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Different measurements, same underlying target

‘Latent’ physical activity
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Physical Activity intensity time-series during free-living
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Usual: LTPA (high vs low)

Total vs actioned evidence base…

Dose response : LTPA (MET-hrs/wk)

A typical meta-analysis…

Only 5 studies 
Included !

(Aune et al. 2015)



Some options

1. Be bold! Make assumptions (and test them!)

2. Bring more data into the mix

• Harmonisation using validation data

• Validation and Marginalisation

• Harmonisation using indirect validation

• Measurement error correction methodology

Can we bring harmony to the un-harmonisable
(“harmomiserable”)?



The latent truth

Chasing the truth…

Method 
A

Method 
B

Method 
C

Criterion measure

? ?

?



Measurements, inferences, truth…

Possible target variables

Volume

Frequency

Duration

Intensity

Energy Expenditure

Type

Domain

Meeting guideline

Instrument A

ΣA

Instrument C

ΣC

transformi, εi Instrument B

ΣB



Harmonisation transforms

The transforms have two key characteristics:

1. Mapping: Method X values to target values

2. Uncertainty estimator of the mapping



Dose-response Meta-analysis - Motivating Example 

Exposure Harmonisation: Meta-data



Dose-response Meta-analysis - Motivating Example 

Exposure Harmonisation: Meta-data



Dose-response Meta-analysis - Motivating Example 

Exposure Harmonisation: Meta-data



Dose-response Meta-analysis - Motivating Example 

Exposure Harmonisation: Meta-data



Dose-response Meta-analysis - Motivating Example 

Exposure Harmonisation: Meta-data
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Target variable: “LT” PAEE (Marginal-MET.hrs/wk)

Dose-response Meta-analysis - Motivating Example 

Exposure Harmonisation: Meta-data



Computation of estimates of physical activity EE
from questionnaires

Frequency  x  Duration  x  Intensity  x  Body weight
Example: 2 events/week  x  1.5 hr/event  x  6 MMETs    x 70 kg

Time
3 hr/week

Energy expended
18 MMET-hr/week (18 kcal/kg/week)

Energy expended
1260 kcal/week



Computation of estimates of physical activity EE
from questionnaires

Frequency  x  Duration  x  Intensity  x  Body weight
Example: 2 events/week  x  1.5 hr/event  x  5 MMETs    x 70 kg

Time
3 hr/week

Energy expended
15 MMET-hr/week (15 kcal/kg/week)

Energy expended
1050 kcal/week

Can we work this out from aggregate data?



Mapping aggregate MET.hours to MMET.hours

�Mean MET.hrs by exposure group

� REE component is 1 MET per reported hour

� Is mean duration reported by exposure group?

� MMET.hrs = MET.hrs – 1 MET x duration (hrs)

�Mean duration not available?

� Make assumption about duration

� Use relationship between MMET.hrs and MET.hrs in other 
selfreport data where it both are available

� e.g. MMET.hrs = b1* MET.hrs + b2 * MET.hrs
2



Frequency  x  Duration  x  Intensity  x  Body weight
Example: 2 events/week  x  1.5 hr/event  x  5 MMETs    x 70 kg

Time
3 hr/week

Energy expended
15 MMET-hr/week (15 kcal/kg/week)

Energy expended
1050 kcal/week

Any of these not measured (reported)?



Testing impact of assumptions

Duration assumption � 45 min       vs             30 min per session

(n=9/27)
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Categorical data

Work activity No ≤3.5  >3.5 and ≤7.0 > 7.0

Sedentary Inactive

Moderately 

inactive

Moderately 

active Active

Standing

Moderately 

inactive

Moderately 

active Active Active

Manual

Moderately 

active Active Active Active

Heavy manual Active Active Active Active

Leisure time physical activity 

(Duration of sport and cycling in hrs/wk)

(InterAct Consortium, Eur J Epid, 2012)



How do we map this exposure to PAEE?

Work activity No ≤3.5  >3.5 and ≤7.0 > 7.0

Sedentary Inactive

Moderately 

inactive

Moderately 

active Active

Standing

Moderately 

inactive

Moderately 

active Active Active

Manual

Moderately 

active Active Active Active

Heavy manual Active Active Active Active

Leisure time physical activity 

(Duration of sport and cycling in hrs/wk)

PAEE

?

