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Smartphone-measures of physical activity

Large-scale physical activity data reveal worldwide
activity inequality

| | b 5 =r B "5 l.

N =717,000 (68M person-days)
App counts steps (1IPhone users)
- _ * Big Data=-ep1 ?
— f « Reliability ?
Fﬁh o  Validity ?

e = ':’z e Within-person

: - = selection bias ?
n >~ « Sample selection

Pt bias ?

Althoff et al, Nature 2017



Total Daily Energy Expenditure




The Doubly Labelled Water (DLW) Method

Gold standard for assessment of TEE in real-life situations

Principle:

e Stable isotopes (°H and 180) are drunk as
water S

e Equilibrate with body water (after several
hours)

e 2H is eliminated from the body as water

e 180 s eliminated both as water and as b
CO, S —

e The difference in elimination rates - — Mt
provides a measure of CO, production -
and therefore of TEE (over 10-14 days)

e No information on patterns, eg. intensity

e —750 GBP per measurement (adults)

(Adopted from Speakman, 1998)



Dimensions of physical activity

e Type
- The type or mode of activity refers to the different specific
activities a person is engaged in (e.g. standing, walking, cycling,
load bearing, etc)

e Frequency
- Number of activity bouts during a specific time period

e Duration
- Time (sec, min, hours) of participation in a single bout of
activity

o Intensity

- The physiological or biomechanical effort per unit time
associated with participating in a specific type of activity

e Volume
- The integrated product of the above!
e Domains / settings
- Leisure / occupational / transport
- Social context (alone / with peers / with others)
- Spatial (in-doors or out, green space, perceived safe, etc.)
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Methodologies

Subijective (individual):

e Interviews

e Questionnaires

e Diaries / activity logs

e Proxy-reports

e And.. ?

Objective (individual):

Non-individual:

e # cars / household

e # bikes / university
e 'CCTV walk density’
e Google Street View
e Proximity sensors

e And.. ?

Direct observation
Pedometry

Accelerometry

Gyroscopy

Heart rate monitoring

GPS, other location systems
Galvanic skin response
Heat flux

Doubly-labeled Water

VO2 / VCO2

Calorimetry

“Smartphone apps”

And... ?




Measuring Physical Activity: Validity vs feasibility
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Methodological advances shifts the balance
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Method: Measurement + Inference = Estimate

Measurement method

Room Calorimetry

Doubly Labeled Water ————

Indirect Calorimetry

Accelerometry

Heart Rate Monitoring —

Self-Report

=N

Measured signal Estimate

Heat (or CO, and VO,) ... . TEE ~* PAEE
co, . TEE -~ PAEE
CO, and VO,

Acceleration
ECG, HR

Memory!
(time in behavior)




Validity is determined by...

- what is being measured
- what is being estimated and how

“Inference is everything”



Additional
information

|. Raw measurement

A

y

II. On-board feature extraction

A

y

lll. Data capture/storage
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V. Post-processing
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V. Feature extraction
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VI. Prediction
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Adapted from: Corder et al, J Appl Phys 2008



Questionnaires

Subjective measure of activity

Relies on the responses from the person under
Investigation

Time frame: 24-hr recall, week(s), 1 year, lifetime
Self administered or interview based

Typical summary estimates:

e PAEE (total and by domain)

e Time spent Iin intensity categories
e Time spent in specific activities



Additional
information
(e.g. age,
anthropometrics,
mental state,
disease state,
activity cost table)

|. Raw measurement
(our senses, experience, perception)

A 4

ll. On-board feature extraction
(what the brain thinks is important to remember)

\ 4

[ll. Data capture
(Extraction of information from participant’s brain)

|oAS] uonlisinboe vleg

v

V. Post-processing
(e.g. data cleaning)

\ 4

v

V. Feature extraction
(meta-level features, e.g. activity-specific METS)

40O NddddN

\ 4

VI. Prediction
(e.g. activity type profile, MVPA, or PAEE)

|9A9| JUBpuadapul-awi]

Adapted from: Corder et al, J Appl Phys 2008



Computation of estimates of physical activity EE
from questionnaires

Frequency x Duration x Intensity

2 events/week x 1.5 hr/event x 6 METs x

\ Time /
3 hr/week
N

Energy expended
18 MET-hr/week (18 kcal/kg/week)
~N
Energy expended
1260 kcal/week



