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Examples of (A) confounding and (B) reverse causality in observational epidemiology. 

Derrick A Bennett, and Michael V Holmes Heart 
2017;103:1400-1407
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Comparison of a conventional trial with a Mendelian randomisation study. 

Derrick A Bennett, and Michael V Holmes Heart 
2017;103:1400-1407
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Measuring sedentary behaviour

Thigh-worn devices have good validity but study 
sample sizes are relatively small n<10,000

Wrist-worn devices have less validity, but study sample 
sizes an order of magnitude larger n = ~100,000

Scalar y-axis thresholds struggle to distinguish between 
sleep/sedentary/light behaviour states. 

We need better methods to infer sedentary behaviour 
from wrist-worn devices.

van der Berg et al. Diabetologia (2016) 59:709–718 Stamatakis et al Br J Sports Med (2018) doi: 10.1136/
bjsports-2018-099131

Doherty, A. et al. PLoS One 12, (2017). 12(2):e0169649 Kerr et al Am J Prev Med 2013;44(3):290 –296



Measuring sedentary behaviour

Kerr et al Am J Prev Med 2013;44(3):290 –296



Bao L., Intille S.S. Pervasive 2004, LNCS
Staudenmayer et al J Appl Physiol 107: 1300–1307, 2009

Take Mediamill SVM slides showing the nuts ‘n bolts 
of this… highlight groundtruth construction, etc.

Machine learning & sedentary behaviour



Video of wearable camera data

Wearable camera video

https://ajpmonline.wordpress.com/2013/04/15/using-wearable-
cameras-in-your-research/

http://www.sciencedirect.com/science/journal/07493797/44/3

https://www.youtube.com/watch?v=_D7FhnnKJ2g

https://ajpmonline.wordpress.com/2013/04/15/using-wearable-cameras-in-your-research/
http://www.sciencedirect.com/science/journal/07493797/44/3
https://www.youtube.com/watch?v=_D7FhnnKJ2g


Kelly et al Journal of Transport & Health 1(3):190-201 (2014)
Willetts, M., Hollowell, S., Aslett, L., Holmes, C. & Doherty, A. Sci. Rep. 8, 7961 (2018).

Extracting behaviours from camera data



https://github.com/activityMonitoring
Willetts, M., Hollowell, S., Aslett, L., Holmes, C. & Doherty, A. Sci. Rep. 8, 7961 (2018).
Doherty, Moulin, Smeaton Memory 19(7), 785-795 (2011)

Machine learning & physical activityExtracting behaviours from camera data



Kerr et al Am J Prev Med 2013;44(3):290 –296
Willetts, M., Hollowell, S., Aslett, L., Holmes, C. & Doherty, A. Sci. Rep. 8, 7961 (2018).

Examples of sedentary behaviour



Camera defined sedentary behaviour

A sedentary behaviour is one which has a MET 
energy expenditure score of ≤1.5 and occurs in a 
sitting, lying, or reclining posture

As an exception to this rule we also categorised 
the following as sedentary behaviour:

16010 driving automobile or light truck (not a semi) 2.5 METS

21010 sitting non-desk work (with or without eating at the same time) 2.5 METS
9065 students/attending seminars or talks 1.8 METS
9100 retreat/family reunion activities involving sitting eating relaxing talking with more than 

one person 1.8 METS

Tremblay et al. Int. J. Behav. Nutr. Phys. Act. 2017 141 14, 75 (2017).
Doherty, Smith-Bryne, Ferreira, MV Holmes, C Holmes, Pulit, Lindgren Nature Communications (in press)



Machine learning of behaviours from acc data

150 people – activity monitors + cameras 



Behaviour classification – free living groundtruth

Doherty, Smith-Bryne, Ferreira, MV Holmes, C Holmes, Pulit, Lindgren Nature Communications (in press)

• 188,355 mins annotated behaviour from 153 people

• 230 different behaviours types (57 sedentary)

• Kappa = 0.68 (accuracy = 79%)



Behaviour classification – face validity

Willetts, M., Hollowell, S., Aslett, L., Holmes, C. & Doherty, A. Sci. Rep. 8, 7961 (2018).

Variation in accelerometer-measured behaviour types (2013–2015) across the 
day by participant characteristics (measured 2007–2010): the UK Biobank study.

Sleep Bicycling

Morning person

Evening person

Cycles 
to work

Doesn’t cycle to 
work



Acc inferred sedentary behaviour – UK Biobank (n=96,616)

Doherty, Smith-Bryne, Ferreira, MV Holmes, C Holmes, Pulit, Lindgren Nature Communications (in press)

Mean = 9.7 hrs/day



Behaviour classification in UK Biobank (n=91,105)

Doherty, Smith-Bryne, Ferreira, MV Holmes, C Holmes, Pulit, Lindgren Nature Communications (in press)



Behaviour classification in UK Biobank (n=91,105)

Doherty, Smith-Bryne, Ferreira, MV Holmes, C Holmes, Pulit, Lindgren Nature Communications (in press)



Comparison of a conventional trial with a Mendelian randomisation study. 

