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People living with hemophilia lack a coagulation factor and tend to experience spania

bleeds, with frequency and intensity that vary between individuals. Predicting who will experience
more bleeds would allow for changing the treatment strategies and directing the best resources to
the persons that can benefit more.

Through thigoroject, we identified the variables that should be considered to estimate the risk for
bleeding in people living with hemophilia, namely the blood levels of the lacking coagulation
factor, the bleeding history, the physical activity levels, the concorhitaatment with blood

thinners, and the presence of obesity. We determined that Fitbit Charge and Charge HR are the
most accurate devices for measuring steps and Apple Watch for heart rate. Lastly, we found that
an existing tool for predicting the risk bfeeding is not accurate enough to be used in this setting,

and a new model should be produced.
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A tool allowing the prediction of the risk of bleeding in patients with hemophilia would be relevant
for patients, stakeholders, and policymakers.

We performed a systematic review of the literature searching for available risk assessment models
to predict the risk of bleeding in people living with hemophilia, and to determine the key risk
factors that the ideal model should include. We also systemifiticaview the literature to

determine the acceptability and accuracy of wwetarable devices to measure physical activity in
the general population. Finally, we validated the performance of a risk assessment model for the
prediction of the risk for bleging in people living with hemophilia

We identified the following risk factors for bleeding in people living with hemoppilzgesma

factor levels, history of bleeds, physical activégtithrombotic treatment and obesity The FitBit
Charge and FitBitfarge HR are the most accurate devices for measuring steps, and the Apple
Watch is the most accurate for measuring heart rate. No dgwioged to be accurate in

measuring energy expenditur&he predictive accuracy of the risk assessment model that we
validated does not endorse its use to drigecision making on treatment strategies based on the
predicted number of bleeddS his might in part be explained by the methods used in the derivation
phase.

The need for an accurate risk assessment model to préukctisk of bleeding in people living

with hemophilia is still unmet. This should be done by including the relevant risk factors identified
through our work, with data on physical activity possibly collected using an accurate wrist
wearable device, and tbugh the application of rigorous methods in the derivation and validation

phases.
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Sincel arrivedat McMaster University, | have been working in a collaborative, stimulating
environment. Three mentors have been crucial in this journey. One was running in front of me,
dropping plenty of opportunities for me to pick yand keeping me fitOne took me ¥the hand
and accompanied mgince whermy first application to thdHRM progranwas rejected One
pushed me toward places | would have not explored. All of this was essential to get where | am
now. | hope to continue to benefitom such an excellent conamy and treasure this experience

to give back to others. Being Italian, | also must thank my mom, dad, and my truly supportive,

understanding, family.
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Figure 11: example of a PK estimate obtained using WAPPS.

Figure 12: WAPPS clinicehlculator.

Figure 21: PRISMA Flow Diagram.

Figure 31: PRISMA Flow Diagram.

Figure 32: summary of the results for the main accuracy outcomes.

Figure 41: observed versus predicted number of bleeds during each treatment peaoBWWH A and an
individual PK available.

Figure 42: observed versus predicted survival time (first bleed) during each treatment period, for PWH A
and an individual PK available.

Figure 43: observed versus predicted number of bleeds during each treatpembdd, for PWH A without
an individual PK available.

Figure 44: observed versus predicted survival time (first bleed) during each treatment period, for PWH A
without an individual PK available.

Table 21: characteristics of the included studies.

Table 22: Risk of bias assessment of the included studies, using the QUIPS tool.

Table 23: risk factors, outcomes definitions, risk estimates, and covariates adjtiste

Table3-1:4 Characteristics of the studies reporting on accuracy.

Table 32: 5 Characteristics of the studies reporting on acceptability.

Table 33: Result characteristics of the studies reporting oruaacy.

Table 46: Parameter estimates for the risk assessment model.

Table 47: Characteristics of the population and outcomes distribution

Table 48: regression for observedersus predicted number of bleeds.
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ABR: annualized bleeding rate

allR: adjusted incidence rate ratio

aOR: adjusted odds ratio

Apps: applications

ATHN American Thrombosis and Hemostasis Network

AUROC: areander the receiver characteristics curve

BMI: body mass index

BSV: between subject variability

CBDR: Canadian Bleeding Disorders Registry

CDSRCochrane Database of Systematic Reviews

CENTRAK ochrane Central Register of Controlled Trials

Cl: confiegtnce interval

EE:energy expenditure

EHL: extended halife

ETP: endogenous thrombin potential

FIX: factor IX

FVIII: factor VIII

HIREBHamilton Integrated Research Ethics Board

ICCintraclass correlation coefficient

|U: international units

MAPE: mean absolute percentage

mHealth: mobile health

MVPA:mean to vigorous physical activity

OR: odds ratio

PAC1: procaspaseactivating compound 1

PK: pharmacokinetics

PMCHPersonalized Medicine for Canadians witbmophilia

PRISMAScR: PRISMA extension for Scoping Reviews

PRISMAPreferred Reporting Items for Systematic Reviand MetaAnalyses

PSSUPostStudy System Usability Questionnaire

PWH: people living with hemophilia

QUADAZ: QualityAssessment of Diagnostic Accuracy Studiesrsion 2

RAM: risk assessment model

ROCreceiver operating characteristic

RTTE: repeated time to event

SD: standard deviation

SHL: standard halife
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WAPPS1ema Web-Accessible Population Pharmacokinetic Sergitkemophilia
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This project originated from a discussion initiated by my supervisor, Alfonso Wgo.

A

worked together to developit,andi2 21 GKS f SFIR FNRY UGKSNBo®

specificparts of this projectis reported in each chapter.

Xi
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Hemophiliais an inherited Minked bleeding disordefHemophilia A is characterized by a
deficiency of clotting factor VIII, while factor 1X is deficient in hemophilia B. The cornerstone
of hemophilia care is the treatment with the deficieclotting factor, although treatment
alternatives start being availabl&] The severity of bleeding episodes is usually associated
with clotting factor levels. Hemophilia with factor levels of <0.01 IU/ml is classified as
severe. Severe hemophilia is asated with spontaneous bleeds into joints or muscles,

even in the absence of identifiable hemostatic challendé$n untreated people with

severe hemophilia, recurrent bleeds in joints progressively cdisablingarthritis. On the

other hand, these spaaneous bleeds seldom occurpeople living with hemphilia (PWH)

with factor levels >0.01 IU/njR] This observation led to the introduction of regular
prophylaxis, i.e. the regular treatment with factor concentraiending to maintairthe

factor lewels above a certain threshold. Prophylactic treatment is usually dosed by weight
(with higher or lower doses according to different protocols), but due to high-jpétient
variability in the drug pharmacokinetics (PK), this can translateeither unde- or over
dosing[3] This can lead to a waste of resources or low efficacy. For this reason, the use of a
tailored treatment approach based on the individual PK profile has been advocated, having
the potential to be superior to weigHbased regimens in tens of efficacy and resource
consumption[4,5] TheWeb-Accessible Population Pharmacokinetic Servidemophilia
(WAPPSHemqg NCT02061074s a populatiorbased Bayesian calculator that provides

OF NEIAOSNE 6AGK AYRAQGARdzZtf LI GASBTHese t Y Saida

populationtbased PK estimates are calculated on a minimum of two-jpdgsion blood


https://clinicaltrials.gov/ct2/show/NCT02061072
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samples, as compared to the 9 to 11 samplesded for a classic individual F¥6,7]

Thanks to the Bayesian approach, the variabgityoss different segments of the PK curve
can varyat different time points depending on the availability eiformation from the
individual(smaller variabilitypr only from the population (larger variabilit{§] The service

is hosted at McMaster University, is industry independent, ariceely availableonline.[9]

An example of a PK estimate is provide@imurel-2. Once the individual PK is assessed,
the service provides theser with a calculator that, given two out of the three following
variables: dose, administration frequency, or hematic factor trough levels, calstitegte

third one (see~igurel-3). This allows the physician to perform simulations on the effect of
different treatment plans, in terms of dosage and frequency of administration, or to
calculate the dose and frequency neebi® keep the factors trough levels above a specified
value. The PK based approach for tailoring prophylaxis regimens is gaining popularity and
has been also suggested (possibly using WARIA®) by thdJnited Kingdom Haemophilia

/ Sy i NB 5 2 0iehUKKCDRNH heyeffedtd ofi the application of a Psed
approach on resource consumption and clinical outcoareseing studied in the
Personalized Medicine for Canadians with HemopfiRidCH) study, a pragmatic multi
center study with a befor@fter design, on the clinical impact of the use of the WAPPS
Hemo service to tailor the factor replacement prophylaxis strategy in Canadian people with
hemophilia (PWH) A or BICT03615093 The PMCH study is producing a large amount of
data, collected in the Canadian Bleeding Disorders Registry (CBDR), a national clinical
database that collates clinical information, clotting factor utilizatiand patient outcones

on people with bleeding disorders. Factor utilization is reported®WHdaily, in real time.

One possible use of these data is fhrediction ofi KS LI G ASy da@WHIR a]1 27F

2

0
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physicians, and policymakemsaght benefit from kowing the risk of bleedingp individual

LI GASYyGad CNRY (KS LI GASYdaqQ LISNRLSOGAGSS Al
bleeding and how this might change modifying potential risk factors. For example, knowing
that changing the treatment adhence from 70 to 90% would reduce the annualized risk of
bleeding of a certain amount, might help a patient in improving his adherence. Moreover,
knowing the punctual risk of bleeding based on risk factors including modifiable variables
such as the plasmavel concentration and the type of physical activity to be performed,
would allow the patients to change their risk, modifying the factor plasma levels (with an
extra infusion) before a highisk activity, or avoiding highsk activities when the factor

levels are too low. On the other hand, when the risk for bleeding is very lpesson with
hemophiliamight reduce the factor usage, and this would all@mwvsaving resources. From
G0KS LIKeaAOAlIyaQ LISNBRLISOGADSIT | oNdddcdtionald a Sa dyYS
purposes as described above, and to select the best treatment for a sgedéftitfor

example reserving moreesourceintense treatment regimengor PWHat high risk of
bleeding.Froma policymaker perspective, the identification of diffanerisk categories

would allow them to decide how to allocate resources. This is particularly important now
that new therapieentered orare about to enter the market. Emicizumab iewmanized
antibodythat mimicsthe function of factor VIland presentgpotential clinical advantages as
compared to factor concentrates, being administematcutaneouslynstead of

intravenously and less frequentljl1,12]Another option will soon be available: gene

therapy for PWHA and B have been tested in phase 1 arida?s with promising

resultd13,14] sveral other phase 2 studies are ongoing and some company already moved

to phase INCT0339297MNCT033709131t is reasonable to assume that these therapies

3
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will be very expensive, and that policymakers will have to decide on the amount of
resources to allocatéo these treaments, and which groups of patients will be eligible to
receive them. The identification of patients at high raflbleeding might be a way to select
the patients that can benefit more from the new treatments.

We are not aware of the existence of any RA¥ithe estimation of the risk of bleeding in
PWH. Howevelto avoid reinventing the wheegne should perforna systematic review of
the literatureto confirm this.If this is confirmed, the following natural step would be the
derivationof a RAMits internal and external validation, and its use in a management study
to show that clinically relevant outcomes can be positively impacted using the[RZ\M.
Ideally, such a RAM should include all the relevant known risk factbesbest wayto

identify such risk factors artd estimate the strength of the association between each risk
factor and the outcome is again a systematic review of the literafli6¢ Two of these risk
factors are theLJl (i A Bagniatador levelsand exposure tophysical activity[17]

Regarding théormer, the use ofinfusiondata from CBDR arfeK data fronWAPPS wuld
allow usto estimatethe time-varyingplasma factor levels &?#WH.As per physical activity,

at the present moment, no information &y/stematicallycollected in CBD& WAPPSThis
might be done with a questionnaire aimed at classifying the level of physical activity.[10]
Problems with this approach would be that the nse&e is subjective, the temporal
relationship between the level of physical activity and the bleeding episodes would be hard
to determine, and data might be missing when a patient is not willing to complete the
guestionnaire. Another option would be to pEgely collect data on physical activity using a
wearable devicée.g., a smartwatch)We think that this option would be preferable, for the
following reasons: 1) the patients would be required the only effort of wearing the device,

4
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2) data would be potetmally more precise and richer, and 3) the temporal relation with
treatments and bleeds would be easier to establish. dkenot findany published or

ongoing study aimed at measuring physical activity using wearable devices in persons living
with hemophila. The first step towaraneasuring physical activity using a wearable device
would be the identification o& device that is accurate arllat usersfound acceptable

Many studieshave been conductetb assesshe accuracy and acceptability of one or more
wearable device, and a few systematic reviews on the topic has been pub|E3d@]
However,we found no comprehensive systematic review on the accuaaclyacceptability

of wristwearable deviceswithout limitations in terms of device models and typie

physical activity measured.

Going back tdactor levels as a predictor of the bleeding risk, our group, led Pl a

modeler, derived a model to assess the relationship between factor VIII activity levels and
bleeding riskusing datdrom CBDR anthe American Thrombosis and Hemostasis Network
(ATHN)The paper describing the model derivation is reporirethe supplementary

material This modelvas not derived with the specific intent of predicting the risk for
bleeding, but could be used for thigirpose, and seeerdto function well in the derivation
cohort. However, as mentioned above, the performance of such a model would need to be
validatedinternally and externally15] If the good predictive performance tis model

were confirmed, there wold be no need to derive a new multivariable RAWe internal
validation can be performedsing CBDR data that has been collected aftemtioelel

derivation.
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Objectives

Objectivesof this project were the following:

1.

2.

To conduct a systematic review of RAMsgoedicting the risk of bleeding iRWH

In the absence of existing RAMs, to conduct a systematic revieiskd&actorsfor
bleeding in PWH

To conduct a systematic revieam the accuracy and acceptabilitywfist-wearable
activity tracking devices for measuring physical activity

To validate the performance of a recently derived RAM for the prediction of the risk

of bleeding in PWH

Objectives one and two above are the subject of the first paper reported inhegs

(Chapter2). Objectivesthree and four are the subject of the seco(@hapter 3and third

(Chapter 4paper, respectivelyThe first two papers have been already published in per

reviewed journalg20,21]the third one willbe submitted for publicatioisoon after the

submission of the derivation study (whieghll happenin Q1 2023, to align the publication of

the study with is presentation to a conferengeChapter Seports a protocol for the

derivation and internal validation of a new RAMt includes all the relevant risk factors

identified through our systematic review of the literatyr@and the conclusions of this thesi

project.
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Figures

Figurel-2: example of a PK estimate obtained using WAPPS

ag /s M| Measured
0.8 M| Time to
M Estimated
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= 0.7
= Reset Zoom
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= 0.5
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g
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i
P
g 0.2
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a
01 0,05
0,02 001
0.0
0 5 10 15 20 25 30 EH 40
Time (hr)
. . .
Infusion data used for this estimate:
+- 1D Drug Height (em) BW (kg) Tot U 1Uikg End of infusion Infusion Duration (min) Opt.  Notes
© 229 Kogenate & NIA 21 1250 58.5 2015-03-02 08:00 o] e:2)
. . .
Pharmacokinetic Estimate Concentrate Info
) L . Concentrate Lab Test Standard
Please note that the distance between the conservative and the optimistic is
directly proportional to the uncertainty of the estimation. When the values are distant One Stage Coag. (PTT
enough that the choice between a baianced or conservative estimate would resultin a fecepale Based) S pacC
different clinical decision (e.g. they are more than 24 hrs apart, suggesting an infusion
regime one day shorter), we recommend using the conservative estimate.
.
: Patient Data
Estimate
Parameter Conservative Balanced Optimisti
Age 9
Time to 0.05 1U/mI (hr) 17.25 20.75 24.00
Body Weight (kg) 21.0
Time te 0.02 1U/mI (hr) 23.75 28.75 33.75
line Factor Level (IU/mL) <0.010
Time te 0.01 IW/ml (hr) 28.50 34.75 41.00
Gender M
Half-life (hr) | a5 | s | 7 Blood Group o

BW: body weight; IU: international unitst: male;N/A: not availablePTTpartial thromboplastin time

Figurel-3: WAPPS clinical calculator

Dose:
Trough:

Infusion Interval: | Tep =

Please provide two of the three
parameters:

Input the desired dose and infusion
frequency to obtain the trough at
pre-dose time

Input the desired trough and infusion
frequency to obtain the required
dose

Input the desired dose and trough to
obtain the required infusion
frequency (Note: you need to set
infusion frequency to TBD)

IU: international unitsTDB: to be determined
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Essentials

91 Estimating the risk for bleeding in people with hemophilia (PWH) would be clinically

relevant.