Physical activity and incidence of NIDDM
Nurses’ Health Study

Vigorous activity RR

(episodes per week) age adjusted

0 1

1 0.74 (0.60-0.91)
2 0.55 (0.44-0.68)
3 0.73 (0.59-0.90)
4+ 0.63 (0.53-0.75)

at least once weekly 0.67 (0.60-0.75)

n=387,253 women, 34-53 yrs, exposure baseline 1980

8-yr follow-up, 1303 incident cases

RR
age & BMI adjusted

1

0.89
0.71
0.93
0.86

0.72-1.11)
0.56-0.89)
0.73-1.16)
0.71-1.04)

AN N N N

0.84 (0.75-0.95)

Manson et al, Lancet 1991



RR of T2DM among women who did not report vigorous activity

1.2 4 n=70,102 women, exposure baseline 1986
_ 8-yr follow-up, 1419 incident cases
(844 cases in walking analysis)
1 ¢
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<0.5 0.6-2.0 2.1-3.8 3.9-9.9 >10

MET hours per week in self-reported walking

Hu et al, JAMA 1999



Combined effects of physical activity and sedentary behaviour
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Critical appraisal: Metabolic Equivalent Task (MET)

Activity A Activity B Ratio (B/A)
Intensity
VO, (ml O,/min/kg) 7.0 14.0 2.0
Standard MET 2 4 2.0
Marginal MET 1 3 3.0
PAEE (J/min/kg) 70 210 3.0

Q: How do activities A and B equate?

[ standard MET = 3.5 ml O/min/kg
ImlO,~20J



Exposing our PAQ assumptions: @

Intensity distribution of working hours
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Golubic et al, PLoS ONE 2014



Physical activity in EPIC Europe

Time frame: Past year

« Work category

Sedentary, Standing, Manual,
Heavy manual

» Leisure time:
Walking, Cycling, Gardening,
DIY, Physical exercise,
Housework




Derived PA index
(“Cambridge index”) bl

Leisure time physical activity

(Duration of sport and cycling in hrs/wk)
>35and <7.0

Moderately

Work activity

Sedentary active Active
Moderately
Standing active Active Active
Moderately
Manual active Active Active Active
Heavy manual Active Active Active Active




Country-specific validity of three indices
Act of PA derived from short EPIC PAQ:
Acc+HR estimates of PAEE by category

PACE (wlkg/d)

B . The InterAct Consortium, Eur J Epid 2012
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Physical Activity and incident Diabetes
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@ A

PA-T2DM: Effect modification by obesity?
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PA, obesity, and diabetes in Korea

675,496 men PA: Minutes of exercise “causing sweating”
52,995 incident cases
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Dose-response Meta-analysis: Leisure-time activity

28 studies
1.26 million people

e 84 k incident cases
s i - Self-reported LTPA
£ 8 s Sty Exposure harmonisation
...'- - " -
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2.5 hrs/wk @ 3.0 METs = 7.50 MET-hrs/wk

2.5 hrs/wk @ 4.5 METs = 11.25 MET-hrs/wk Smith et al, Diabetologia 2016



Biosensing




Additional
information
(e.g. age,
anthropometrics,
individual
calibration)

|. Raw measurement
(e.g. ECG or acceleration waveform)

A 4

Il. On-board feature extraction

(e.g. filtering, R-wave dete

ction, counts, averaging)

\ 4

[ll. Data storage
(in epoch resolution)

v

V. Post-processing
(e.g. identification of non-worn time and noise)

A

y

v

V. Feature extraction
(e.g. mean, standard deviation,

cross-correlation,

power spectra)

A

y

VI. Prediction
(e.g. activity type or PAEE)

|9A8| uonisinboe vieq

40O NddddN
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Corder et al, J Appl Phys 2008



Accelerometry

Principle:

Direct measure of body movement (acceleration)

When a person moves, the body segments are accelerated by
muscular forces, which should in theory relate to EE.

Acceleration can be measured along one axis (e.g., longitudinal or
vertical), two (e.g., longitudinal + medio-lateral) or three
(longitudinal + medio-lateral+anterior-posterior) axes and it can
be measured at one or more body sites.




Principles of accelerometry

The measured value of a raw acceleration signal
contains 3 components

1. Acceleration as a result of movement

e The component we are most interested in when
estimating activity energy expenditure

2. Acceleration as a result of gravitational force

e |n static situations this tells us the orientation of
the accelerometer

3. Noise



History of accelerometry

Journal of Biomechanics, 1961 :




How does an accelerometer work?

Transducer or Sensor

-Energy converter
(e.g., movement to
electric signals)

Important characteristics:
Range, sensitivity, linearity,
internal frequency,
hysteresis, drifts
(temperature, humidity, etc)

Data Acquisition System

-Data sampler and pre-
processor

(e.g., raw signals to
desirable parameters)

Important characteristics:
Sampling frequency, signal
conditioning, digital signal
processing, size, cost

Chen & Bassett, MSSE, 2005



Two types of accelerometers 4—. = sensor

b‘.bloj I J i X gravity

1

Time



Pop quiz!