Derrick A Bennett, and Michael V Holmes Heart 
2017;103:1400-1407
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Behaviour classification in UK Biobank (n=91,105)

Doherty, Smith-Bryne, Ferreira, MV Holmes, C Holmes, Pulit, Lindgren Nature Communications (in press)



Genetic variants associated with sedentary behaviour

Doherty, Smith-Bryne, Ferreira, MV Holmes, C Holmes, Pulit, Lindgren Nature Communications (in press)

GWAS of accelerometer measured sedentary behaviour (via machine learning) 
in 91,105 UK Biobank participants



Genetic variants associated with sedentary behaviour

Doherty, Smith-Bryne, Ferreira, MV Holmes, C Holmes, Pulit, Lindgren Nature Communications (in press)



Genetic variants associated with sedentary behaviour

Doherty, Smith-Bryne, Ferreira, MV Holmes, C Holmes, Pulit, Lindgren Nature Communications (in press)



Sedentary behaviour - heritability & shared genetics

Doherty, Smith-Bryne, Ferreira, MV Holmes, C Holmes, Pulit, Lindgren Nature Communications (in press)



Sedentary behaviour – genetic correlations with other traits

Doherty, Smith-Bryne, Ferreira, MV Holmes, C Holmes, Pulit, Lindgren Nature Communications (in press)

After adjusting for multiple testing (p<1.2x10-5, 4160 
tests), we found correlations with 72 traits:

34x anthropometric
15x exercise & work
7x education & intelligence

Increases in sedentary time were genetically correlated 
with:

Improved fluid intelligence score
(rg=0.35, p=5.1x10-22)

Decreased health status
(e.g. for body fat percentage rg=0.26, p=2.1x10-20)



Sedentary behaviour – genetic correlations with other traits

Doherty, Smith-Bryne, Ferreira, MV Holmes, C Holmes, Pulit, Lindgren Nature Communications (in press)

Other genetic correlations of note:

- Time spent using computer (rg=0.47, p=8.3x10-42) 

- HDL cholesterol (rg=-0.20, p=2.3x10-7)

- Diabetes diagnosed by doctor (rg=0.23, p=6.1x10-9)

- Body mass index (rg=0.26, p=3.5x10-15)



Sedentary behaviour - Mendelian randomisation results

Doherty, Smith-Bryne, Ferreira, MV Holmes, C Holmes, Pulit, Lindgren Nature Communications (in press)

After adjusting for multiple testing (p<4..7x10-4, 21 
diseases, 105 tests) … we found no significant 
associations.

If we wanted to be bad scientists, fish for some hope, and 
squint *really* hard at the results …
- Body fat % (beta % per SD: 0.81, SE=0.34, p=0.017)



Sedentary behaviour - Mendelian randomisation results

Doherty, Smith-Bryne, Ferreira, MV Holmes, C Holmes, Pulit, Lindgren Nature Communications (in press)

Still nothing 
significant

P-hacking, fishing & 
squinting ...
- Body fat % (beta % per SD: 

0.50, SE=0.15, p=0.001)

- BMI (beta kg/m2 per SD: 0.33, 

SE=0.11, p=0.003)

- CVD (Odds ratio per SD: 0.14, 

SE=0.06, p=0.024) 

Evidence not 
convincing
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Large scale studies, ideally with objective 
measures, provide promise for causal inference

Need better measures:
Models - semi-supervised learning
Devices - inclinometers at scale?

Larger sample sizes to detect genetic variants:
More cohorts with sensors + genetics
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Mendelian randomization of 
objectively-measured sedentary 
behaviour in large-scale biobanks



Behaviour – machine learning results

Willetts, M., Hollowell, S., Aslett, L., Holmes, C. & Doherty, A. Sci. Rep. 8, 7961 (2018).

• 188,355 mins annotated behaviour from 153 people

• Kappa = 0.68 (accuracy = 79%)



Sedentary behaviour types (1/4)

Willetts, M., Hollowell, S., Aslett, L., Holmes, C. & Doherty, A. Sci. Rep. 8, 7961 (2018).