9 We performed a systematic review on risk assessment models and risk factors for

bleeding in PWH.
9 No risk assessment model was found, but tadis assessed possible risk factors.

9 We identified some risk factors that should be considered when building such a

model.
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Abstract

BackgroundKnowledge about the risk for bleeding in patients with hemophilia (PWH)
would be relevant for patients, stakeholders, and policy makers.

Objectives:to perform a systematic review of the literature on risk assessment models
(RAMSs) and risk factors for leding in PWH on regular prophylaxis.

Methods: We searched MEDLINE, EMBASE, the Cochrane Central Register of Controlled
Trials, and the Cochrane Database of Systematic Reviews from inception through August
2019. In duplicate, reviewers screened the artidtsinclusion, extracted data, and

assessed the risk for bias using the QUIPS tool. A qualitative synthesis of the resualbs was
performed due to high heterogeneity in risk factors, outcomes definition and measurement,
and statistical analysis of theguelts.

Results:From 1843 search results, 10 studies met the inclusion criteria. No RAM for the risk
for bleeding in PWH was found. Most studies included only PWH A or both PWH A and B
and were conducted in North America or Europe. Only one study had adkor bias in all

the domains. Eight categories of risk factors were identified. The risk for bleeding was
increased when factor levels were lower and in people with a significant history of bleeding
or who engaged in physical activities involving eoht

Conclusions: Our findings suggest that plasma factor levels, history of bleeds, and physical
activity should be considered for the derivation analysis when building a RAM for bleeding
in PWH, and the role of other risk factprscluding antithrombtc treatment and obesity,

should be explored.
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Background

The cornerstone of hemophilia care is the treatment with the deficient clotting fgafor.
Regular prophylaxisas been shown to be superior to episodicaemand treatment for

the prevention of bleeds and joint diseag.However, people with hemophilia (PWH)
treated with similar regimens of regular prophylaxis can have very different bleeding
patterns[3] Thisis at least in part explained by the fact that prophylactic treatment is
usually dosed by weight but, due to high irqgatient variability in the drug
pharmacokinetics (PK), this can translate in either undeoverdosing[4] Other factors

can have aale in determining the individual risk for bleeding, like physical activity I1¢SEls,
bleeding history[6] or treatment adherencg7] These and other risk factors for bleeding
could be combined in a risk assessment model (RAM) for the prediction of ieBu¢H.
Patients, physicians, and policymakers might benefit from knowing the risk of bleeding of
individual patients. This is particularly important now that new +obotting factor therapies
(e.g., emicizumab) are availalj or are about to enter thenarket (e.g., gene
therapy)[9,10] The identification of patients at high risk of bleeding is an important first
step in lowering the risk of bleeding. Also, modifying some of the identified risk factors
serves to select patients that can benefit more from new treatments.

Objectives:

To peform a systematic review of the literature on RAMs and on risk factors for the
prediction of the risk of bleeding in PWH treated with regular prophylaxis using clotting

factor therapies.
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Methods

We conducted a systematic review of RAMs and risk faétorisleeding in PWH. The

systematic review was designed referring to the CHARMS checklist for systematic reviews of
prediction modelgl1] and the guide tesystematic review and metanalysis of prognostic

factor studiesdrom Riley et aJ12] The review wasegistered ilPROSPERO

(CRD420201525})1

Criteria for selecting studies for this review

Types of studiesThe following studies wereigible for the systematic review: prognosis
studies based on data from randomized controlled trials, cohort studies (both retrospective
and prospective), registripased studies, and casentrol studies.

Patients:Studies on patients with congenital hemali A or B on regular prophylaxis were
included. No age limit was applied. Studies not reflecting the general population of interest
were excluded, such as studies limited to PWH treatedi@mand, to patients with

inhibitors, or focusing on hemophiliarceers.

ExposureWe investigated all the prognostic factors reported in the individual studies.
ComparisonThe comparator was the absence or different levels of any risk factor.
Outcome:The primary outcome of the review was any bleeding episddéned as an

event interpreted as a bleed by the patients or his/her physician, and treated with a clotting
factor concentratd13] We excluded studies focusing only on specific bleeding sites, e.g.
intracranial bleeding or gastrointestinal bleeding rs& factors for these events, such as
modality of delivery and Helicobacter pylori infections, are unlikely to be generalizable to all

bleeds[14,15]
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Setting:Outpatients, during everyday life. Studiegerinataland perioperativesettings

were exclude.

Time:If available, we extracted data on the risk at 12 months, but this could vary from study
to study.

Search methods for identification of studies

We searched MEDLINE, EMBASE, the Cochrane Central Register of Controlled Trials
(CENTRAL), and the Cochrane Database of Systematic Reviews (CDSR) from inception to
August 21, 2019The search strategy was built with the help of a librarian and is avaitable
the supplementary materiaNo date and language limits were applied. We combined terms
related to hemophilia, bleeding, and risk factors, including the highly sensitive search filter

for identifying prognosis studies in MEDLINE and EMBKS$E.

Data cdlection and analysis

Selection of studiesAfter a calibration exercise, the reviewers screened the titles and
abstracts of the retrieved articles for inclusion, using prespecified inclusion and exclusion
criteria, using the online software Rayy§lv] They then screened the full texts of
potentially eligible studies. Both phases of the screening process were conducted
independently and in duplicate by two reviewers. Reviewers discussed disagreements, and a
third senior reviewer was consulted to resolveeth when necessary.

Data extraction and managemeniwo reviewers extractedata onthed i dzRA S & Q
characterstics and outcomes usingMicrosoft Excel Spreadshedthe data extraction form
was prepared according to tteHARMShecklisf11] and based on inputs from experts in
the field. Even in this case, we conducted a calibration exercise before starting the

extraction. The extraction was performed independently in duplicate, withird senior
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reviewerresolving disagreemenishennecesary. For each included study, we collected
data on the following characteristics: study context (country and year of publication), study
design, population and demographics (inclusion and exclusion criteria, age, disease type,
severity, and treatment, sanig size), outcome (definition, method of measurement,
duration of followup), risk factors (definition, method of measurement), statistical analysis
(model used, methods for handling the outcome, the risk factors, adjustment for other
predictors, and misag data), number of events in exposed and fexposed cohorts,
measures of association [e.g., hazard ratio and 95% confidence intervals (CIs)].
Assessment of risk of bias in included studi®8e assessed the risk of bias of the included
studies using the QIPS tool, assessing the risk of bias in the domains of study selection,
study attrition, measurement of the prognostic factors and outcontesisideration of

other predictors and statistical analys[48] Regarding the&onsideration of other

predictors we pre-specified that studies would be assessed to be at high risk for bias if
strategies toconsiderthe effect of the following possiblpredictorswere not implemented:
severity of hemophilia, treatment type (prophylaxis vsade@mand), age, physical taaty,

and factor levels.

Dealing with missing datawWe looked forinformationin clinical trials registries, study
protocols and secondary publicationsurthermore, wecontactedthe study authordo ask

for missing data.

Data synthesisDue to the sigificant heterogeneity observed between studies, in particular
regarding the type of risk factors and outcomes included, how they were measured, and the
risk estimates provided, we decided not to perform a quantitative synthesis, and provided a
narrative syithesis of the results for both of our study objectives.
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Results

Our search identified 1858 references. Among 152 full texts assessed, 11 articles from 10
studies met the inclusion criteria. TiRreferred Reporting Items for Systematic Reviewd
Meta-AnalysegPRISMAflow diagranj19] is reported in~igure2-4. None of the retrieved
studies aimed at developing or validating a risk assessment model, therefore we are only

reporting studies on risk factors.

Description of the included studies

Table2-9 describes the characteristics of the included studigse studies included only

PWH A, one only PWH B, and four included both A and B. Severe haansalsiincluded in

all the studies, moderate in five, and mild in four. The study sample ranged from 32 to 286
individuals. The follovup duration was most frequently 12 months, ranging from 6 to 72.

Most of the studies were conducted in North America ardEurope.

Risk of bias assessment
Table2-10reports the risk of bias assessment for each study. Onlystuy Broderick et
al[5]) was deemed to be at low risk of bias for all the domains. All the remaining studies

were at high risk obias in at least two domains.

Prognostic factors for bleeding

The risk factors, outcome definitions, risk estimates, angtaaates considered in the

analysis for each included study are reported &ble2-11.

Estimated plasma factor level$ studiesexplored the association between plasma factor

levels and the risk for bleeding. In these studies, the plasma factor levels were not directly
measured, bubased on individual or populatied  a SR t Y SadAYlI iSa FyR

treatment regimens or treatment diaries. Broderiekal, showed that, after adjusting for
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physical activity levels and independently of individual characteristics, the adjusted odds
ratio (aOR) for plasma factor levels was 0.98 (95% CI00997J[5] This can be interpreted

as a 2% reduction in the risk for bleeding for every 1 IU/mL increase in the plasma factor
levels. Collins et al, using individual PK estimates, calculated tteat aalfusting for bleed
cause, bleed site, age, and weight ratio (actual weight/ideal weight), for each additional
hour per week spent with plasma FVIII levels <1 IU/mL the annual bleed rate increased by
2.2% (95% CI 1.6; 2.8) in PWH agédykars and 1% (95% 0.2; 2.6) in PWH aged6E)
years[7] In Ahnstrom et al, the time spent with plasma factor levels below 3, 2, and 1
IU/mL was not associated with overall bleeds and joint bleeds in a univariate afjagjsis.
Fosser et al calculated that maintainitige FIX trough level >2, >5 and >10 IU/mL was
associated with a 69% (95% CI 53; 80%), 77% (67; 84%), and 78% (69; 85%) reduction in the
daily risk for bleeding, respectivel®1] Abrantes et al confirmed that the plasma FVIII
concentration is inversely correlated with the bleeding risk, expressed as an annualized
bleeding rate (ABRB] They used a Gompersurvival model to estimate the effect of time
changing FVIII levels on tABR. According to this model, keeping the FVIII levels constant
at 5 IU/dL would reduce the ABR by ~1/3. Dargaud egrted that the trough in the
endogenous thrombin potential (ETP) was a better predictor of the occurrence of any
spontaneous bleedinthan the plasma FVIII concentration, with an area under the receiver
characteristics curve (AUROC) of 0.94 (95%CI 0.88; 1.00) and 0.58 (95%CI 0.33; 0.84)
respectivelyj22]

Treatment adherence/frequencyCollins et al estimated that, after adjusting tbe

bleeding cause and site, agmdy habitus (measured as weight compared to ideal weight),
and frequency of the prophylactic regimen, a 100% adherence to the prescribed treatment
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regimen would have translated in 0.97 (95% CI 0.63; 1.27) fewer bleegegrein the 6
years old and 1.196%CIl 0.661.61) fewer bleeds per year in the @b years old7] In the
studyfrom Ross et al, the numbef factor infusions per week was associated with an OR of
1.07 (95% C1 0.42; 2.73, per increase of onesiof)for having at least one bleed in an
eightweek period[23]

Physical activityBroderick et db] estimated the risk for bleeding associated with physical
activity, categorized according to the American National Hemophilia Found2d¢ithis

was a caserossover study, therefore accouat forindividual patientSrharacteristics, and
the analysis was adjusted for the estimated plasma factor levels at the time of bleeding. The
reference condition was inactivity and physical activity in which a collisinntiexpected

(e.g., swimming). The aOR was 2.7 (95%CI 1.7; 4.8) for activities in which significant
collisions might occur (e.g., basketball and gymnastics), and 3.7 (2.3; 7.3) for activities in
which significant collisions are inevitable (e.g., rughy anartial arts). Ross et al estimated
that practicing highmpact physical activities (corresponding to activities in which significant
collision might occur or are inevitable, as per the American National Hemophilia
Foundation) was associated with an a@f®.32 (0.04; 2.70) for having one or more bleed in
an eightweek period[23] The reference category was participating in activities in which a
collision is not expected, and the risk estimate was adjusted for the frequency of
prophylactic treatments.

Bleeding history:In the study from Desjonqueres et al, a history of a-sexere bleed was a
risk factor for severe bleed (i.e., a bleed requiring substitutive treatment, hospitalization,
transfusion, or surgical/radiological intervention), with an OR of25P6 CI not reported, p
0.001]25] Abrantes et al estimated that the number of bleeds in the previous 12 months
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gla I NAR&A]l FIFrO02NJ F2NJ o6t SSRAy3IY a4/ 2¥tudy NBR
period, a patient who had one bleed (5th percentiethe observed data) or 84 bleeds

(95th percentile) prestudy was found to have a 54% lower (95%C6%4)0or 147% higher
(95%CI7®Hc U KI T NRB NBALISOGA DSt & dé

History of sport injuriesin the studyfrom Ross et al, the numbef injuries pertrimester

was associated with an OR of 7.02 (95% CI 0.30; 167, per increase of one injury) for having
at least one bleed in an eighteek period. The definition of injury was not provida]

Age at target joint developmentGupta et al found an increased risk for joint bleeds in
patients that developed a target joint after 5 years of age, as compared with developing a
target joint before 5 years, with aadjusted incidence rate rati@IRRranging from 2.72 to
2.93 (95% Clmnging between 2.04 and 2.93) across different age categittgs.

Age:In the studyfrom Ross et al, the OR for having at least one bleed in an-eigék

period was 1.04 (95% CI 0.81; 1.32) per every year increase {#3jge.

Obesity:Gupta et al alsoxplored the risk for joint bleeds associated with body mass index
(BMI), reporting that, using normal/underweight PWH as a reference, the alRR was 1.05
(95% CI 0.98; 1.13) in case of overweight, and 1.11 (1.04; 1.20) in case of [@&sity.
Antithrombotic treatment: Desjonqueres et al estimated that being on treatment with an
antiplatelet agent, an anticoagulant, or bgtivasassociated with a higher risk for bleeds
requiring substitutive treatment, hospitalization, transfusion, or surgical/radiological
intervention, with an OR of 3.55 (95% CI 1.2; 1[28)No association was found between
antithrombotic treatment and bleeds in general, independently of sevénityrisk

estimates or frequency distributios were reported for this outcome
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Blood tests:Jobe et al reported a correlation between the procoagulant platelet potential
(ratio of procoagulant platelets and all activated platelets following stimulation with
thrombin and convulxin) and the annualized bleeding rate in PWH (correletiefficient r
=-0.47, p < 0.0001R7] They found no association with thedelectin expression (granule
release) or the procaspaszctivating compound 1 (PAD (isk estimates not reported)
Seasonal variabilityAnalyzing datérom the same studies uskby CollinsFischer et al
reported no seasonal variation in joint bleed rates in PWH A agé&dygars, while the
occurrence of joint bleeds was increased in the summiichaccounted for 43% all joint

bleeds for patients aged £Q@7, and 46% for the ones 485 yearq28]
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Discussion

Summay of findings

In our systematic review, we did not find any RAM for predicting the risk of bleeding in
PWH. Only one of the studies reporting on risk factors for bleeding was at low risk of bias in
all the domains, and the remaining studies were at high af bias in at least two domains.
The between studies heterogeneity was high. All the studies but one agreed that higher
plasma factor levels are associated with lower risk for bleeding, with variability in the risk
estimates. This was confirmed acrosetent techniques of estimating the plasma factor
levels and using indirect measures like the treatment frequency and the adherence.
Regarding the physical activity levels, the only study at low risk of bias on all the domains
reported an increased risif bleeding associated with physical activities involving collisions
(95% CI of the aOR ranging from 1.7 to 7.3), while results wereameiusive in another

study. The bleeding history was also reported to be associated with the risk for bleeding,
and inthis case the different risk estimates pointed at a strong association. Other risk
factors were only assessed in one study each, always at high risk for bias in at least two
domains. These included age, BMI, antithrombotic therapy, season of the yeasoared
laboratory tests.