A triaxial seismic accelerometer measures the following stable
(>3 sec) acceleration values in its 3 axes:

X =0.79
Y =0.79
Z = 0.0g

What is the orientation of the accelerometer?

Hint: Vector magnitude = vX2 + Y2 + Z2 = 1 (when static)
... and you may find your trigonometric math useful too!

OR open a picture on your smartphone and note when it flips it
to landscape viewing! Do the same when shaking it!



B §E B0 i =i

L
™

i s

L L

Accelerometer auto-calibration to local gravity

B H 8

EF il

fakin d a1 o s sk on oy Eree
o gl b |l e i B b [y B

e s i
il
R —— bt 1 fimmnm bkl
- =] i FE R R
= 0 LFTLE]
== Mirile B i e A i
o R =L
e tflames mejmEs EAYwE
[ et LTLRSS .2 T = TR
[ FE
g = L AT b o e s
= T TT.T =
= st [ e kil s
e fimiia TRT ] TT Tl
i =difit T i i
(s LidiE NIMME 9NifAE
| ol Eal i oo § e s ™ i B el m
I s
D w g P REnEd CLE 1 T L
- TH RS 1T L o
g FLIsLis L FELT LR By
(| aijas FidTE L b
[ | gl R, HEME TS
Ll Iy WEiTS i
=" il S =
L=
[ e EalLE SR ke o L
= ||:.|||. b E ._.:-
re Bl el ST F e i
= Ll paEE R
g i 11 1 EHT e widvE
o BN T s NS e
ia EEE R R e B

Van Hees et al, JAP 2014



Thigh acceleration:
Pitch angle distribution during static periods of free-living
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Rowlands et al, MSSE 2007



Data processing

Chen & Bassett, MSSE, 2005
Chen et al, MSSE 2012




Actigraph acceleration response

Frequency response

Actigraph counts vs 1/T [|acceleration| dt Filter-corrected counts

- : - R?=0.97
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Accelerometry output expressed in m/s?
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Modeling energy expenditure

(making bolder inferences!)



Accelerometry (magnitude):

Variability in the Acc-PAlI relationship by mode of activity
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ACC (BLACK), HR, and ACC+HR during different activities

PAI reference: breath? VO2+VCOZ2 (GREY)
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AEE estimated by waist-worn triaxial accelerometer

Estimateg - Expindilise JIT;: ﬁum 186 participants, 8-81 yrs

“Acceleration was summarised by applying a 4™ order
Butterworth filter (v, 0.1 — 15 Hz) to each axis...”
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Free-living challenges
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Estimation of free-living PAEE from uniaxial magnitude-based

chest accelerometry model

PAI (J/min/kg)
&

g

- measured PAEE (kJ/day/kg)

Est.

-100

N=46 UK adults, 20-55 yrs

ACC

50 100 150
Measured PAEE (kJ/day/kg)

Brage et al, PLoS ONE 2015



Cutpoints, epochs, bouts ...
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Modifying published prediction equations for activity intensity

Effect of censoring implausible estimates
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E Basic equation
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50 -
. | 4 %
DLW-derived PAEE Flat treadmill activity (Trost et al., 1998) Lifestyle activities (Corder et al., 2007)
Criterion Energy expenditure prediction

Corder et al, 2008



AusDiab:

Objectively (accelerometer)
measured sedentary behaviour,
light-intensity physical activity, and
moderate intensity associated with
2-hr plasma glucose.

Source: Healy et al. Diabetes Care 2007




Waveform accelerometry in large cohorts
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General activity classification:
Machine-learning using camera criterion

« Photo every 20 sec, then manually (researcher) coded activity type
* 126 signal features -> Random Forest (collection of decision trees) classifier
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Heart Rate Monitoring

(Eur J Appl Physiol, 2001)

Principle:

There is a linear relationship between heart rate and energy
expenditure during steady state work loads with large muscle
groups (e.g., walking, cycling, running)



Minute-by-Minute Heart Rate Monitoring

e HR is a physiological response and therefore an
Indirect measure of physical activity

¢ HR may be affected by other factors than PA (e.g.
stress, climate, dehydration)




Individual calibration test

(CR fitness assessment)




The FLEX HR Method

(Spurr et al. 1988)

VO2 (I/min)

Heart rate (bpm)

