quartile to consistently have the
least favorable cardiometabolic risk. This is not unexpected as those who accumulated
more min/day of MVPA are those who show a consistent inverse prospective
association to metabolic health (2). However, this is not the case with the triaxial
patterns as they show an inverse non-linear pattern where the second and third quartile
are considered greater than the reference. The pattern for the second, third and fourth
quartile were similar within the uni- and triaxial patterns irrespective of epoch length.
Compared to their respective reference, the triaxial second and third quartiles show
greater associations. The dose-response patterns of the uniaxial quartiles show slightly
stronger associations when comparing the least to most active quartile within all epoch
lengths. It seems that the VPA portion of the MVVPA estimates describes the dose-
response patterns better for the uniaxial patterns, where the triaxial patterns are rather
attenuated by the MPA portion, than reflecting the VPA. This could be because there is
a lesser percentage contribution from the vertical axis to the vector magnitude estimate
for lower intensities. For those who perform the most MVPA it could be related to the

context and intensity of the activity, meaning the more MVPA accumulated — a
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potentially lower relative contribution of the vertical axis to the vector magnitude. The
purposed health benefits from the medio-lateral and antero-posterior axes might
influence the associations to a larger degree for those who do not accumulate as much
MVPA as those in the reference group. This would be speculative but given the small
differences between uni- and triaxial estimates and within triaxial epoch lengths, it
might be plausible that some of the MPA accumulated could stem from walking
behaviors. Consequently, making the lower quartiles more susceptible for associational
shifts due to the portion of MPA in the MVVPA estimate possibly having a higher triaxial

signature.

In this study we have shown that there are considerable differences between uni- and
triaxial accelerometer derived PA estimates. While this is not unexpected, we uncovered
differences in associations to cardiometabolic health markers while the dose-response
patterns for MVVPA derived using different post-processing criteria were similar. These
differences are diminished by summation of PA in longer epoch lengths. The influence
of epoch lengths could be explained by an activity’s intensity and its degree of triaxial
signature. PA research is at a crossroad where the traditional uniaxial approach is
challenged by triaxial accelerometry and we need to know how triaxial accelerometry
compares to earlier results. This study’s result indicate that there are differences in the
magnitude of associations between uni- and triaxial derived sedentary time, LPA, MPA,
VPA and MVPA in different epoch lengths. This difference is most apparent in the
shortest epoch length. When using the post-processing decisions in this study, the
reason for the uni- and triaxial difference in magnitude of association remains unclear.
Triaxial accelerometry might have a future use for capturing complex agile movement

compared to previous uniaxial data-reduction. More research is needed to uncover if
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uni- and triaxial differences are due to post-processing decisions or the triaxial signature

of the recorded activities.

The main implication of our study is that the use of triaxial accelerometry leads to
different magnitude of associations but similar shapes of the dose-response patterns in
different epoch lengths, compared to uniaxial accelerometry. These findings suggest
these post-processing decisions can lead researchers to different conclusions in some
aspects of the role physical activity in promoting cardiometabolic risk markers in

children.

Strength and limitations

To our knowledge this is the first study to compare uni- and triaxial accelerometer
derived PA and its association to childrens prospective cardiometabolic health. In
contrast to earlier studies we can estimate potential benefits of altered PA levels and the
association to cardiometabolic health markers. We applied a set of cut points applicable

to our sample where the uni- and triaxial cut points were calibrated from the same data.

Our study has some limitations. Although our cut points were calibrated from the same
data, the calibration protocol may lack activities to sufficiently reflect free-living LPA
and MPA.. The activities included in the protocol should have included a higher triaxial
signature to increase accuracy for the triaxial cut points. While sedentary time and VPA
seems to be accurately reflected, uncertainty in the differentiating between LPA and
MPA should be noticed. If the future of PA registration is triaxial, cut points should be
calibrated from the same data consisting of more activities with a higher triaxial
signature- preferably agile sports and other daily activities typical to the study

population and PA intensities of interest.
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Our study sample are all the same age and from the same county. Maturation has the
potential to limit our results generalizability due to biomechanical differences between
children, adolescents and adults. Lower extremity length is regarded as a key
determinant for stride length and would result in differences in step frequencies and
hence differences in internal and external moment creating more noise in the
acceleration signal for children (24). The amount of noise contributing to the movement
signal could be larger when measured triaxial, but this is unknown. The geographical
landscape of the county differs from bigger cities in terms of infrastructure and modes
of transportation. Accelerometers ability to capture activities with non-ambulatory
movement at the hip, such as cycling, weightbearing activities and inclined walking,
such as walking to school with a backpack, could have contributed to some

misclassification for children with active transport to/from school (27).

Conclusion

Triaxial physical activity estimates show lower prospective associations to
cardiometabolic health, especially for moderate, vigorous and moderate-to-vigorous
physical activity. The uni- and triaxial difference in association is attenuated in longer
epoch lengths. The dose-response patterns of MVPA are similar between the number of
axes used and epoch length, but the magnitude of association between the least and

most active quartile are greater when measured uniaxial.
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613 Supplementary files

614  Table S1: Independent sample t-tests for the difference in baseline anthropometry and
615 cardiometabolic risk variables between the included and excluded children at baseline (n=912).
616  The number of excluded children (n=>305) are those who miss one or more of the variables at

617  either baseline or post intervention.