Strengths and limitations

Benefits of our study include the rigorous methodology, the breadth of our search, and our
duplicate and independent screening, data abstraction, and risk of bias assessment process.
Another strength of oustudy is the coverage of studies on both RAMs and individual risk
factors. The fact that we did not find any RAM is valuable informabae to the presence

of important heterogeneity between studies, we were not able to perform a rRaatalysis.
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Moreover, some studies had to be excluded because of missing information. To address
these limitations, we contacted the authors and, in some cases, we were able to obtain
additional information, but this did not allow us to fully address the issue. Since oerevi
focused on PWH on regular prophylaxis, we excluded studies only including patients treated
on-demand or patients with inhibitors. Therefore, our results should not be generalized to
these populations. The risk of bias of the included studies was owéghll This is not a

limitation of the review per se, but it affects the reliability of the results and needs to be
considered.

Future research directions

More largehigh-quality studies with clearly defined predictors and outcomes (bleeding) in
PWH are neded to identify additional clinical risk factors and biomarkers, and to validate

the results of previous studie$. RAM for the estimation of the risk for bleeding is not
available in the literature. For the reasons outlined in the introduction, we belibat

deriving and validating such a RAM would be of value. Factor levels, physical activity, and
bleeding history appear to be the most important risk factors to be included in such a
model. However, these data are not conclusive, and the role of otkkifactors should also

be explored. This should be done on a population sampled appropriately and adjusting for
important risk factors, as available studies were often flawed using convenience sampling
and the lack of adjustment for important covariatésactor levels should be estimated

based on individual PK profiles and treatment logs. The use of treatment plans is a proxy for
the logs and might lead to imprecise estimates. Measuring physical activity can be a burden
for patients and clinicians/researels, and information collected through questionnaires
might be unreliablg29,30] The use of activity trackers (e.g. smart watch) to collect this
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information might help in addressing this issue. This would generate a large amount of data
and their use fopredicting the risk for bleeding would probably benefit from machine
learning techniques. Lastly, efforts are needed to reduce the heterogeneity in the
measurement and reporting in the field of risk for bleeding in hemophilia. Important

sources of heterogeeity were the definitions of and methods for measuring the risk factors,
the way these were handled in the statistical analysis, and the model used for the statistical
analysis, yielding to heterogenous risk measures. A harmonized approach to measurement,

handling, and reporting of these data is needed.

Conclusions

Based on our systematic review of the literature,Ré&Mfor the prediction of the risk for

bleeding in PWH is available. Plasma factor levels, physical activity, and bleeding history are
important risk factor for bleeding and ideally should d@nsideredn the derivation of a

RAM. The role of other risk factgiacluding antithrombotic treatment and obesitghould

also be explored in the derivation process.

Funding

Federico Germini receivddnding for this study from th&hysicians' Services

Incorporated(PS) foundation through the PResearch Trainee Fellowship

Conflict of Interest

CSRSNRAO2 DSNXYAYAQA AyadldA il ddavbNordiskNEDEDE XaRefldz NB a4 S
Bayer, Pfizerand BioMarin

Noella Noronha: no conflict of interest

28



Ph.D. Tesis- F. Germinj McMaster Universitg Health research methods, Evidence, and Impact

Binu Abraham Philip: no conflict of interest

OmotolaOlasupo no conflict of interest

Drashti Petenoconflict of interest

Tamara Navarrono conflict of interest

ArunKeepanasseriho conflict of interest

Davide Matinohas received research support from Bayer, Bioverativ/Sanofi, and Pfizer; and
honoraria for speaking/participating in advisory boards from Bayer, Bioverativ/Sanofi,
BIOVIIIX, Pfizer, and Sigilon.

Kerstin de Wit: no conflt of interest

Sameer Parpia: no conflict of interest

lf F2y a2 L2NA2Qa AyaildAldziNodyordiNis Roghe, dskétla, NB a S| NI

Bayer, Pfizer, BioMarin, CSL, Freeline, Grifols, Octapharma, Sanofi, Spark, and Uniqure

l dZOK2NBRQ O2Yy (UNAOGdziIA2Y A

FGand Al conceived this review. FG is the guarantor of the review and drafted the
manuscript. TN developed the search strategy. FG, NN, VBD, APB, and DP screened the
articles and extracted the data. All authargntributed to the study design and

interpretation of data. All authorsead, provided feedback, and approved the final

manuscript.

29



Ph.D. Tesis- F. Germinj McMaster Universitg Health research methods, Evidence, and Impact

References

1 Srivastava A, Santagostino E, DougaditA). WFH Guidelines for the Management

of Hemophilia, 3rd edition.  SY2 LIKAf Al Y GKS 2FFAOAIE 22 dzNy |
Hemophilia202026:1¢158. doi:10.1111/hae.14046

2 MancoJohnson MJ, Abshire TC, Shapiro&[d]. Prophylaxis versus episodic
treatment to prevent joint disease in boys with severe hemophillze New England journal

of medicine2007357:.535%¢44. doi:10.1056/NEJM0a067659

3 Feldman BM, Pai M, Rivard @Eal. Tailored prophylaxis in severe hemophilia A:
Interim results from the firs5 years of the Canadian Hemophilia Primary Prophylaxis Study.
Journal of Thrombosis and Haemost&€1864:1228;36. doi:10.1111/j.1538
7836.2006.01953.x

4 Hazendonk HCAM, Lock J, Mathot R&tAal. Perioperative treatment of hemophilia

A patients: bloodgyroup O patients are at risk of bleeding complicatialmirnal of

Thrombosis and Haemosta2816;14:468;78. doi:10.1111/jth.13242

5 Broderick CR, Herbert RD, Latimezthl. Association between physical activity and
risk of bleeding in children withemophilia.JAMA- Journal of the American Medical
Associatior20123081452;9. doi:10.1001/jama.2012.12727

6 Abrantes JA, Solms A, Garmanreyl. Relationship between factor VIII activity,
bleeds and individual characteristics in severe hemophiliatfepts. Haematologica
20201051443;53. doi:10.3324/HAEMATOL.2019.217133

7 Collins PW, Blanchette VS, Fischeatldl. Breakthrough bleeding in relation to

predicted factor VIII levels in patients receiving prophylactic treatment for severe

30



Ph.D. Tesis- F. Germinj McMaster Universitg Health research methods, Evidence, and Impact

hemophiliaA. W2 dzNy I € 2 F (KNP Y0 2 200%7:4132R KI Syz2a il aA 4
doi:10.1111/j.15387836.2008.03270.x

8 Mahlangu J, Oldenburg J, FRael |,et al. Emicizumab Prophylaxis in Patients Who
Have Hemophilia A without Inhibitor§he New England journal of meidie2018379.811¢

22. doi:10.1056/NEJM0al1803550

9 Rangarajan S, Walsh L, Lesteret\gl. AAVE Factor VIII Gene Transfer in Severe
Hemophilia ANew England Journal of Medicig@17377:251930.
doi:10.1056/NEJM0al1708483

10 George LA, Sullivan SK, Giermagt al. Hemophilia B Gene Therapy with a High
SpecifieActivity Factor IX Varianthe New England journal of medic@l7377:221527.
doi:10.1056/NEJM0al1708538

11 Moons KGM, de Groot JAH, Bouwmeesterc¥\4l. Critical Appraisal and Data
Extractionfor Systematic Reviews of Prediction Modelling Studies: The CHARMS Checklist.
PL0S Medicin201411:€1001744. doi:10.1371/journal.pmed.1001744

12 Riley RD, Moons KGM, Snell I€tE&l. A guide to systematic review and meta

analysis of prognostic factotuslies. BMJ (Online). 201384. doi:10.1136/bmj.k4597

13 Fischer K, van der Bom JG, MolhetRl. Prophylactic versus edemand treatment
strategies for severe haemophilia: a comparison of costs andtknmg outcome.

| F SY2LIKAEALF Y GKS 2FFAOAIE 22 dDOPR78%52.F GKS 2
14 Andersson NG, Chalmers EA, Kenedt@|. Mode of delivery in hemophilia: vaginal
delivery and Cesarean section carry simii@ks for intracranial hemorrhages and other

major bleedsHaematologic&2019;104:210Q;6. doi:10.3324/haematol.2018.209619

31



Ph.D. Tesis- F. Germinj McMaster Universitg Health research methods, Evidence, and Impact

15 Dolatkhah R, Khoshbaten M, Asvadi Kermaeti 4. Upper gastrointestinal bleedings
in patients with hereditary coagulation disordens Northwest of Iran: prevalence of
Helicobacter pylori infectiorEuropean journal of gastroenterology & hepatology
201123117%;7. doi:10.1097/MEG.0b013e32834bG@e7

16 Wong S&., Wilczynski NL, Haynes BBal.Developing optimal search strategies for
detecting sound clinical prediction studies in MEDLINEA . Annual Symposium
proceedings AMIA Symposi@t032003728;32.

17 Ouzzani M, Hammady H, Fedorowicetl. Rayyara web and mobile app for
systematic reviewsSystematic review®0165:210. doi:10.1186/s1364816-0384-4

18 Hayden JA, van der Windt DA, Cartwrighedl). Assessing bias in studies of
prognostic factors. Annals of Internal Medicine. 2058280¢6. doi:10.7326/00031819
1584-20130219600009

19 Moher D, Liberati A, Tetzlaffel, al. Preferred Reporting Items for Systematic
Reviews and Met#nalyses: The PRISMA StateméhioS Medicin20096:e1000097.
doi:10.1371/journal.pmed.1000097

20 Ahnstrom J, Berntorp E, LindvalleKal. A 6year followup of dosing, coagulation
factor levels and bleedings in relation to joint status in the prophylactic treatment of
haemophilia. Haemophilia. 2004):689%¢97. doi:10.1111/j.1362516.2004.01036.x

21 Fosser C, Roberts J, Tortoricié¥al. Identifying Efficacious Thresholds for Bleeding
Risk Reduction in Relation to Factor IX (FIX) Levels in Hemophilia B Patients Receiving
IDELVION. Idournal of Pharmacokinetics and Pharmacodynan2i@$7. S1§S15.

22 Dargaud Y, Negrier C, Rusentlal. Individual thrombin generation and
spontaneous bleeding rate during personalized prophylaxis with Nuwig® (halnbRVIII)

32



Ph.D. Tesis- F. Germinj McMaster Universitg Health research methods, Evidence, and Impact

in previously treated patients with severe haemophilidHaemophilia201824:61927.
doi:10.1111/hae.13493

23 Ross C, Goldenberg NA, Huneyl. Athletic participation in severe hemophilia:
Bleeding and joint outcomes in children on prophylaRisdiatrics2009,124:126772.
doi:10.1542/peds.2009072

24 Anderson A, Forsyth A. Playihgafe: Bleeding disorders, sports and exerdidew

York, NY: National Hemophilia Foundatki)0544.

25 Desjonqueres A, Guillet B, BeurrieePal. Bleeding risk for patients with

haemophilia under antithrombotic therapy. Results of the French naritiic study ERHEA.
British Journal of Haematology. 20185:764¢7. doi:10.1111/bjh.15606

26 Gupta S, Siddigi AEA, Soucie et\gl. The effect of secondary prophylaxis versus
episodic treatment on the range of motion of target joints in patients withrhaphilia.

British Journal of Haematolo@013161424¢33. doi:10.1111/bjh.12267

27 Jobe SM, Dunn AL, Leong T. Procoagulant Platelet Potential Is Inversely Correlated
with Bleeding and Joint Disease in Severe HemophiBdofd20181321185.

28 FischelK, Collins P, Bjorkmane®,al. Trends in bleeding patterns during prophylaxis
for severe haemophilia: Observations from a series of prospective clinical trials.
Haemophilia2011,17:4338. doi:10.1111/j.13658516.2010.02450.x

29 Ainsworth BE. How do i rasure physical activity in my patients? Questionnaires and
objective methods. British Journal of Sports Medicine. 2088¢9.
doi:10.1136/bjsm.2008.052449

30 Rutten A, Ziemainz H, Schenatal. Using different physical activity measurements
in eight European countries. Results of the European Physical Activity Surveillance System

33



Ph.D. Tesis- F. Germinj McMaster Universitg Health research methods, Evidence, and Impact

(EUPASS) time series surveyblic Health Nutritio20036:371¢6.
doi:10.1079/phn2002450

31 Santagostino E, Martinatz U, Lissitchkov €t al. Longacting recombinant
coagulation factor 1X albumin fusion protein @FR) in hemophilia B: Results of a phase 3
trial. Blood2016127:1761¢9. doi:10.1182/blooe201509-669234

32 Pettersson H, Gilbert MS. Hemophilic arthropathy Diagnostic imaging in

hemophilia Springer 1985. 2%8.