• 2-level index
• 4-level index
• 16-level index



Validation study: Obj assessment of PA

� Combined PA Index (Occupational & Leisure-time PA) 

� Validation study

� n=1941 sampled from EPIC-Europe  population

� EPIC PAQ

� Individually calibrated ACC + HR

� (Interact Consortium, 2012) 



Validation results

Men

(n=591)

Women

(n=1350)

n Mean SD n Mean SD

Inactive 114 35.6 13.7 178 36.5 12.8

Mod.

inactive
152 43.7 15.2 492 39.8 12.7

Mod. active 164 49.0 17.9 374 43.6 13.9

Active 161 56.2 18.4 306 48.2 16.6



Analysis example: 
PAEE association with diabetes

• Simulate 3 different self-report methods:

• A. Binary inactive/active  � � � PAEE from validation

• B. 4-level PA index  � � � PAEE from validation

• C. 16-level PA index � � � PAEE from validation

• Cox regression to model harmonised PAEE-T2DM 
association for each method in each InterAct cohort

• Meta-analysis across cohorts



Exposure mapping

A. Binary B. 4-level index C. 16-level index 

Work activity No ≤3.5  >3.5 and ≤7.0 > 7.0

Sedentary Inactive

Moderately 

inactive

Moderately 

active Active

Standing

Moderately 

inactive

Moderately 

active Active Active

Manual

Moderately 

active Active Active Active

Heavy manual Active Active Active Active

Leisure time physical activity 

(Duration of sport and cycling in hrs/wk)



Association between PAEE and T2DM 
(men)

Method A B C

HR per 1kj 0.985 0.983 0.984

HR per 10kj 0.860 0.842 0.851

P-value 0.006 0.002 0.001

A. Binary B. 4-level index C. 16-level index 



Association between PAEE and T2DM 
(women)

Method A B C

HR per 1kj 0.969 0.981 0.974

HR per 10kj 0.730 0.825 0.768

P-value 0.016 0.002 0.001

A. Binary B. 4-level index C. 16-level index 



Marginalisation, validation, interpolation



Exposure Calibration - using Objective Validation Study

Dose-response Meta-analysis - Motivating Example 

Exposure Harmonisation: Meta-data



• PAEE above resting EE

• Cambridge index = OPA + LTPA

• LTPA MMETs = Total PA index – Cam. index (level 1)

Target variable : Marginal METs for LTPA

1) Active = 48  – 35 = 13

2) Mod Active     = 45 – 35 = 10 

3) Mod Inactive   = 42.5 – 35 = 7.5

4) Inactive = 40 – 35 = 5  kJ/kg/day

PAEE (MMET.hrs/week) = PAEE (kJ/d/kg) x 7 days/wk ÷ (3.5 

mlO2/kg/min/MET x 0.02035 kJ/mlO2 x 60 min/hr)

1 kJ/kg/day to  1 MMET.hrs/wk

OPA + LTPA

35

Dose-response Meta-analysis - Motivating Example 

Exposure Calibration: using Objective Validation Study



1) Active = 48  – 35 = 13 = 21.3

2) Mod Active     = 45 – 35 = 10 = 16.4

3) Mod Inactive   = 42.5 – 35 = 7.5 = 12.3

4) Inactive = 40 – 35 = 5 = 8.2      MMET.hr/wk

• PAEE above resting EE

• Cambridge index = OPA + LTPA

• LTPA MMETs = Total PA index – Cam. index (level 1)

Target variable : Marginal METs for LTPA

PAEE (MMET.hrs/week) = PAEE (kJ/d/kg) x 7 days/wk ÷ (3.5 

mlO2/kg/min/MET x 0.02035 kJ/mlO2 x 60 min/hr)

1 kJ/kg/day to  1 M-MET.hrs/wk

OPA + LTPA

35

Dose-response Meta-analysis - Motivating Example 

Exposure Calibration: using Objective Validation Study



1) Active = 48  – 35 = 13 = 21.3

2) Mod Active     = 45 – 35 = 10 = 16.4

3) Mod Inactive   = 42.5 – 35 = 7.5 = 12.3

4) Inactive = 40 – 35 = 5 = 8.2      MMET.hr/wk

Dose-response Meta-analysis - Motivating Example 

Exposure Calibration: Interpolation



Dose-response Meta-analysis - Motivating Example 

Exposure Calibration: Interpolation



Dose-response Meta-analysis - Motivating Example 

Exposure Harmonisation: Meta-data



MarginalMET.hrs/week



Indirect validation



DLW method 

PAEE (kJ/kg/day)

Trunk ACC

Acceleration (m/s2)

ACC = β1 * MVPA+ α1

(Bridge Equation 1)

Self-report, eg MVPA

Direct Validation Model

Indirect Validation Model

Harmonisation in absence of direct validation

PAEE = β2 * ACC + α2

(Bridge Equation 2)

PAEE = β2 * (β1 * MVPA + α1) + α2



Bridge Starting 

Variable 

Intermediate 

Variable

Target 

Variable

N β (SE) α (SE) r2

Indirect harmonisation of RPAQ MVPA via ACCTRUNK

AC RPAQ MVPA (minutes•day-1) ACCTRUNK (m•s-2) - 2121 5.84⋅10−5 (7.9⋅10−6) .1199 (.0015) .02