p= Mean 95% CI

between difference Lower Upper

groups
Age (years n=432) 0.877 0.002 -0.032 0.037
BMI (Kg/m?n=398) 0.576 0.105 -0.263 0.473
Weight (Kg n=398) 0.475 -0.362 -1.358 0.633
Height (cm n=399) 0.011 -1.086 -1.920 -0.253
WThR (ratio n=397) 0.157 0.004 -0.001 0.009
Andersen (meter n=348) <0.001 -30.220 -43.376 -17.064
SBP (mmHg n=389) 0.728 -0.186 -1.236 0.863
DBP (mmHg n=389) 0.214 0.489 -0.282 1.262
Cholesterol (mmol/l n=307) 0.855 0.008 -0.084 0.101
HDL (mmol/l n=307) 0.409 -0.019 -0.065 0.026
TC:HDL Ratio (ratio n=307) 0.444 0.036 -0.057 0.131
LDL (mmol/l n=306) 0.746 0.014 -0.071 0.100
Triglycerides (mmol/l n=307) 0.148 0.036 -0.012 0.084
Glucose (mmol/l n=307) 0.111 0.038 -0.008 0.086
Insulin (pmol/l n=305) 0.006 7.043 1.990 12.097

618  Cl= Confidence interval, BMI= Body mass index, WThR= Waist-to-height ratio, SBP= Systolic
619  blood pressure, DBP= Diastolic blood pressure, HDL= High density lipoprotein, TC:HDL
620 ratio= Total cholesterol: High density lipoprotein ratio, LDL= Low density lipoprotein. Bold

621  entries represent statistical differences.
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622  Table S2: Paired sample t-tests for the difference between the included and excluded childrens
623  sedentary time, light, moderate, vigorous and moderate-to-vigorous physical activity at baseline
624  (n=1075). The number of excluded children are those who are missing prospective

625  cardiometabolic, covariate or accelerometer data (n=>373).

p= Mean 95% CI

between groups  difference  Lower Upper
Vertical axis
1-s Epoch (374)
SED 0.570 1.990 -4.882 8.863
LPA 0.049 2.589 -5.166 -0.013
MPA 0.338 -0.349 -1.065 0.366
VPA 0.001 -3.719 -5.899 -1.539
MVPA 0.004 -4.069 -6.806 -1.334
10-s Epoch (375)
SED 0.314 3.766 -3.575  11.109
LPA 0.091 -3.646 -7.873 0.580
MPA 0.283 -0.496 -1.403 0.410
VPA 0.001 -4.078 -6.456 -1.700
MVPA 0.003 -4.574 -7.632 -1.517
60-s Epoch (373)
SED 0.246 4.583 -3.162 12.328
LPA 0.073 -5.446 -11.398  0.506
MPA 0.141 -0.948 -2.212 0.315
VPA 0.001 -4.041 -6.501 -1.582
MVPA 0.004 -4.990 -8.383 -1.596
Vector magnitude
1-s Epoch (374)
SED 0.419 2.944 -4.207 10.097
LPA 0.033 -2.903 -5.569 -0.236
MPA 0.471 -0.495 -1.844 0.852
VPA 0.004 -4.214 -7.052 -1.377
MVPA 0.019 -4.710 -8.638 -0.782
10-s Epoch (375)
SED 0.333 3.796 -3.892 11.485
LPA 0.072 -3.604 -7.536 0.327
MPA 0.576 -0.477 -2.154 1.198
VPA 0.005 -4.168 -7.074 1.262
MVPA 0.030 -4.646 -8.838 -0.435
60-s Epoch (378)
SED 0.270 4.629 -3.600  12.858
LPA 0.101 -4.429 -9.723 0.865
MPA 0.316 -1.055 -3.119 1.007
VPA 0.005 -4.274 -7.234 -1.314
MVPA 0.022 -5.330 -9.872 -0.787

626  Cl= Confidence intervals, SED= sedentary behavior, LPA= Light physical activity, MPA=
627  moderate physical activity, VPA= vigorous physical activity, MVPA= moderate-to-vigorous

628  physical activity. Bold entries represent statistical differences.
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629  Figure S1: Correlation plot of the mean counts per minute between the vertical axis and vector

630  magnitude in 1, 10 and 60-s epoch length (n=659).
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633  CPM= counts per minute
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634

Table S3: Beta coefficients, standard errors of the vertical axis and vector magnitude estimates

635 in different epoch settings used for calculating differences in regression slopes. Bold entries
636  represent a statistically significant difference (n=659).
Beta coefficient (SE) p1—p2
VA VM VSE1Z — SE22
1-s Epoch  SED -0.003 (0.002)  0.001 (0.002) -1.41
LPA 0.002 (0.001)  0.000 (0.001) 1.41
MPA -0.004 (0.010)  0.008 (0.006) -1.03
VPA -0.004 (0.003)  0.000 (0.002) -1.11
MVPA  -0.004 (0.003) 0.002 (0.002) -1.66
10-s Epoch SED -0.002 (0.001)  0.000 (0.001) -1.41
LPA 0.001 (0.001)  0.000 (0.001) 0.71
MPA -0.008 (0.007)  0.008 (0.005) -1.86
VPA -0.003 (0.002)  -0.001 (0.002) -0.71
MVPA  -0.003 (0.002)  0.000 (0.002) -1.06
60-s Epoch SED -0.001 (0.001) -0.001 (0.001) 0.00
LPA 0.001 (0.001)  0.001 (0.001) 0.00
MPA  -0.006 (0.004)  0.004 (0.003) -2.00
VPA -0.002 (0.002) -0.002 (0.002) 0.00
MVPA  -0.002 (0.002)  0.000 (0.001) -1.41
637  SE= Standard Error, B= Beta, VA= Vertical axis, VM= Vector magnitude, SED= Sedentary
638  behavior, LPA= Light physical activity, MPA= Moderate physical activity, VPA= Vigorous
639  physical activity, MVPA= moderate-to-vigorous physical activity. Bold entries represent a
640 statistical difference.

-34 -