Figures

Figure2-4: PRISMA Flow Diagram
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Records identified through
§ database searching
B n=2514 Additional records identified
=
= l through other sources
S n=9
=2 Records after duplicates removed
- n=1858
oy
£
g
g A 4
v Records screened Records excluded
n = 1867 " n=1714
Full-text articles excluded, with
v reasons
g Full-text articles assessed > n=142
] for eligibility . )
e n=153 Duplicate reporting
“ (n=2)
Review/Commentary/Case
report (n =19)
Y Not on population of interest
- Studies (articles) included (n=29)
5 in qualitative synthesis
% n=10(11) Not on risk factors for bleeding
£ (n=68)
Not outcome of interest
) (n=16)
Contacted to assess inclusion, no
answer
(8)

From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA GroupH2&@@)ed Reporting Items for
Systematic Reviews and Mefmalyses: The PRISMA Statement. PLoS Med 6(7): e1000097.
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For more information, visivww.prismastatement.org
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Table2-9: characteristics of the included studies

Author, year Study design Country Type of Hemophilia Treatment Median age | Participants (n) | Events (n) FUP
hemophilia severity (dose) (Q1; Q3) (percentage of duration
severe) (months)
North America, Regular
Abrantes, . Argentina, prophylaxis 0 12
20206] Interventional Colombia. A Severe (2050 1U/kg 22(1, 61) 172(100%) 633
Europe, Asia. 2-3x/week)
Regular
Ahnstrom, Cohort, ) Moderate; prophylaxis 0 72
200420] | retrospective | SWeden A B Severe | (1268 IU/kg, NA 64 (97%) NA
0.7-7x/week)
ick Case Moderate; Z:ﬁggrﬂz):j |
Broderick, crossover, Australia A B ’ 10 (4)* 104(83%) 329 12
20175] ; Severe (99107 1U/kg
prospective
weeklyy
Regular
_ : USA, Canada, prophylaxis 0 12
Collins, 200f] | Interventional Europe A Severe (84108 1U/kg NA 143(100%) 924
weekly)~
Regular
Dargaud, Cohort, prophylaxis . o 6
201§22] prospective Europe A Severe (95 Ulkg 33(9) 32(100%) 7
weekly)
. Casecontrol Prophylaxis
Dezswnqzueres, oSDeclive France AB Al (NR) 62 (50; 94)" | 126(10%) NR NR
01925] prosp on-demand
Fischer, Interventional | USA: Canada, A Severe Regular NA 145(100%) 327 12
201128]" Europe prophylaxis
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(84-108 1U/kg

weekly)~
Prophylaxis
(50 IU/kg
North America, Moderate; weely or75
Fosser, Interventional | Europe, Asia, B Severe IU/kg every 2 12-61%» 57 (87%) 478 12
2017[21,31] Middle East (FIX 2 1U/dL) | weeks10
day9; on-
demand
. Prophylaxis
Gupta, Cohort, USA A B Mgderate' (NR) 22 (13)* 286(78%) NR 24
201326] retrospective evere on-demand
Cohort Prophylaxis
) 0 NR
Jobe, 201R7] retrospective USA A Severe (NR) NR 92 (100%) NR
on-demand
Moderate; Regular (92%
Cohort, ) Severe or situational (P o 12
Ross, 20023] retrospective USA AB (FVIl or BX 2 prophylaxis 5-20 37.(97%) NR
IU/dL) (NR¥

"same population than Collins 2009

$Unlessotherwise specified, severe hemophilia was defined as factor VIII or IX 4&Jel&lL, and moderate hemophilia dslU/dL¥actor VIII or IX levelsl IU/dL

*median weekly dose for people with hemophilia B and A, respectively
“median weekly dose for p@te aged 1665 and 16 years, respectively

&95% of participants infused at least twice weekly

*not reported if prospective

*mean (standard deviation)

Amedian Min; may

%range

@of the 44 cases, for a total of 4 severe patients
FVIII: factor VI FIX: factor IX; FUP: follow up; NR: not reportéid; United Kingdom; USA: United States of America
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Selection bias Study Study Prognostic Factor Outcome Adjustment for other Stat

Author, year Participation Attrition Measurement Measurement predictors* Analysis
Abrantes, 202[B] High High Low Low High Low

High (factor levels .
Ahnstrom, 200£20] Low Probably low ng((joint score)) Probably low High Low
Broderick, 201f5] Low Probably low Probably low Low Low Low
Collins, 200[] High Probably low Probably low Low High Low
Dargaud, 20122] High Low Low Low High Low
Desjonqueres, High Low Probably low Probably low High High
201925]

Fischer, 201[R8] High Probably low Low Low High Low

. : . Probably
Fosser, 201[21,31] High Probably low High Low High high
Gupta, 201p6] High High Low High High Low
Jobe, 201R7] Probably low Probably low Low Probably high High High

High (Physical activity)
. : Low (age) : .
Ross, 20023] High High Probably high (Injuries) Probably low High High
Probably low (infusions)
*V6IYSte a{ddzRe O2y¥F2dzyRAy3dé¢ Ay (GKS 2NRIAYylIf OSNAA2Y 27F
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Table2-11: risk factors, outcomes definitions, risk estimates, and covariates adjusted for.

Prognostic | Definition/measure Author, Outcome | Definition Risk Adjustment
factor ment method year estimate
Factor levels/treatment pattern
Age, body
FVIll weight,
constany | P lean
Based on individual All selt yath bc_)dy
PK and treatment Abrantes, All bleeds | reported U/dL weight,
. 202(6] race, VWF,
diary bleeds would treatment,
reduce n of target
the ABR .
joints.
by ~1/3
NR (weak
associatio
Joint . . nforjoint | 55int score
Based on PK (full of Ahnstrom, bleeds: JO|r_1t pain +| bleeds, (stratified
pop)_, treatment 200420] norHoint stn“fnes§ no anaysis]32
regimens (ITT) bleeds and swelling| associatio ]
n for
other
bleeds)

Plasma
factor
levels,

Based on full PK an physical
Plasma last factor infusion | o . . Treated | 2OR0.98 activity, and
factor levels | (not clear if based or| 20175] ' | Allbleeds| 0 (0.97; individual
diary, interview, or 0.99) characterist
ITT). ics (through
the case
cross over
design)
Annual
bleeding
rate
increased Bleed
by 2.2% cause,
(1.58; | pleed site,
Hours spent < 1 Collins, Treated 2.78) in age, and
U/dL fweek 200q7] | ATPIEedS | pieeds | PWH T weight ratio
aged 16 (actual
years and| yeightiidea
14% | ) weight)
(0.21;
2.62)in
10-65
years
At baseli Dargaud, | Spontaneo Self d AUROC None
t baseline 201922] us bleeds regg:e 0.58
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traumatic (0.33;
non- 0.84)
operative
bleeds
Daily risk
for
bleeding
reduction
FIX
trough
ngopug}? ' :gsrﬁgrgn Fosser, All bleeds Treated level >2 None
det,ails 201421,31] bleed IU/mL:
69% (53;
80)
>5: 77%
(67; 84)
>10: 78%
(69; 85)
. Frequent | xm 0O f { OR 1'(_)7
Prophylaxis| Number of factor Ross, o — (0.42; None
. . joint a joint/ ~8
frequency infusions per week | 200923] bleeds weeks 2_.73)_per
infusion
0.97 (95%
Cl1 0.63;
fle.v?/z)r Bleed
cause,
blegds/ye bleed site,
Adherence | Percentage of weekg Collins, Treated ar in the age, and
to treatment | When treated onl 3 20097] Allbleeds | - 4s | 166 YEars| weight ratio
frequency days . cilg (actual
19 (CI weight/idea
22% | weight)
fewer in
the 1065
Significan
t
collisions Elaciia
poggbzle% factor
a .
(95%Cl Ieve_ls,
: physical
Selfreported . 1.'7',4_"8) activity, and
) ! Broderick, Treated Significan| . _ . :
according to the 20175] All bleeds bleeds ; |nd|V|dua_|
Physical ANHH24] . characterist
. collisions ics (through
activity inevitable
levels . 20R 3.7 the case
o2 .| cross over
ot non | 20
contact
activities
High versus low _ o
impact, simplified RoOSS, Frﬁ)?#f nt )gj'\gint/0~f8 1 a(()()R03:32 Prophylaxis
fror_n_V_VFH 200923] bleeds weeks 2.70) frequency
definitions
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Previous injuries/bleeding history

OR 7.02
o Frequent | xm o0f § (0.30;
Injuries per NR Ross, joint | ajoint~8 | 167)per | None
season () 200923] bleeds weeks increase
of one
1 bleed:
hazard
54%
lower
(95%Cl | Age, body
40-65) weight,
84 BMI, lean
n of Abrant Alselr | Pleeds WZ?SKt
bleeds in the o rantes, azar ,
previous 12 Based on diaries 202(6] All bleeds r(tajglaé):desd 147% race, VWF,
months higher treatment,
(95%CI | n of target
79-226) joints.
Ref:
mean
patient
with 8.2
bleeds
Previous NOt. re.quiring Desjonquer Severe hsspgg:rz]gti OR 21 (p
non-severe hospitalization or es, None
bleeds on or any 0.001)
bleeds any treatment 201925] ireatment
. Requiring
Frequgnt Desjonquer Severe | hospitalizati| OR 169 (p
non-serious > 1/month es, None
bleeds on or any 0.038)
bleeds 201925] treatment
<5y ref Age at
alRR 2.78 target
59y (2.07; developme
3.74) nt, BMI,
Self alRR 2.93 hemophilia
Age at target 1014y _ reported (2.19; severity,
joint Gupta, Joint bleeding 3.93) treatment
developmen 20132¢6] bleeds located ina| alRR 2.74 type
t 1519y joint (2.04; (prophylaxis
3.68) Vs on
alRR 2.72 demand)
XHN @ (2.04; presence of
364) inhibitors.
_ . 4 OR1.04
Age In years 2(;)0525:; Frj?)?rl:te " )';J"VCIJint/gé ) 1(32'81; None
9231 bleeds weeks o<15) [B21
year
- Underwellght/norma Gupta, Joint reisrlfed et ggrgea;t
201326] bleeds :
bleeding developme
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located in a| alRR 1.05 nt, BMI,
Overweight joint (95% CI | hemophilia
0.98;1.13| severity,
treatment
type
alRR: 1.11 (prophylaxis
Obesity (1.04; Vs on
1.20) demand)
presence of
inhibitors.
antiplatelets or Desjonquer All self NR (_no_
anticoagulants es, All bleeds | reported | associatio None
) 201925] bleeds n)
Armthrombo _ Requiring
tic therapy antiplatelets or DeSjeO anuer Severe | hospitalizati O(Ri 3'-55 N
anticoagulants 2019{125] bleeds on or any 10'_ 4’)
treatment
Blood tests
Self
reported
. AUROC
Endogenous Thrombin Dargaud, | Spontaneo nor- 0.94 N
thrombin generation assay 201822] us bleeds traumatic (0.88; one
potential (TGA) non- 1 '00)’
operative '
bleeds
Ratio of correlatio
procoagulant n
Procoagulan platelets and all coefficien
(pacer | RIS | e | Abeeds| na | R | o
potential stimulation with r=-0.47,
thrombin and p<
convulxin 0.0001
NR (not
P-selectin Measured on Jobe, All bleeds NA stat|§t|call None
expression washed platelets 201927] significan
t)
NR (not
procaspase statisticall
activating Measured on Jobe, All bleeds NA y None
compound 1| washed platelets 201g27] significan
(PAGL) )
1-6 y: no | Adherence
seasonal to
Summer: June variation | frequency,
August Autumn: 10¢17 y: | ratio weight
Septembecg . . TTEELEe 43% all (actual
Seasorof November I Joint bleed', joint weight
the year | \winter: Decembeg | 2034281 | bleeds | locatedinal \\ooqcin | divided by
February joint summer | ideal weight
Spring: MarchMay 18¢65y: | for heigh),
46% all age, and
joint time below

42



Ph.D. Tesis- F. Germinj McMaster Universitg Health research methods, Evidence, and Impact

bleeds in 1% FVIII
summer level

ABR: annualized bleeding rate; ANHARerican National Hemophilia FoundatjgdJROC: area under the
receiver operating characteristic curve; BMI: body mass index; ITT: intention to treat; NR: not reported; OR:
Odds ratio; PK: pharmacokinetics; viWén Willebrand factarWFH: world federation of hemophilia.
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Abstract

Background and objectivesumerous wristwearable devices to measure physical activity are
currently available, but there is a need to unify the evidence about how they compare in terms of
acceptability and accuracy. We performed a systematic review of the literature to assess the
accuracy anacceptability willingnesso use the devicdor the task it is designed to suppdf
wrist-wearable activity trackers.

Methods:we searched MEDLINE, EMBASE, the Cochrane Central Register of Controlled Trials

(CENTRAL) and SPORTDiscus for studies measuring physical activity in the generahpopulati
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using wristwearable activity trackers. We screened articles for inclusion and, for included studies,
NBLI2NIGSR RFEGIE 2y GKS aiddzRASaQ aSiadAay3a FyR L2 L
Results65 articles were included in our review. Accura@svassessed for 14 different outcomes,

that can be classified in the following categories: count of specific activities (including step

counts), time spent being active, intensity of physical activity (including energy expenditure), heart
rate, distance, ad speed. Substantial clinical heterogeneity did not allow to perform a meta

analysis of the results. The outcomes assessed more frequently were step counts, heart rate, and
energy expenditurefor step counts, Fitbit Charge (or Charge HR) hradaa absolute percent

error (MAPE) < 25% across 20 studies. For heart rate, Apple watch had a MAPE < 10% in 2 studies.
For energy expenditure, the MAPE > 30% for all the brands, showing poor accuracy across devices.
Acceptability was more frequently measured throutgita availability and wearing tim®ata

availability was 75% for FitBit Charge HR, FitBit Flex 2, and Garmin Vivofit. The wearing time was
89% for both GENE Activ and Nike Fuelband.

Conclusiongzitbit Charge and Charge HR were consistently shownwve aajood accuracy for

step counts and Apple watch for measuring heart rate. None of the tested devices proved to be
accurate in measuring energy expenditure. Efforts should be made to reduce the heterogeneity
between studies.

Key WordsDiagnosis; measuneent; wristwearable devices
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Background

¢NF O1TAy3aT YSIadaNAYy3I YR R20dzYSyidiAy3a 2ySQa LKea
encouraging a person to participate in daily physical activity; increased activity that is thought to
translate into imporant, positive health outcomes, both physically and mentgdl\in the past,

most physical activity tracking was done manually by oneself or an external assessor, through
records, logbooks, or using questionnaires. These are indirect methods to quantsigalh

activity, meaning that they do not measure movement directly as it od@jrshe main

disadvantages of such methods are the administrative burden on either thassdssor, or the
external assessor, and the potential imprecision due to recadl[Bi&] Direct methods to assess
physical activity2] such as accelerometer or pedometers that digitally record movement are
preferred, because they eliminate recall bias and are convenient. This process of activity tracking
has become automated, accedsiland digitized with wearable tracking technology such as
wristband sensors and smartwatches (that can be linked to computer applications on other
devices such as smartphones, tablets and personal computers). When data are uploaded to these
latter devices a person can then review their physical activity log and potentially use this feedback
to make behavioral changes to physical activity.

The ideal device should be acceptable to the-esdr, affordable, easy to use, and accurate in
measuring physicalcéivity. Accuracy can be defined as the closeness of the measured value to the
actual value. Accuracy can be calculated using measures of agreement, sensitivity and specificity,
receiver operating characteristic curv@®OCs)or absolute and percentageffdirencesf4]

Il AINBSYSyild OFy 6S RSTFAYSR Fa a0KS RSINBS 2F Oz
Y S| & dzNB[3] 8§ vai Bedneasured as percentage agreement, i.e. the percentage of cases in

which two methods of measurements of the same variable leadassdication in the same

46



Ph.D. ThesisF. Germinj McMaster Universitg Health research methods, Evidence, and Impact

category. Another example of methods of calculating agreement is the kappa statistics, that
measures agreement beyond char{6¢ Sensitivity and specificity are the true positive and true
negative proportion, respectively. Theseoportions are calculated using the measurement

method that we are evaluating as the index test, and another method, known to be accurate, as

the reference standardl7] ROC curves are obtained plotting the sensitivity vs the complement of
specific and can be used to find optimal-ait points for the index test. Absolute and percentage
differences are used to determine how far the index test measurement is from thecrefe

standard, or their averagfy] Acceptability can bavidelydefinedasat 1 KS RSY2y a i N} of S
willingness within a user group to employ information technology for the task it is designed to

& dzLILJB]MIah e assessed qualitatively (e.g. through qoestaires or interviews) or

guantitatively (e.g. percentage of the time in which the device is worn or the data are available, or
measured using ad hoc scales). Based on a 2019 review, acceptability or acceptance of wrist
wearable activity tracking devicésdependent on the type of user and context of (@EThis

same review indicates that research on accuracy has not kept up with the plethora of wearable
physical activity tracking devices in the marf@tThis may be because of the rapidly changing
landscape as companies continue to upgrade models with different technical specifications and
features. The purpose of this systematic review is to assess the acceptability and accuracy of these
wrist-wearable activity tracking devices through a focusedepth review of primary studies

assessing these two characteristics.

Objectives
The first objective of this systematic review was to assess accuracy ociweasable activity

tracking devices for measuring physical activity.
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The second objective was tgsess the acceptability of wristearable activity tracking devices for

measuring physical activity.
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Methods

The methods for this systematic review have been registered in the PROSPERO database

(CRD42019137420).