CB - ACCTRUNK (m•s-2) DLW PAEE (kJ•day-1•kg-1) 46 165 (32) 26.7 (8.2) .37

Indirect harmonisation of RPAQ MVPA via PAEE from HR

AC RPAQ MVPA (minutes•day-1) HR PAEE (kJ•day-1•kg-1) - 2121 .0840 (.0061) 60.9 (1.2) .08

CB - HR PAEE (kJ•day-1•kg-1) DLW PAEE (kJ•day-1•kg-1) 46 .34 (.07) 42.7 (5.8) .34

Indirect harmonisation of RPAQ MVPA via PAEE from ACCHR

AC RPAQ MVPA (minutes•day-1) ACCHR PAEE (kJ•day-1•kg-1) - 2120 .0390 (.0030) 50.69 (.57) .07

CB - ACCHR PAEE (kJ•day-1•kg-1) DLW PAEE (kJ•day-1•kg-1) 46 .66 (.11) 20.0 (8.1) .45

Indirect harmonisation of RPAQ PAEE via PAEE from ACCHR

AC RPAQ PAEE (kJ•day-1•kg-1) ACCHR PAEE (kJ•day-1•kg-1) - 2120 .239 (.014) 45.63 (.69) .12

CB ACCHR PAEE (kJ•day-1•kg-1) DLW PAEE (kJ•day-1•kg-1) 46 .66 (.11) 20.0 (8.1) .45

Indirect harmonisation of Cambridge Index via PAEE from ACCHR

AC RPAQ Cambridge Index ACCHR PAEE (kJ•day-1•kg-1) - 2120 *Inactive =0; 

Moderately inactive = 4.5 (2.6); 

Moderately active = 11.1 (2.6); 

Active = 21.5 (2.6)

42.9 (2.5) .11

CB ACCHR PAEE (kJ•day-1•kg-1) DLW PAEE (kJ•day-1•kg-1) 46 .66 (.11) 20.0 (8.1) .45

Indirect harmonisation of ACCWRIST via ACCTRUNK

AC ACCWRIST (milli-g) ACCTRUNK (m•s-2) - 1050 .4.78⋅10−3 (9.0⋅10−5) -.097 (.0036) .53

CB ACCTRUNK (m•s-2) DLW PAEE (kJ•day-1•kg-1) 46 165 (32) 26.7 (8.2) .37

Indirect harmonisation of ACCWRIST via PAEE from ACCHR

AC ACCWRIST (milli-g) ACCHR PAEE (kJ•day-1•kg-1) - 1050 1.232 (.012) -6.90 (.45) .67

CB ACCHR PAEE (kJ•day-1•kg-1) DLW PAEE (kJ•day-1•kg-1) 46 .66 (.11) 20.0 (8.1) .45

Bridge equations

Pearce et al, in prep
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Pearce et al, in prep



Inferentially equivalent?
Association with BMI

Pearce et al, in prep



Absolute versus marginalised mapping…



Cohorts were 7, 18, and 30 yrs old at time of assessment

Other target variables: 
Movement intensity distributions

da Silva et al, IJE 2014



Large cohorts and surveillance
e.g. UKBB, WHO STEPS?

EPIC

(Berkemeyer et al, 2016; Yerrakalva et al, 
2017; Hajna et al, 2018)

(Doherty et al, 2017)

n~100k 

(Kim et al, 2017)



MRC Epidemiology Unit White et al, 2016+2018

What should be the criterion measure for movement?

Segment vs whole-body movement?

r2=0.56

Segment vs whole-body PAEE?

Within-id vs between-id?



Discoverability of method relationships

• Published peer-reviewed papers
• Published papers, eg BioRxiv
• Share bridge equations and meta-
data

• Share raw data

• What format?
• Who will host (fund)?
• Who will contribute?
• How to make that attractive?



Relation to measurement error correction



Imagine a study with true association = 0.5

Naïve model: Y = α + β . X

Error model: X = λ . X + ε

Error-corrected model: 

Y = α + β/λ . X

ˆ    ˆ

ˆ

ˆ

Using validation study with… n=400 and… n=1600

Bishop et al, in prep



Conclusion

• Multiple ways of connecting data help harmonisation

• Marginalisation is a (blunt!) tool

• Some assumptions needed, most are testable

• Mapping to latent variable by use of validation data is a viable 
alternative to classic harmonisation

• Inclusive: Allows ALL data sources to be integrated

• Implicitly quantifies uncertainty of the process

• Achieves inferential equivalence in downstream analyses?

• Harmonisation using indirect validation is a viable alternative to 
direct validation

• Narrows the range of harmonised values compared with DLW

• Population specificity an issue

• Further work: 

• Full integration with measurement error correction techniques
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