• home activity;eating;13030 eating sitting alone or with someone

• home activity;household chores;washing/ironing/mending clothes;5080 knitting sewing sitting

• home activity;household chores;washing/ironing/mending clothes;5080 knitting sewing wrapping presents sitting

• home activity;leisure;activities for maintenance of a household;miscellaneous;9100 retreat/family reunion activities involving sitting eating relaxing talking with 
more than one person

• home activity;leisure;activties for maintenance of a household;9100 retreat/family reunion activities involving sitting eating relaxing talking with more than one 
person

• home activity;leisure;activties for maintenance of a household;miscellaneous;9100 retreat/family reunion activities involving sitting eating relaxing talking with 
more than one person

• home activity;miscellaneous;sitting;11580 office work such as writing and typing (with or without eating at the same time)

• home activity;miscellaneous;sitting;11580 office/computer work general

• home activity;miscellaneous;sitting;21010 sitting non-desk work (with or without eating at the same time)

• home activity;miscellaneous;sitting;5080 sitting non-desk work (with or without eating at the same time)

• home activity;miscellaneous;sitting;7010 lying and watching television with TV on as the primary activity

• home activity;miscellaneous;sitting;7010 sitting/lying and watching television with TV on as the primary activity

• home activity;miscellaneous;sitting;7021 sitting without observable actiivties

• home activity;miscellaneous;sitting;7021 sitting without observable activities

• home activity;miscellaneous;sitting;9030  sitting desk work (with or without eating at the same time)

• home activity;miscellaneous;sitting;9030 sitting desk entertainment/hobby (with or without eating at the same time)



Sedentary behaviour types (2/4)

Willetts, M., Hollowell, S., Aslett, L., Holmes, C. & Doherty, A. Sci. Rep. 8, 7961 (2018).

• home activity;miscellaneous;sitting;9030 sitting desk work (with or without eating at the same time)

• home activity;miscellaneous;sitting;9045 sitting playing traditional video game computer game

• home activity;miscellaneous;sitting;9055 sitting/lying talking in person/using a mobile phone/smartphone/tablet or talking on the phone/computer (skype
chatting)

• home activity;miscellaneous;sitting;9060 sitting reading or using a mobile phone/smartphone/tablet or talking on the phone/computer (skype chatting)

• home activity;miscellaneous;sitting;9060 sitting/lying reading or without observable activities

• home activity;miscellaneous;sitting;9060 sitting/lying reading or without observable/identifiable activities

• home activity;self care;13046 having hair or nails done by someone else sitting

• leisure;eating;13030 eating sitting indoor/outdoor

• leisure;eating;not-social;13030 eating sitting indoor/outdoor

• leisure;eating;social;13030 eating sitting indoor/outdoor

• leisure;miscellaneous;21000 sitting meeting or talking with others

• leisure;miscellaneous;21005 (generic) sitting light office writing typing work

• leisure;miscellaneous;21010 sitting non-desk work (with or without eating at the same time)

• leisure;miscellaneous;sitting;21000 sitting meeting

• leisure;miscellaneous;sitting;21005 (generic) sitting light office writing typing work

• leisure;miscellaneous;sitting;5080 sitting non-desk work (with or without eating at the same time)



Sedentary behaviour types (3/4)

Willetts, M., Hollowell, S., Aslett, L., Holmes, C. & Doherty, A. Sci. Rep. 8, 7961 (2018).

• leisure;miscellaneous;sitting;9055 sitting talking to person/using the phone

• leisure;miscellaneous;sitting;9060 (generic) sitting/lying reading or without observable activities

• leisure;miscellaneous;sitting;9060 (generic) sitting/lying reading or without observable/identifiable activities

• leisure;religious activities;20000 sitting in church in service attending a ceremony sitting quietly

• leisure;religious activities;20005 sitting in church talking or singing attending a ceremony sitting active

• leisure;sports;water activities;18012 boating power passenger

• occupation;interruption;11585 sitting meeting/talking to colleages with or without eating

• occupation;interruption;11585 sitting meeting/talking to colleagues with or without eating

• occupation;interruption;13030 eating sitting

• occupation;interruption;9055 sitting using a mobile phone/smartphone/tablet or talking on the phone/computer (skype meeting etc.)

• occupation;interruption;9060 (generic) sitting without observable activities

• occupation;interruption;9060 (generic) sitting without observable/identifiable activities

• occupation;interruption;9060 sitting using a mobile phone/smartphone/tablet or talking on the phone/computer (skype meeting etc.)

• occupation;interruption;sitting;11585 sitting meeting/talking to colleagues with or without eating

• occupation;interruption;sitting;13030 eating sitting

• occupation;interruption;sitting;9055 sitting using a mobile phone/smartphone/tablet or talking on the phone/computer (skype meeting etc.)



Sedentary behaviour types (4/4)

Willetts, M., Hollowell, S., Aslett, L., Holmes, C. & Doherty, A. Sci. Rep. 8, 7961 (2018).

• occupation;interruption;sitting;9060 sitting without observable/identifiable activities

• occupation;office and administrative support;11580 office wok/computer work general

• occupation;office and administrative support;11580 office work/computer work general

• occupation;office and administrative support;11580 office/computer work general

• occupation;public admin/education/health;education;9065 students/attending seminars or talks

• transportation;private transportation;16010 driving automobile or light truck (not a semi)

• transportation;private transportation;16015 riding in a car or truck

• transportation;public transportation;16016 riding in a bus or train

• transportation;waiting;7021 sitting