Search strategy

Databases searched include MEDLINE, EMBASE, the Cochrane Central Register of Controlled Trials
(CENTRAL) and SPORTDiscus, from inception to May 2852ad@ strategies were developed

to retrieve content on wearable activity tracker and on thescaray and reproducibility of

results We used searchetms includingNearable deviceandFitness Trackdp identity studies

on the use of a consumdrased wearable activity tracker; while terms suctldata accuracy and
reproducibility of resultsvere incluad to bring in content focused on tracker activity validation.

The search strategy is available online in the PROSPERO record. A snowball search was conducted
by checking the references of relevant studies and systematic reviews on thishapwere

identified in our original search

Selection of studies

For the acceptability objective, the population was the general population, without sex or age
restrictions. The intervention was the use of a wiistarable activity tracker. The outcome was
anyquantitative measure of acceptability, including wearing time, data availability, or

guestionnaires to assess the acceptability.

For the accuracy objective, the population was the same as above, the index test had to be a
wrist-wearable activity tracker,rad the reference standard could be another device or any

method to measure physical activity, including questionnamedirect observationThe outcome

could be any measure of physical activity, including but not limited to step count, heart rate,

distarce, speed, activity count, activity time, or intensity of physical activity.
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For both the objectiveghis review examined both research grade devices (activity trackers
available only for research purposes) and commercial devices (those available tmtralg
public).Weincluded studies were limited to communibased everyday life settinggaboratory
tests such as research studies were included as long as everyday settings were repmduced
therefore, excluding institutionalized patients and hospigdisituationsWe set no restrictions
on the length of observation for the original studies.

Exclusion criteria: device not worn on the wrist, studies measuring sleep, studies on
institutionalized or hospitalized patients.

Study characteristics: All stdi reporting primary data were considered for inclusion, with the
exception of case reports and case series.

Using these prepecified inclusion and exclusion criteria and a piloted form, we initially screened
for inclusion from the titles and abstractd the retrieved articles, using the online software
Rayyari10] Subsequently, we screened the full texts of the studies identified as potentially

eligible from the title and abstract screening for selection.

Data extraction and risk of bias assessment

Data were extracted on an Excel file. The data extraction form was based on a previous

publication on the same topi@] and adapted to the needs of this revie®he following data were
extracted: general study informatiofirst authorQ & Y pubfiGtionyear, type of study

(perspective vs retrospective, observational vs interventigrddyation of follow up(in day$,

setting (laboratory versus fielggharacteristics of the populatiomumber of participants,

underlying diseasée.g. healthy subjects,gople with severe obesitfO K NB y A O 2g2mdef G LJF A
and age distributioimean and standard deviation (SD), or median and-m&x or first and third

quartile); measures of accuracgtep count, distance, speed, heart rate, activity count, time spent
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being active, intensity of physical activignd acceptability of the device including, but not limited

to, data availability, wearing time, ease of use. The risk of bias was assesasgdheQuality
Assessment of Diagnos#ieccuracy Studiesversion 2(QUADAS) tool.[11] This tool guides the
assessment of the risk for bias in diagnostic accuracy studies in four dopatiesit selection,

index test, reference standard, afidw and timing.We rated the risk for bias in each domain as

Gl AIKEZ at NBPOoIl 6of & KA I KEhEn nécesbaBy dite 8tiidg authdsanerg |y R
contacted for additional information.

Throughout title and abstract and full text screensgd the data extractioneach step was

performed in duplicate with two reviewers deciding independently on inclusion or exclusion, and

if needed, later discussing with another author to make a final decifi@agreements were

solved through discussion and, when needed, with therirention of a third reviewerThe

reviewers were trained with calibration exercises until an adequate performance was achieved for

each of these steps.

Diagnostic accuracy measures

When available, we extracted the mean absolute percentage error (MARE® arean

percentage error. When these were not available, we extracted other measures, in the following

order of priority: mean difference, mean bias (Blailiman), accuracy determined through

intraclass correlation coefficient (ICC), and correlatiorifcdeA OA Sy i o0t SF NA 2y Q& 21|
When the outcome was dichotomized and sensitivity and specificity were calculated, we reported

on those. When available, we reported measures of variability or 95% confidence intervals (Cl) for

all the abovementioned measures. The formula for calculating the MAPE, mean percentage error,

mean difference, and mean bias are reported in shpplementary material.
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Synthesis of results

5dzS (G2 (GKS aA3IYAFAOIY:G KSGSNRISYSA(Ge adeésse§ NDSR
reference standard, outcomes assessed, and the outcome measures reported, we decided not to
perform a quantitative synthesis, and provided a narrative synthesis of the results for both the
objectives. For the accuracy objective, given the higmimer of studies retrieved, we summarized

only on devices that were included in at least two studies reporting the same outcome. All the

remaining results were reported in the supplementary material.
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Results

The search identified 1633 records (1614 aftaplicates removal). The study flow diagram is
reported in Figure-1. After screening the full text of 398 articles, 65 articles have been included
in the systematic review. The characteristics of the included studies are summarized i2-Iable
and Table2-2 for the accuracgndacceptability objective, respectively. All the included studies
were single center, with a prospective, observational design. The complete results for both the

accuracy and acceptability objectives are reported inghpplementay material.
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Figure3-1. PRISMA Study Flow Diagram.

PRISMA 2009 Flow Diagram

Ty
c
.f_j Records identified through Additional records identified
B database searching through other sources
=
£ (n=1633) (n=10)
c
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z
A 4 A 4
PR Records after duplicates removed
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£
]
g Y
@ Records screened - Records excluded
(n=1614) " (n=1216)
—
h 4 Full-text articles excluded
Full-text articles assessed (n=333)
z for eligibility » Reasons
2 (n =398) Rewew/lettn.er: (n=25)
® Not measuring accuracy or
w acceptability (n=59)
v Not on physical activity (n=3)
o ) Deriving a model (n=11)
— Stuc-hes. included “? No reference standard (n=1)
qualitative synthesis Not on wrist-wearables (n=173)
(n =65) On sleep (n=41)
Quantitative synthesis not Not everyday life setting (n=16)
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From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting ftems for Systematic Reviews and Meta-
Analyses: The PRISMA Statement. PLoS Med 6(7): @1000097. doi:10.137 1/journal.pmed 1000097

For more information, visit www.prisma-statement.org.
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Table3-1:12 Characteristics of the studies reporting on accuracy.

Mean
FUP | Sampl| age | Fema| Underlin
Author, year | Setting | time e (SD) | le % | gdisease| Outcome | Device brand andnodel
Alharbi, Lab <1 48 66 (7) 48 Cardiac | Step count Fitbit Flex
201412] day rehabilita| MVPA
tion
patients
Alsubheen, Field 5 13 40 (12) | 38 Healthy | Step count Garmin Vivofit
201413] days Energy
expenditur
e
An, 201714] | Laband 1day| 35 31(12) | 51 Healthy | Step count Fitbit Flex; Garmin
Field Vivofit; Polar Loop; Basi
B1 Band; Misfit Shine;
Jawbone UP24; Nike
FuelBand SE
An, 201715] Field ; 1 62 24 (5) 40 Healthy | Active time ActiGraph GT3X
ay
Blondeel, Field 14 8 65 (8) 25 COPD | Step count Fitbit Alta
201416] days
Boeselt, Field 3 20 66 (7) 15 COPD | Step count Polar A300
201417] days Energy
expenditur
e
MVPA
Bruder, Lab and| 395 32 NA NA Post Activity ActivPAL
201918] Field | days radial count
fracture
rehab
Bulathsingha Lab lday| 20 70 (10) | NA COPD Physical ActiGraph GT3X+
la, 201419] .activit.y
intensity
Burton, Lab <1 31 74 (6) 65 Healthy | Step count | Fitbit Flex; Fitbit Charge
201g20] day elderly HR
Choi, Lab <1 76 13 (2) 62 Healthy Energy ActiGraph GT1M
201021] day expenditur
e
Chow, Lab 15 31 24 (5) 39 Healthy | Step count | ActiGraph wGT3xBBT,;
201722] days Fitbit Flex; Fitbit Charge
HR; Jawbone UP24
Chowdhury, Laband| 2 30 27 (6) 50 Healthy Energy Microsoft Band; Apple
201723] Field | days expenditur | Watch, series not NA;
e Jawbone Up24; Fitbit
Charge
Cohen, Lab and 3 57 70 (10) | NA COPD Speed ActiGraph Mini
201(24] Field | days MotionLogger
Compagnat, Lab <1 46 65 (13) | NA Stroke Energy ActiGraph GT3X+
201425] day expenditur
e
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Dondzila, Lab and| 3-62 40 22 (2) 58 Healthy | Step count | Fithit Charge HR; Miio
201426] Field | days Energy FUSE
expenditur
e
Heart rate
Dooley, Lab 1 day 62 23 (4) 58 Healthy | Heartrate | Apple Waitch, series nol
201727] Energy NA,; Fitbit Charge HR;
expenditur | Garmin Forerunner 225
e
Durkalee Lab 2 20 26 (5) 55 Healthy Energy ActiGraph GT1M
Michalski, days expenditur
201328] e
Falgoust Lab 1 day 30 NA NA Healthy | Step count | Fitbit Charge HR; Fitbit
201929] Surge; Garmin
Vivoactive HR
Ferguson, Field 2 21 33(10)| 52 Healthy | Step count| Nike Fuelband; Misfit
201530] days MVPA Shine; Jawbone UP
Energy
expenditur
e
Gaz, Laband| <1 32 36 (8) 69 Healthy | Step count | Fitbit Charge HR; Apple
201931] Field day Distance Watch, series not NA;
Garmin Vivofit 2;
Jawbone UP2
Gillinov, Lab <1 50 38(12)| 54 Healthy | Heartrate | Garmin Forerunner 235
201732] day TomTom Spark; Apple
Watch, series not NA;
Fitbit Blaze
Gironda, Lab <1 3 43 31 Pain Activity Actiwatch Score
200733] day syndrom count
es
Hargens, Laband| 7 21 31 68 Healthy MVPA Fitbit Charge
201734] Field | days Energy
expenditur
e
Step count
Hernandez Field 7 18 21 (1) 50 Healthy Energy Polar V800
Vicente, days expenditur
201435] e
Vigorous
active time
Active time
Step count
Huang, Lab | 1day| 40 24(3) | 25 Healthy | Step count| Jawbone UP24; Garmir
201436] Distance | Vivofit; Fitbit Flex; Nike
Fuelband
Imboden, Lab <1 30 49 (19)| 50 Healthy Energy Fitbit Flex; Jawbone
201437] day expenditur Up24; Fitbit Flex
e
MVPA
Step count
Jo, 201£38] Lab <1 24 25 50 Healthy | Heart rate Basis Peak K; Fitbit
day Charge
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Jones, Lab 118 30 33 NA Healthy | Step count Fitbit Flex
201439] days
Kaewkannat Lab <1 7 31 (0) 14 Healthy | Stepcount Fitbit Flex; Jawbone
e, 201640] day UP24; Withings Pulse;
Misfit Shine
Lamont, Lab <1 33 67 (8) 64 Parkinso | Step count | Garmin Vivosmart HR;
201941] day n's Fitbit Charge HR
Lauritzen, Laband| <1 18 NA 56 Elderly | Step count Fitbit Ultra
201342] Field day
Lawinger, Lab <1 30 26 (6) 70 Healthy Activity ActiGraph GT3X+
201543] day count
Lemmens, Lab <1 40 31(5) | 100 | Parkinso Energy Phillips Optical Heart
201944] day n's expenditur Rate monitor
e
Magistro, Lab <1 40 74 (7) 60 Healthy | Step count ADAMO Care Watch
201g45] day
Mandigout, Lab <1 24 68 (14) | 60 Stroke Energy Actical; ActiGraph GTX
201746] day expenditur
e
Manning, Lab <1 9 15 (1) NA Severe | Step count | Fitbit One; Fitbit Flex;
201447] day obesity Fitbit Zip; ActiGraph
GT3x+Jawbone UP
Montoye, Lab <1 30 24 (1) | 47 Healthy | Step count Fitbit Charge HR
201748] day Energy
expenditur
e
Heart rate
Powierza, Field <1 22 22(2) | 55 Healthy | Heart rate Fitbit Charge
201749] day
Price, Lab <1 14 23 21 Healthy Energy Fitbit One; Garmin
201750] day expenditur Vivofit; Jawbone UP
e
Redenius, Lab 4 65 42 (12)| 72 Healthy MVPA Fitbit Flex
201951] days
Reid, Field 4 22 21 (2) | 100 | Healthy MVPA Fitbit Flex
201752] days Step count
ROOS, Lab 2 20 24(2) | 40 | Runners Energy Suunto Ambi; Garmin
201753] days expenditur | Forerunner 920XT; Pola
e V800
Schaffer, Lab <1 24 54 (13) | 42 Stroke | Step count Garmin Vivofit
201754] day
Scott, Field 7 89 NA 54 Healthy | Daily mean GENE Activ
201755] days activity
MVPA
Semanik, Lab 7 35 52 69 | Chronic MVPA Fitbit Flex
202056] days joint pain
Sirard, Laband| 7 14 9(2) 50 Healthy Energy Movband; Sqgord
201757] Field | days expenditur
e
MVPA
Step count
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StLaurent, Lab 7 16 33(4) | 100 | Pregnant| Step count Fitbit Flex
201958] days MVPA
Stackpool, Lab <1 20 22(1) | 50 Healthy | Step count Jawbone UP; Nike
201359] day Energy Fuelband; Fitbit Ultra;
expenditur Adidas MiCoach
e
Stiles, Lab | 1day| 10* 39(6) | 100 | Healthy Loading GENE ActivictiGraph
201360] premeno | rate (BW/s) GT3X+
pausal
women
Stave, Lab <1 29 29(9) | 41 Healthy | Heart rate Garmin Forerunner
201961] day
Tam, Lab <1 30 32(9) 50 Healthy | Step count | Fithit Charge HR; Miio
201962] day Mi Band 2
Thomson, Lab <1 30 24(3) | 50 Healthy | Heartrate | Apple Watch, series nof
201963] day NA,; Fitbit Charge HR 2
Wabhl, Lab <1 20 25(3) | 50 Healthy | Step count | Polar Loop; Beurer AS8|
201764] day Energy Fitbit Charge HR; Fitbit
expenditur Charge; Bodymedia
e Sensewear; Garmin
Distance Vivofit; Garmin
Vivosmart; Garmin
Vivoactive; Garmin
Forerunner 920XT;
Xaomi Mi Band;
Withings Pulse
Wallen, Lab <1 22 24 (6) 50 Healthy | Heartrate | Apple Watch, series nol
201665] day Energy NA; Samsung Gear S;
expenditur Miio Mio alpha; Fitbit
e Charge
Step count
Wang, Lab <1 9 22 (1) 44 Healthy | Step count Huawei B1; Mi Band
201766] day Miband; Fitbit Charge;
Polar Loop; Garmin
Vivofit 2; Misfit Shine;
Jawbone UP
Woodman, Lab <1 28 25(4) | 29 Healthy Energy | Garmin Vivofit; Withings
201767] day expenditur Pulse; Basis Peak
e
Zhang, Lab 1 day 60 49 (7) 62 Healthy Activity GENEActiv
201768] classificatio
n
(sedentary,
household,
walking,
and
running)

COPD: chronic obstructive pulmonary dise&3gP follow-up time; MVPAmean to vigorous

physical activityNA: not available.
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Author, Settin | FUP | o |Meanage| Femal | Underling Outcome Device brand
Year g time P (SD) e % disease Assessed and model
Ease of use
I Lab 7 andother
Boeselt, | 4pg 20 66 (7) | 15 COPD .| Polar A300
201€69] : days characteristi
Field
cS
Deka, | g | ° 46 | 65(12) | 67 CHF Data | kit Charge HF
201g70] days availability
26 80 (6) 39 Dementia
. Caregivers ; )
Farina, Field 2 of patients W.earlng GENE Activ
201971] days 26 76 (6) 73 with time
dementia
69 (min Ease of use
Fisher, | figig | 7 34 | so,max | na | tFNLAY andother Ty ga ogger
201472] days 86) disease | characteristi
cS
Fitbit Flex
Ease of use Sanh Jnod
Kaewkannat| <1 and other awbone Up
e, 201673] Field day ! 310) 14 Healthy characteristi | Withings Pulse
cs Misfit Shine
Lahti, Lab 120 40 NA NA Schizpphren [?ata_ . Garmin Vivofit
201774] days ia availability
Idiopathic
Marcoux, | jg|q d‘fs 20 73(7) 20 | Pulmonary avzlzt;" Fitbit Flex 2
201975] y Fibrosis Y
80 Serious Wearin _
Naslund, | ey | 133 5 48(9) | 90 mental o 9 | Nike Fuelband
201476] days illness
i Coronary i Fitbit Charge HF
Speier, Lab dzos 186 NA NA artery Wt?rigng 2 g
201477] y disease
Ease of use
StLaurent, | | ap | 1 day 16 33 (4) 100 | Pregnant andother | gt Flex
201478] characteristi
cS
Rowlands, | gigg | 425 | 4704 | 13(1) | 100 | Healthy Data | GENE Activ
201g79] days availability

CHF: congestive heart failure; COPD: chronic obstructive pulmonaryealis&Hzfollow-up time;

MVPA:mean to vigorous physical activjtiA: not available; SD: standard deviation.
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Table3-3: Result characteristics of the studies reporting on accuracy.