0 50 100 150 200 250

CALIBRATION TEST:
Assessment of energy
expenditure and HR (supine
rest, sitting, standing,
exercising)

DERIVE: Individually
determined FLEX HR and
HR-EE relationship

MONITOR: Min-by-min HR
during free-living and apply
derived calibration factors
to estimate intensity (EE)




HR calibration models

R2
Calibration level

within between overall
l. ™ + VO2 975 .999 977
1. ™ 963 .808 947
1. Step + VO2 .947 .676 913
V. Step .948 .675 919
V. Walk + VO2 .928 .614 .888
VI. Walk .928 .590 .892
VII. Non-exercise (static) .924 .302 812

Brage et al, JAP 2007



Individual calibration hierarchy
Balancing validity and feasibility

Wide-range GXT with VO2
\

Wide-range GXT

™~

Sub-max GXT

™~

Sub-max XT
~

Non-dynamic calibration,
e.g., SHR, gender
~.

n
»

Feasibility

n

Validity

(applicable to HR monitoring)

Brage et al, JAP 2007



Energy Expenditure — Flex HR method

25
Ratios of RMR (PAR)
20
15 3
10 2
5 ﬁ BMR
S
0 @ ng\) % m

0800 1000 1200 1400 1600 1800 2000 2200
Time of day
TEE = EEsleep ha EErest + EEact
EEqeep = 0.95*REE
EE,.s: = REE (for HR < FLEX HR)

EE... = EE from regression equation (for HR > FLEX HR)



Free-living challenges: data are noisy and incomplete!

You’re out! J



http://www.vias.org/science_cartoons/thumbnails.html

HR measurement noise

Standard average heart rate minute-by-minute



Noise detection

Stegle et al, IEEE Trans Biomed Eng 2008



HR inference model
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Stegle et al, IEEE Trans Biomed Eng 2008



Physiological Priors
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Combined ACC + HR monitoring

Eur J Clin Nutr 59, 561-70, 2005

ORIGINAL COMMUNICATION

Reliability and validity of the combined heart rate and
movement senior Adtihean
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Simulated daily-living activities: Error
Calibration level

TM+VO, ™ Step Walk Non-Ex

ACC s 6% o Go% ook

Flex HR 2?9?/0 3%30 377§/o 32?/0 4?35;

ACCHHR 0 0l e m o

Errors are J/min/kg and also expressed relative to measured PAI

n=38, unpublished



Free-living validation (DLW)

PAEE from branched models

TM+VO2 cal. TM cal.
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Brage et al, PLoS ONE 2015



PAEE from singular models

HR: TM+VO2 cal. HR: TM cal.
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RMS Errors and correlations: Free-living PAEE

Calibration level

TM+VO, ™ Step Walk  Non-Ex
ACC : : : (f;;)
Flex HR 59 (8 (5D (o) (40
ACCHHR o (6 (66 (5 (59

Data are RMSE in kJ/day/kg and correlations (brackets), based on DLW (Scholler method)

Brage et al, PLoS ONE 2015



DLW-based PAEE validation: UK, Cameroon, Alaska, France

UK Cameroon Alaska France
(n=46) (n=33) (n=28) (n=35 men)
Calibration Step Group® Step Group®™ Step Group®™ Bike  Group
5 5 -5 -9 -2 -6 -5 -8

Mean bias (8%) (8%) (9%) (15%) (3%) (8%0) (8%) (13%)

RMSE 21 24 29 30 28 33 14 21

Correlation, r .66 .55 .40 .39 .62 .43 .81 .62

Data are kJ/day/kg. DLW estimate based on Scholler method. "Population-specific group equations



. . _ “FENLAND
Physical activity energy expenditure Study

PAEE (kJ/day/kg) @ Men B \Women
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Collings et al, 2014 Lindsay et al (in prep) Golubic et al, 2014



Global variation In activity energy expenditure

UK adolescents
Mexico rural
Kenya rural
Alaska rural
Cameroon rural
India rural

UK adults
Greenland rural
Greenland urban
Europe urban
Cameroon urban
Barbados

UK elderly

Assah et al, 2011+2015
InterAct Consortium, 2012
Christensen et al, 2012a+b

Dahl-Petersen et al, 2013+2014
Collings et al, 2014
Golubic et al, 2014
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Activity and Clustered Metabolic Risk in Cameroon
Rural - urban differences in 552 adults

ZMS
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p<0.001 for trend
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Assah et al, 2011



FENLAND

Physical activity levels by bout duration

min/day

120 - = Men

B \Women
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Associations with 2-hour glucose

mmol/L

mmol/L
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