Reference standard

Results

Scale oMeasure

ActiTrainer

Outcome: Active time

Mean (SD) bias (Blasdtman) 32.0

(52.0) min, with mean (SD) 303.9

(93.29) min measured with the
reference standard

Activity over 7days under everyday conditions

Outcome: Activity classification (sedentary, household, walking, and running)

Probably direct observation

For different machine learning
algorithms (LogistiRegression,
Decision Tree, Support Vector
Machine, and Bayesian Network
the Incorrect classification rate
ranged from 2.71 to 4.44%

10-12 semi structured activities in lab or outdoo
environment while wearing device

Outc

ome: Activity count

VICON Motion Analysis Syste

Pearsof® correlation coefficient
0.67-0.88

Performance on two Iinute trials of exercise
activity prescribed for bacgain rehab.

Manual count (video
recording)

Correlation r .93, P < .0@&very
4000vectormagnitude physical
activity counts equal 27 arm
motionst. This 4000 was not pre
specified

Performance on 3 series of tasks: activities of dd
living, rehab exercises and passive shoulder rar
at 5 specified velocities in one lab session.

10-camera 3D Motion analysis
system (VicorMX3)

Mean difference-40.9 to 30.4 for
different activities (95% CI reporte(

Performance on two upper limb activities on weq
apart

Author, year Device | Device
brand model
Hernande#Vicente, | Polar [ V800
201634]
Zhang, 201{B7] GENE | Activ
Gironda, 20Q[32] | Actiwat [ Score
ch
Lawinger, 20182] | ActiGra| GT3X+
ph
Bruder, 2018L7] | ActivPA| ActivPAL
L
Scott, 201754] GENE |  Activ

Outcome: Daily mean activity

ActiGraph GT3X+

Pearson's r 0.88 (95% CI = @,82

0.93; p = <0.001)

Activity over 7days under everyday conditions

Outcome: Distance
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Gaz, 201[B0] Fitbit Charge Measured distance Mean (SDylifference 0.028 (0.045) Performance on a free walking or treadmill walki
HR to 0.152 (0.124) m condition. Treadmill walking had petermined
Gaz, 201[80] Apple Watch, Measured distance Mean (SD) difference 0.016 (0.05) speeds.
series not 0.037 (0.108)
NA
Gaz, 201[80] Garmin | Vivofit 2 Measured distance Mean (SD) difference 0.016 (0.02
to 0.107 (0.066)
Gaz, 201[B0] Jawbon uP2 Measured distance Mean (SD) difference 0.008 (0.04
e to 0.086 (0.059)
Huang, 20185] | Jawbon| Up24 Measured distance Mean (SD) percentage error 5.2| Performance on slow, moderate, and fast walkir
e (9.8) during flat ground walking speeds on treadmill
(400 m) Performance on slow, moderate, and fast walkin
Huang, 20185] | Garmin| Vivoit Measured distance Mean (SD) percentage error 5.1 speeds on treadmill
(11.4) during flat ground walking
(400 m)
Huang, 201[85] Fitbit Flex Measured distance Mean (SD) percentage errei2.8
(15.4)% during flat ground walking
(400 m)
Wahl, 201763] Beurer AS80 Measured distance MAPE51.9 t0-17.6% Performance on a treadmill for four 5 minute
Wahl, 2017[63] | Fitbit [ Charge Measured distance MAPE-29.5 t0-13.1% stages of different velocities, arfinute period of
’ HR intermittent velocity, and a 2.4 km outdoor run
Wahl, 2017[63] Fitbit Charge Measured distance MAPE-29.9 to 16% and a 2.4 km outdoor run
Wahl, 2017[63] | Garmin| Vivofit Measured distance MAPE-25.0 to 23.3%
Wahl, 2017[63] | Garmin | Vivosmar Measured distance MAPE-8.1 to 53.5%
t
Wahl, 2017[63] | Garmin| Vivoactiv Measured distance MAPE6.1 to 51.4%
e
Wahl, 2017[63] | Garmin| Forerunn Measured distance MAPE-3.3 to 26.0%
er 920XT
Wahl, 2017[63] | Xa@omi | MiBand Measured distance Not Applicableg(too many missing
data, not analyzed)
Wahl, 2017[63] | Withing | Pulse Measured distance MAPE 0.7 to 58.3%
S
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Outcome: Energy expenditure

Stackpool, 201[38] | Jawbon up Indirect calorimetry (Portable Pearson's r 0.20 to 0.87 First session completed on a treadmill at walking
e metabolic analyzer) running speed, selected by the participant. Seco
Stackpool, 2013[58| Nike [ Fuelband| Indirect calorimetry (Portable Pearson's r 0.08 to 0.72 session was on elliptical cressiner at se!f
metabolic analyzer) selected speed. Apart of the second session al
Stackpool, 2013[58] Fitbit Ultra Indirect calorimetry (Portable Pearson's r 0.24 to 0.67 took place in a gymnasium, where they complets
metabolicanalyzer) agilityladder drills, basketball throws, and
Stackpool, 2013[58] Adidas | MiCoach | Indirect calorimetry (Portable Pearson's r 0.55 to 0.81 basketball layups.
metabolic analyzer)
Compagnat, ActiGra| GT3X+ | Indirect calorimetry (portable | Mean percentage difference 3% fq  Performed four tasks: transfers, manual tasks
201g24] ph gas analyser, Metamax 3B,| walking subjects, 47% for subject| walking on flat ground and walking up and dow
Cortex) with wheelchair stairs.
Hargens, 201[33] Fitbit Charge ActiGraph GT3x MAPE 30.6% Activity over 7days under everyday conditions
Mandigout, Actical | Actical Indirect calorimetry (portable Spearman's ¢0.19 (p 0.35) if Performance in various everyday tasks (transfe]
201745] gas analyser, Metamax 3B,| weared on the plegic side0.27 (p walking, etc) within a laboratory setting
Cortex) 0.23) on the norplegic side
Mandigout, ActiGra GTX Indirect calorimetry (portable| Spearman'sr 0.08 (p 0.71) if worg
2017[45] ph gas analyser, Metamax 3B,| on the plegic side, 0.2( 0.34) on
Cortex) the nonplegic side
Mandigout, Fitbit Charge Indirect calorimetry (Parvo MAPE (SD) 43.7 (3.4) Performing 14 activities in a laboratory and on
2017[45] HR metabolic analyzer) track (lying, sitting, standing, walking various spe
and inclines, jogging, and cycling)
Price, 201[9] Fitbit One Indirect calorimetry using Mean (SD) bias 2.91 (4.35) Walking on a treadmill at varying speeds
ParvoMedics TrueOne 2400 kcals/min
Price, 2017[49] | Garmin| Vivofit Indirect calorimetry using Mean (SD) biasl .56 (2.34)
ParvoMedics TrueOne 2400 kcals/min
Price, 2017[49] | Jawbon up Indirect calorimetry using Mean (SD) bias 18.57 (30.17)
e ParvoMedics TrueOne 2400 kcals/min
Roos, 201[62] Suunto |  Ambi Indirect calorimetry MAPE 21.32 td41.93% Aerobic and anaerobic runniqg on a treadmill in
Roos, 201/62] | Garmin [ Forerunn Indirect calorimetry MAPE 11.54 to 49.30% laboratory setting
er 920XT
Polar V800 Indirect calorimetry MAPE 10.1 to 39.5%

Roos, 201[B62]
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Alsubheen, Garmin| Vivofit Indirect Calorimetry (Sable | Systematically underestimated by Performance on treadmill walking tasks, and offi
201612] Systems International, Las 29.5% during treatdmill walking | activities within a laboratory session, completed
Vegas NV) test, p separate sessions on different days
Boeselt, 201p.6] Polar A300 BodyMedia SenseWear Pearson's r 0.74 (p < 0.01) Performance in everyday conditions
Choi, 201{20] ActiGra| GT1M Room calorimeter Mean (SD) percentage difference| = Monitored through a 24 stay in a laboratory
ph 0.5 (8.0)% setting. Stay included light activities, eating,
sleeping, and participants were encouraged to
complete normal day activities during downtime]
Chowdhury, Micros Band CamNtech Actiheart MAPE (SD) 340)% Performance against criterion measurements if
201722] oft both controlled laboratory conditions (simulated
Chowdhury Apple Watch, CamNtech Actiheart MAPE (SD) 15 (10)% activities of daily I|V|r_19 a_nd strt_Jc_tured ex_e_rmse) g
2017[22] ’ seriesnot over a 24hour period in frediving conditions.
NA
Chowdhury, Jawbon| Up24 CamNtech Actiheart MAPE (SD) 30 (11)%
2017[22] e
Chowdhury, Fitbit Charge CamNtech Actiheart MAPE (SD) 16 (8)%
2017[22]
Chowdhury, Micros Band Indirectcalorimetry (portable MAPE (SD) 40 (16)%
2017[22] oft gas analyser, COSMED K4b
Chowdhury, Apple | Watch, | Indirect calorimetry (portable MAPE (SD) 27 (19)%
2017[22] series not| gas analyser, COSMED K4b
NA
Chowdhury, Jawbon| Up24 Indirectcalorimetry (portable MAPE (SD) 36 (14)%
2017[22] e gas analyser, COSMED K4b
Chowdhury, Fitbit Charge | Indirect calorimetry (portable MAPE (SD) 36 (22)%
2017[22] gas analyser, COSMED K4b
Dondzila, 201R25] Fitbit Charge MET values of treadmill MAPE-8.4 to 89.2% Performance on foufive minute stage treadmill
HR intensities tasks in a laboratory session and later in flising
Dondzila, 201R25] Miio FUSE MET values of treadmill MAPE 0 to 44.9% conditions for one day.
intensities
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DurkaleeMichalski, | ActiGra| GT1M Indirect Calorimetery Overestimated EE at moderate | Performance on leisure and exercise activities
201327] ph intensity by 60% and various intensities in laboratory and frdiging
underestimated EE by 40% at conditions
vigorous intensity. 86% accurate i
measuring EE at light intensity in
relation to the values measured by
indirect calorimetry.
Ferguson, 201g9] | Misfit Shine BodyMedia SenseWear Mean absolute difference 468, | Activity under frediving conditions over 48 hourg
mean (SD) measured with the
reference standard = 3005 (569)
Ferguson, 20129] | Jawbon up BodyMedia SenseWear Mean absolute difference 866,
e mean (SD) with the reference
standard = 3005 (569)
Hernande#Vicente, | Polar V800 Actigraph ActiTrainer Mean (SD) bias (Blamdtman) Activity under frediving conditions over 7 days
201634] 957.5 (679.9) kcal, with mean (SO}
1,456.48 (731.40) kcals measure
with the reference standard
Lemmens, 201@3] | Phillips | Optical | Indirect calorimetry (portable Mean percentage erroi2.6% Performance on paced and seliced exercise
Heart gas analyser, COSMED K4b activities as well as household activities under
Rate laboratory conditions
monitor
Sirard- Phase 2 | Movba | Movband | Indirect calorimetry system Spearman's r 0.61 Performance on structured activities (sitting, sel
(Lab), 201[56] nd (Oxycon Mobile, Carefusion, paced walking, catch, tag, jogging) within a
Inc.) laboratory condition over 2 days
Sirard- Phase 2 | Sqord Sqord Indirect calorimetry system Spearman's r 0.87
(Lab), 201[56] (Oxycon Mobik)e, Carefusion,
Inc.
Wallen, 2016[64] | Apple | Watch, | Indirect calorimetry (MetaMaX ~Mean (SD) bias (Blaskitman)- Completed ~hr protocols involving supine and
series not 3B, Cortex, Germany) 123.1 (55.6) kcal, with inde&st seated rest, walking and running on a treadmill
NA mean (SD) = 285.7 (50.2) cycling on an ergometer in a laboratory conditio
Wallen, 2016[64] | Fitbit Charge Indirect calorimetry Mean (SD) biagequation reported,

since BlanéAltman parameters
were systematically biased)
0.61*mearg224.6 (59.1) kcal, with

index test mean (SD) = 236.8 (77.
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Wallen, 2016[64] | Samsun| Gear S Indirect calorimetry Mean (SD) bias (Blag&ltman)-
g 26.1 (24.2) kcalyith index test
mean (SD) = 261.4 (47.5)
Wallen, 201654] Miio Mio Indirect calorimetry Mean (SD) bias (equation reporteq
alpha since BlanéAltman parameters
were systematically biased)
0.91*mean-318.77 (84.8) kcal, witl
index test mean (SD) = 236.8 (@)
Woodman, Garmin| Vivofit Indirect calorimetry (Oxycon MAPE (SD) 44.6 (~-8) Completed 11 activities ranging from sedentary
2017[66] Mobile, Carefusion, Inc.) behaviors to viggrous intensities in a laboratory
Woodman, Withing | Pulse Indirect calorimetry (Oxycon MAPE (SD) 63.7 (~4.5) condition over one day
2017[66] S Mobile, Carefusion, Inc.)
Woodman, Basis Peak Indirect calorimetry (Oxycon MAPE (SD) 27.2 (~20)
2017[66] Mobile, Carefusion, Inc.)
Imboden, 201§86] | Fitbit Flex Indirect calorimetry Mean percentage bias-3% Participated- in an 8@inute protqgol of exercises
Imboden, 201g36] | Jawbon| Up24 Indirect calorimetry Mean percentage bias26% in a laboratory condition
e
Wahl, 201763] Polar Loop Indirect calorimetry with MAPE 5.6 to 56.4% Performed a running protocol consisting of four
portable gas analyzer Metamg min stages of different constant velocities (4.3; 7
3B(Metamax 3B, CORTEX Mand®mMT mModn 1 YI KbmOoZX |
Biophysik GmbH, Leipzig, velocity, and a 2.4 km out@NJ NXzy" o6 mn
Germany)
Wahl, 2017[63] | Beurer AS80 Indirect calorimetry with MAPE-48.4 to 17%
portable gas analyzer Metam3
3B (Metamax 3B, CORTEX
Biophysik GmbH, Leipzig,
Germany)
Wahl, 2017[63] Fitbit Charge Indirect calorimetry with MAPE-12.0 to 83.3%
HR portable gas analyzer Metams
3B (Metamax 3B, CORTEX
Biophysik GmbH, Leipzig,
Germany)
Wahl, 2017[63] Fitbit Charge Indirect calorimetry with MAPE4.5 to 75.0%

portable gas analyzer Metam3
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3B (Metamax 3B, CORTEX
Biophysik GmbH, Leipzig,
Germany)

Wahl, 2017[63]

Bodym
edia

Sensewe
ar

Indirect calorimetry with
portable gas analyzer Metams
3B (Metamax 3B, CORTEX
Biophysik GmbH, Leipzig,
Germany)

MAPE-25.3 t0-1.4%

Wahl, 2017[63]

Garmin

Vivofit

Indirect calorimetry with
portable gas analyzer Metams
3B (Metamax 3B, CORTEX
Biophysik GmbH, Leipzig,
Germany)

MAPE21.3 to 18.7%

Wahl, 2017[63]

Garmin

Vivosmar
t

Indirect calorimetry with
portable gas analyzer Metams
3B (Metamax 3B, CORTEX
Biophysik GmbH, Leipzig,
Germany)

MAPE-1.5 t0-35.8%

Wahl, 2017[63]

Garmin

Vivoactiv
e

Indirect calorimetry with
portable gas analyzer Metam3
3B (Metamax 3B, CORTEX
Biophysik GmbH, Leipzig,
Germany)

MAPE4.5 to 36.8%

Wahl, 2017[63]

Garmin

Forerunn
er 920XT

Indirectcalorimetry with
portable gas analyzer Metamg
3B (Metamax 3B, CORTEX
Biophysik GmbH, Leipzig,
Germany)

MAPE-26.6 t0-9.2%

Wahl, 201763]

Xaomi

Mi Band

Indirect calorimetry with
portable gas analyzer Metam3
3B (Metamax 3B, CORTEX
Biophysik GmbH, Leigzi
Germany)

Not applicable(too many missing

data, not analyzed)

Wahl, 201763]

Withing
S

Pulse

Indirect calorimetry with

portable gas analyzer Metams

MAPE38.9 t0-16.9%
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3B (Metamax 3B, CORTEX
Biophysik GmbH, Leipzig,
Germany)

Dooley, 201[26] Apple V\/atch, Indirect calorimetry with Parvq MAPE (SD) 16.54 (~13) to 210.8 Participants completed a #@inute seated
series not| Medics TrueOne 2400 (Parv (~96)% baseline assessment; separatednute stages of
NA Medics Inc, Sandy, UT, USA light-, moderate-, and vigorousntensity treadmill
Dooley, 2017[26] | Fitbit | Charge | Indirect calorimetry with Parvd ~ MAPE (SD)6.85 (~14) to 84.98 | exercises; and a iinute seated recovery periog
HR Medics TrueOne 2400 (Parv (~46)% in a laboratory setting
Medics Inc, Sandy, UT, USA
Dooley, 2017[26] | Garmin | Forerunn Indirect calorimetry with Parvq MAPE (SD) 30.77 (~26) to 155.0
er 225 Medics TrueOne 2400 (Parv (~164)%
Medics Inc, Sandy, UT, USA
Outcome: Heart rate
Jo, 201637] Basis Peak K Standard 12lead Mean(SD) bias (Blamdltman)-3 Each participant completeq an initial rest period
electrocardiograph system (11) bpm 15 minutes followed by -Bninute periods of each
(Cosmed C12x; Concord, of the following activities: 60W and 120W cyclin
CA, USA) walking, jogging, running, resisted arm raises,
Jo, 201(37] Fitbit Charge Standard 12lead Mean(SD) bias (Blandtman)-9 resisted lunges, and isometric plank. In betwee
electrocardiograph system (17) bpm each errcise task was a®inute rest period.
(Cosmed C12x; Concord,
CA, USA)
Montoye, 201T47] Fitbit Charge | Nonin PureSAT Pul€ximeter MAPE (SD) 6.6 (0.6) Performing 14 activities_in a Iabqratory and on
HR track (lying, sitting, standing, walking various spe
and inclines, jogging, and cycling)
Dondzila, 201g5] | Fitbit Charge Polar heart rate monitor Trend to reporﬂower mean heart Performance on foufive rninute stage rrea_drnill
HR rate values at running speeds of| tasks in a laboratory session and later in fhising
134.1 m-minAl and 160.9 m-mid, conditions for one day.
compared to the Polar.
Dondzila, 201R25] Miio FUSE Polar heart rate monitor Mean heart rate values within 1.1
beats-minl of the Polar.
Gillinov, 20131] | Garmin | Forerunn [ ECG I_eads, polar H7 chest stf MAPE (SD) 4.6 (7.7) to 13.7 (16.8 Cornpleted_exercise protocqlslon a treadmill, a
er 235 monitor, scosche rhythm on stationary bicycle, and an elliptical trainer (Tarn

forearm

movement) in a laboratory setting over one day
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Gillinov, 2017[31] | TomTo [ Spark | ECG leads, polar H7 chest st MAPE$D) 4.5 (5.3) to 6.7 (9.6)%4
m monitor, scosche rhythm on
forearm
Gillinov, 2017[31] | Apple [ Watch, | ECG leads, polar H7 chest strt MAPE (SD) 3.2 (4.9) to 6.5 (10.8)
series not monitor,
NA
Gillinov, 2017[31] | Fitbit Blaze | ECG leads, polar H7 chest st MAPE (SD) 5.6 (6.4) to 15.9 (18.2
monitor, scosche rhythm on
forearm
Powierza, 201[ag] | Fitbit Charge Electrocardiogram Mean(SD) bias (Blarlitman)-6.04 | Completed the Buffalo Concussion Treadmill Tes
(20.40) bpm a laboratory setting over one day.
Stave, 201[B0] Garmin | Forerunn Polar device Mean difference (SD) 1(2.3) to 1] Pe.rfdmance during rest and 'Fhree gxercisg
er (13.36) bpm, with mean (SD) conditions at submaximal level including cycling
frequence ranging from 59.5 (10.8 treadmill, walking, running and rapid arm
to 165.8 (16.4) movement in a laboratory setting
Thomson, 201®2] | Apple | Waitch, ECG Mean percentage error 2.4 t0 5.19 Measured over performance in different intensit
series not levels of activity, from very light to very rigorous,
NA a laboratory session over 1 day.
Thomson, 201®2] | Fitbit Charge Electrocardiogram Mean percentage error 3.9 to 13.5
HR 2
Wallen, 201654] Apple Watch, ECG Mean (SD) bias (Blamdtman)-1.3 Completed ~hr protocols involving supine and
series not (4.4) bpm, with index test mean | seated rest, walking and running on a treadmill &
NA (SD) = 102.0 (14.4) cycling on an ergometer in a laboratargndition
Wallen, 2016[64] | Fitbit Charge Electrocardiogram and indireq Mean (SD) bia§ (BIathan)-9.3
calorimetry (8.5) bpm, with index test mean
(SD) =102.0 (14.5)
Wallen, 2016[64] | Samsun| Gear S Electrocardiogram and indireq Mean (SD) bia_s (B_Iamdtman)-7.l
g calorimetry (10.3) bpm, with index test mean
(SD) =100.5 (14.6)
Wallen, 2016[64] | Miio Mio Electrocardiogram and indireq Mean (SD) bias (Blasdltman)-4.3
alpha calorimetry (7.2) bpm, with index test mean
(SD) =102.014.4)
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Dooley, 2017[26]

Apple

Watch,
series not
NA

ActiGraph GT3X+, Polar Hea|
Rate Monitor, Pravo Medica
TrueOne 2400

MAPE (SD) 1.4 (~1) to 6.7 (~11)1

Dooley, 2017[26]

Fitbit

Charge
HR

ActiGraph GT3X+, Polar Hea
Rate Monitor, Pravo Medica
TrueOne 2400

MAPE (SD) 2.4 (~1.5) to 17.0 (~20

Dooley, 2017[26]

Garmin

Forerunn
er 225

ActiGraph GT3X+, Polar Hea|
Rate Monitor, Pravo Medica
TrueOne 2400

MAPE (SD) ranging from 7.8 (~17
24.38 (~26)

Participants completed a 3#fhinute seated
baseline assessment; separaterdnute stages of
light-, moderate, and vigorousntensity treadmill
exercises; and a H#finute seated recovery periog

in a laboratory setting

Stiles, 201[59]

GENE

Activ

Advanced Mechanical
Technology Inc. force plate

Sensitivity 97.6%, specificity 75.09
overall agreement 85.6%, using 4
cut-off point of 3.125 g

Stiles, 201/59]

ActiGra
ph

GT3X+

Advanced Mechanical
Technology Inc. force plate

Sensitivity 90.5%, specificity 81.39
overall agreement 85.6 usingoae-
specified cuoff cut-off point 2.840

9

Performed walking (slow, fast, and with bag), flo

sweeping, runningslow and fast), jumping (low,

G5 cm; high, 95 cm), and box drop (20 cm) in
laboratory session.

Outcome: MVPA

Semanik, 20285]

Fitbit

Flex

ActiGraph GT3X

Mean (SD) difference 18.5 (11.3)
with mean (SD) 239.5 (86.2)
min/day measured with the

reference standard

Activity over 7days undeeveryday conditions

Hargens, 201[33]

Fitbit

Charge

ActiGraph GT3x

MAPE 46.3%

Activity over 7days under everyday conditions

Scott, 201754]

GENE

Activ

ActiGraph GT3X+

Pearson's r 0.84 (95% Cl = @,77
0.89; p < 0.001)

Activity over 7days undeeveryday conditions

Boeselt, 201B.6]

Polar

A300

BodymediaSenseWear (SWA
device

Pearson's r0.25 (p <0.01)

Performance in everyday conditions

Ferguson, 201129]

Misfit

Shine

Actigraph GT3X+

Mean absolute difference (MAD) 1
15.2, mean (SD) with theference
standard = 58.5 (37.6)

Ferguson, 20129]

Jawbon
e

upP

Actigraph GT3X+

Mean absolute difference (MAD) A
18.0, mean (SD) with the referenc
standard = 58.5 (37.6)

Activity under fredliving conditions over 48 hours

Redenius, 20190]

Fitbit

Flex

Actigraph GT3X+

MAPE (SD) 6.7 (5.7) to 74.3 (12.8

Activity over 7days under everyday conditions
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Reid, 201[51] Fitbit Flex Actigraph GT3X+ Mean (SD) bias (Blag&ltman)- Activity over #days under everyday conditions
57.5 (46.4) min/day, with mean
64.6 min/day measured with the
reference standard
Sirard- Phase 3 | Movba | Movband ActiGraph GT3X+ Spearman's r 0.76 Activity over 4days under everyday conditions
(Field), 201[56] nd
Sirard- Phase 3 | Sqord Sqord ActiGraph GT3X+ Spearman's r 0.86
(Field), 201[56]
StLaurent, Fitbit Flex Actigraph GT3x Mean (SD) bias (Blasdtman) 2.4 |  Activity over 7days undeeveryday conditions
201457] 6.6 (p = 0.21) min/day, with mean
(SD) 9.9 (7.5) min/day measured
with the reference standard
Alharbi, 2016L1] Fitbit Flex Actigraph Mean percentage error 10% Activity over 4days under everyday conditions
Imboden, 201§86] | Fitbit Flex ActiGraph GT3X+ Mean percentage erro65% Participated in an 8@ninute protocol ofexercises
Imboden, 201g36] | Jawbon| Up24 ActiGraph GT3X+ Mean percentage erroi35% in a laboratory condition
e
Outcome: Physcial activity intensity
Bulathsinghala, | ActiGra| GT3X+ | ActiGraph GT3X+ on the waiy Physical activityntensity above the| Activity over 24 hars under everyday conditions
201418] ph

threshold was present in16% of th
recorded minutes. Mean Vector
Magnitude Unit (VMU movement
in three planes) from the wrist
device above the 3000 threshold
were 4953 (95% confidence interv
(ClI), 4850 to 5055), while
corresponding/MU from the waist
device were 951 (95% ClI, 916 ta
986). Using a proprietary software
equation developed for the waist
location, activity intensity above
this threshold corresponded to 1.6
metabolic units (METS) (95% ClI,

1.55 to 1.77).
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Outcome: Speed

Cohen, 201[23] ActiGra Mini Actual speed (distance/time)| Mean difference 0.97 mph (95% ¢ Completed a standardized sequence of activitig
ph MotionLo 0.73-2.67) that comprised sittingstanding, and walking in
gger laboratory setting
Outcome: Step count
Stackpool, 201[38] | Jawbon uP Manual count Pearson's r 0.34 to 0.99 First session completed on a treadmill at walking
e running speed, selected by the participant. Seco
Stackpool, 20138] | Nike [ Fuelband Manual count Pearson's r 0.17 to 0.98 session was on elliptical cresainer at se_lf
Stackpool, 201[58] Fitbit Ultra Manual count Pearson's r 0.44 to 0.99 tjslie:raeges}ﬁea?gs/g%g;iﬁgljsv;gfé)?:e?ess:gglge
agilityladder drills, basketball throws, and
basketball layups.
An, 201713] Fitbit Flex Manual count(Tally Counter) | MAPE 4.7 to 21.9% in lab, 18.1% Walking/jogging on a treadmill, walking over
for lab setting, New Lifestyle field ground on an indoor track, and a-bbur free
(NL-1000 Series) pedometer living condition
for field setting
An,201713] Garmin | Vivofit Manual count (Tally Counter) MAPE 2.4 to 16.5% in lab, 17.8%
for lab setting, New Lifestyle field
(NL-1000 Series) pedometer
for field setting
An, 201713] Polar Loop Manual count (Tally Counter) MAPE 9.9 to 23.8% in lab, 26.9%
for lab setting, NevLifestyle field
(NL-1000 Series) pedometer
for field setting
An, 2017[13] Basis | B1Band| Manual count (Tally Counter) MAPE 3.1 t0 9.0% in lal$.4% on
for lab setting, New Lifestyle field
(NL-1000 Series) pedometer
for field setting
Misfit Shine Manual count (Tally Counter) MAPE 6.3 to 19.3% in lab, 23.3%

An, 2017[13]

for lab setting, New Lifestyle
(NL-1000 Series) pedometer
for field setting

field
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An, 2017[13] Jawbon| UP24 Manual count (Tally Counter) MAPE 2.9 to 7.0% in lab, 27.9% ¢
e for labsetting, New Lifestyle field
(NL-1000 Series) pedometer
for field setting
An, 2017[13] Nike | FuelBand| Manual count (Tally Counter) MAPE 10.2d45.0% in lab, 16.0%
SE for lab setting, New Lifestyle on field
(NL-1000 Series) pedometer
for field setting
Gaz, 201[80] Fitbit Charge | Manual count (Tally counter)| Mean (SD) difference 21.81 (67.04 Performance on a free walking or treadmill walki
HR to 195.06 (207.94) steps. Max condition. Treadmillvalking had predetermined
distance 1.6 km. speeds
Gaz, 2018[30] Apple Watch, Manual count (Tally counter)] Mean (SD) difference 7.56 (29.61]
series not to 39.44 (151.81) steps. Max
NA distance 1.6 km.
Gaz, 2018[30] Garmin | Vivofit 2 Manual count (Tally counter)] Mean(SD) difference 5.09 (8.38) t
98.06 (137.49) steps. Max distang
1.6 km.
Gaz, 2018[30] | Jawbon uP2 Manual count (Tally counter)] Mean (SD) difference 16.19 (29.14
e to 64 (66.32) steps. Max distance
1.6 km.
Hargens, 201[33] Fitbit Charge ActiGraph GT3x MAPE 20.7% Activity over 7days under everyday conditions
Jones, 20188] Fitbit Flex Manual count (video) MAPE 4% Completed treadmill protocol a}tjogging and
running speeds (8kmAi6km/h) in laboratory
settings
Lauritzen, 201@11] | Fitbit Ultra Manual count (video) MAPE (SD) 99.6 (0.8)% Walking procedure of a straight path over 20m ir
laboratory setting
Magistro, 201§44] ADAM Care Manual count (Tally counter)|] MAPE (SD17.70 (20.77) % tel.10 | Performance on ranoimly ordered tasks: walking
(0] Watch (2.30) % slow, normal and fast seffaced speeds, and
up/down stairs in a laboratory setting
Montoye, 201T47] Fitbit Charge Omron HJ 323u Pedometer MAPE (SD) 9.7% (1.2) Performing 14 activities_inlabora-tory an.d ona
HR (Omron Corp., Osaka, Japari track (lying, sitting, standing, walking various spe

and inclines, jogging, and cycling)
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Performance on treadmill walking tasks, and offi
activities within a laboratory session, completed
separate sessions on different days

Performance on track laps in laboratory setting

Activity over 14days under everyday conditions

Performance in everyday conditions

Alsubheen, Garmin | Vivofit Kinematics analysis (video Vivofit systematically
201612] camera SomHDRFX1 12X HD| underestimaed step count only at
Mini DV Camcorder) 0% treadmill inclination
Falgoust, 201@g] | Fitbit Charge | Manual count (Tally counter)] Mean difference- 60.8 steps (p
HR 0.01)
Falgoust, 2018[28]| Fitbit Surge Manual count (Tally counter)]  Mean difference-86.0 steps (p
0.004)
Falgoust, 2018[2g]| Garmin | Vivoactiv| Manual count (Tallgounter) | Mean difference-19.7 steps (p 0.03
e HR
Blondeel, 201@5] | Fitbit Alta Dynaport Movemonitor Mean difference (SD) 773 (829)
(accellerometer) steps (p=0.009)
Boeselt, 201F.6] Polar A300 BodyMedia SenseWear Pearson's r 0.96 (p < 0.01)
Fitbit Flex Manual count (video) by two Intraclass Correlation (ICQ)/7

Burton, 201§19]

researchers

(0.57,0.88) and 0.76 (0.53,0.88) i
two 2-minutes walking tests

Two 2minute walk tests were completed while
wearing the fitness trackers. Participants were
videoed during each test. Participants were the
given one fithess tracker and an acceleroereb
wear at home for 14ays.
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Accuracy

The accuracy of wrisearable activity trackers was assessed in 57 studies on 72 devices from 29
brands. Step count, heart rate, and energy expenditure were the most commonly assessed
outcomes in the appraised literature, the results of these outcomesanemarized in

in Figure2-2.

Figure3-5: summary of the results for the main accuracy outcomes.

7 o

Outcome # studies # brands # devices

Step counts. .. a
 J

Fitbit Charge (+HR): MAPE < 25% in 20 studies

Apple watch: MAPE < 10% in 2 studies

A © O O

MAPE > 30% for all the brands

Heart rate

Energy
expenditure

In this figure, we highlighted the standout device for the most frequently reported outcomes.
Icons by Nikhil Bapna, Yoyon Pujiyp@hintuza, Gregor Cresnar, Andrejs Kirma, Yigit Pinarbasi,

from the Noun Projecthttps://thenounproject.comn).[80]
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Step counts

31 studies on 72 devices from 29 brands reported data on step counts. The reference standards
used were manual courftlirectly observed or on video, usually with the help of a Tally counter) or
automated count through video analysis, an activity tracker (eight different devices), or a
photoelectric cell.

TheActigraph wGT3xBBT, tested against manual count, showed a mg&D) percentage error:

of -41.7 (13.5)%22] TheActigraph GT3xshowed no statistically significant correlation with the
same reference standarid.7]

TheApple watch(series not specified) was evaluated in two studies using manual count as the
reference standard31,65] The mean (SD) difference between the device and the manual count
varied from-47 (470) to 39.44 (151.81) steps, in different walking condition.

For the Fitbit Alta,the mean (SD) step count was 773 (829) higher (p=0.009) than the one obtained
with the reference standard, an acceleromef{&g] For theFitbit Chargethe mean (SD) difference
was-59 (704) steps as compared to direct observaf@hi. The MAPE for the same device ranged
from -4.4% to 20.7%, using different automated step count methods as the reference
standard[34,64,66]TheFitbit Charge HRiasassessed in 9 studies, using direct observation
[20,22,29,31,62pr an automated method of stepoant as the reference standaf@6,41,48,64]

The MAPE ranged frori2.7% and 24.1% he accuracy of thEitbit Flexn measuring steps was
assessed in eleven studies, using manual da420,22,36,37,39,40,40r an Actigraph
devicd12,52,58]as the refeence standard. The mean percentage error ranged 2896 to 13%.

For theFitbit OneandFitbit Zip no statistically significant correlation was found in step counting
using direct observation as the reference standptd] The correlation coefficient wanot

reported. For theFitbit Surgethe mean difference compared to direct observation wés.0
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steps (p 0.004)29] For theFitbit Ultra, the MAPE (SD) was 99.6% (0[82¢)and the Pearson's
correlation coefficient against manual count ranged from 0a!8.99 in different exercise
conditions[59]

The accuracy of th&armin Vivofitvas assessed in 5 studigs,14,36,54,64yith a MAPE ranging
from -41% to 18%14,54,64] For theVivofit 2 one studyreported a MAPE of 4%&6] and another
one a mean diefrence (SD) ranging from 5.09 (8.38) to 98.06 (137.49) steps in different walking
conditions (over a max distance of 1.6 Ki3}]

Inastudy from Wahl et al., the MAPE against automated step counting using a photoelectric cell
as the reference standard, in different exercise type and conditions, ranged-2ai to 1.5% for
the Garmin Forerunner 920Xffom-1.5% to 0.6% for th&arminVivoactiy andfrom -1.1% to-

0.3% for theGarmin Vivosmarf64] For theGarmin Vivoactive HRhe mean difference against
manual step count wasl9.7 steps (p 0.03R9] For theGarmin Vivosmart HRhe mean

difference (SD) ranged froM39.7 (54.9) to 5.45.8) for different walking speeds and locations
(outdoor vs indoor), over a total of 13886 stepd41]

For theJawbone UPthe MAPE was5.73% in one studg6] and the mean absolute difference 806
over an average of 9959 steps in another ¢8@] For the Jawbone UP2he mean (SD) difference
ranged from 16.19 (29.14) to 64 (66.32) steps for different walking conditions, over a max distance
of 1.6 km[31] For theJawbone UP24he mean percentage error ranged fre28% to-
0.8%[22,36,37]

For theMisfit Shine, the MAPE ranged frori3% to 23%14,66]

For theMiio FUSEthe MAPE ranged frorb% to-16% at different treadmill speed26] while in

another study, the mean percentage error was <5% for\thie Mi Band Z62]
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For theNike Fuelbanghe mean (SDjercentage error ranged fron84.3 (26.8)% tel6.7

(16.5)%636] while for theFuelBand Stee MAPE ranged from 10.2% to 45.(1P4]

The MAPE for th@olar Loopanged from-13 to 27% in three studigd4,64,66]Regarding two

other devices fronPolar, for the A30Q it was reported a Pearson correlation coefficient of 0.96 (p

< 0.01)[17] while for theV80Q the BlandAltman bias (SD) was equal to 2,487 (2,293) steps/day,
over a mean (SD) 10,832 (4,578) steps/day measured with the reference st488prd.

For theWithings Pulsgthe MAPE for step count ranged frof6.0% to-0.4%464] and the

accuracy from 97:89.9%[40] All the remaining devices were only used in one study each, and

the results are reported in theupplementary material.

Heart rate

Nine stidies on 15 devices from 7 brands evaluated the accuracy of activity tracking devices to
YSI &dzNB GKS LI NIAOALI yGaQ KSENI NIGSe ¢KS NBT
(ECG), pulse oximetry, anotheractivity tracker (4 different devices).

Fa the Apple Watch, the MAPE (SD) for measuring heart rate ranged from 1 (~1)% to 7
(~11)9%427,32]

IntheFitbitRS @A 0SaQ Fl YAf&es (KS YSI y-Altingnsnéthod vaigéd Sa A
from -6 (10) to-9 (8) bpm for theritbit Chargd38,49,65]Fa Fitbit Charge HRr HR2 the MAPE

for HR ranged from 2.4 (~1.5)% to 17 (~2(B%48,63]For theFitbit Blazethe MAPE ranged from

6 (6)% to 16 (18)% for different activitif32]

Active time: time spent in mean to vigorous physical activity and othatcomes

Thirteen studies on 11 devices from eight brands reported on the time spent being active, most
frequently defined as the time spent in mean to vigorous physical activity (MVPA, eleven studies),
expressed in min/day. The reference standard for MMRA another activity tracker (three
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different devices). Other outcomesere time spent being active (standing + walking + running),
time spent running, or time spent on different types of physical activiiyh eactach of these
outcomesbeingreported inonly one study.

For theFitbit Flexthe MAPE (SD) for measuring the time spent in MVPA varied from 7 (6)% to 74
(13)%]51] and the mean percentage error ranged fref5% to 10%12,37]All the other devices
were only used in one study each, and the resalte reported in thesupplementary material.
Intensity of activity: energy expenditure and other outcomes

Twentyfour studies on 42 devices from 23 brands focused on measuring the intensity of physical
activity. The most frequent measure of intensity waisergy expenditure (EE), expressed as kcal,
evaluated in twentytwo studies. The less frequent measures of intensity included loading rate,
and the classification of physical activity (sedentary, household, walking and running). For EE, the
reference standrd used most commonly was indirect calorimetry (six different instruments). Less
common reference standards included EE estimated with other wearable activity trackers (five
different devices), estimated based on the treadmill settings, or direct roooricabtry.

Among theActigraphfamily, the mean percentage difference in the EE compared to the reference
standard in people with previous stroke was 3% for walking subjects and 47% for subjects with
wheelchair using\ctigraph GT3X[R5]¢ K S { LIS | NddtiorycOsificiedtavis 0.08 (p 0.71) if
worn on the plegic side and 0.20 (p 0.34) on theiptegic side wittActigraph GTX46] Using the
ActiGraph GT1Mhe mean (SD) percentage difference was 0.5% (8.0%) in one[&ii]dyhile

another one found that the device overestimated EE at moderate intensity by 60% and
underestimated EE by 40% at vigorous intensity, while being 86% accurate in measuring EE at light
intensity[28]

For theApple Watchthe MAPE (SD) for EE rangedrir5% (10%) to 211% (~96%3,27]
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In the Fitbit family, the MAPE from th€hargemodel ranged from4.5% to 75.0% in different
studieg23,34,64]and from-12% to 89% for th€harge HIR26,27,48,64For theFitbit Flexa

mean percentage bias e13% waseported[37] For theFitbit Oneone study reported a mean

bias of 2.91 (4.35) kcals/njB0], while forFitbit Ultrathe Pearson's correlation coefficient ranged
from 0.24 to 0.67 for different physical activitifs9]

Among the devices fror@armin the MAPE for EE ranged frof1% to 45% for th¥/ivofit[64,67]

from -2% t0-36% for theVivosmari{64] and from 5% to 37% for theéivoactive[64]

For theGarmin Forerunnethe MAPE ranged fror27% to 49% for the mod&R0XT53,64]and

from 31 (~26) to 155 (64)% for the mode225][27]

In the Polarfamily, the MAPE for EE ranged from 10% to 40% fow8@0model[53] with a
BlandAltman bias (SD) of 957.5 (679.9) kcal, when the mean (SD) EE measured with the reference
standard was 1,456.48 (731.40) kdds] For thePolar Loopthe MAPE for EE ranged from 6% to
56%[64]¢ KS t SI NA2y Qa O2 NN (pk 0.01pfgf thdORaBMAATODA Sy i oI &
For theWithings Pulsgthe MAPE for EE ranged freB9% to 64%64,67]

Less frequently reported outcomes:

Other outcomes that were evaluated lesequently reported includedistance, reported in three
studies on 1%levices from seven brands, always using the measured distance as the reference
standard[31,36,64]speed, reported in one study using one device, with actual speed (on a
treadmill) as the reference standafé4] and activity count, defined as the numberadtivities

(e.g. number of harm movements or of body movements, based on observation or measured
acceleration data), reported from four studies on four devices from four different brands, using as
the reference standard manual count (video recording)ewidnalysis (automated), or an activity

tracker[18,33,43,55]
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Risk of bias

The risk of bias assessment for each outcome is reported iatpplementary materialin

adzyYr Nz +ff GKS aGdzZRASa 6SNB i KAIKKLINRBOI O
sS t S O iastheyusel a convenience sarmg technique. Almost all the studies were at low risk

2F oAl & FT2NJ 6KS R2YlIAya GLYRSE (S&adGé¢ |yR awsST¥
were applied at the same time and interpreted without knowledgehe results obtained with

0KS 20KSNJ YSGK2R® ! &avYlff ydzyoSNI 2F aiddzRASa ¢
GAYAYy3é o0laSR 2y (GUKS KAIK LISNOSydl3aIS opupr0 2
standard.

Acceptability

The acceptabily of wristwearable activity trackers was assessed in 11 studies on 10 devices from

9 brands.

Data availability

Four studies focused on data availability, expressed as a proportion of time in which the data were
available, and a different device was useaach of these studies. The denominator for the

proportion could be the study duration or the time spent exercising. Rowland$8dt] &und that

data availability was 52% in a pediatric healthy population UGBYE Actifor 14 months. Deka

et a[82] focused on data availability during exercise time. In this study, adult patients with cardiac
heart failure activated theiFitbit Charge Hi 75% of the exercise sessions (over 5 days), and

data was available for 99% of time when activated. MarcouxX[88pstudied theFitbit Flex 2n

adults withidiopathic pulmonary fibrosis (for 46 days). Two out of 20 patients did not succeed in

activating the device. In the remaining participants, data were available for a mean (SD) of 91%
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(20%) of the time. Lahti et[&¢4] studied theGarmin Vivofiin adultswith schizophrenia finding
available data for 97% of the time (over 4 months).

Wearing time

Three studies reported on the wearing time. Farina 8%l using GENE Actj\found that 89% of

the participants with dementia and 86% of their caregivers wheedevice for the duration of the
study (28 days). Speier et[86], usingFitbit Charge 2enrolled participants with coronary artery
disease. The median time spent wearing ranged from 44% to 90%, over 90 days. Ldsikg for
Fuelbandin a study on ptents with schizophrenia, the mean (SD) wearing time was 89% (13%)
over 80133 dayq87]

Ease of use and other characteristics

Four studies focused on the ease of use and similar characteristics cineasing devices. The
Polar A30Gvas assessed in pahts with chronic obstructive pulmonary disease wearing the
device for three days, using the P&tiudy System Usability Questionnaire (PSSUQ). The PSSUQ
calculates a score that ranges from 1 to 7 (the lower the better) for three subdorf@&h$he
mean(SD) score was 1.46 (0.23) for system quality, 2.41 (0.53) for information quality, and 3.35
(0.62) for interface quality. TheX3 datalogges & | 4aSaaSR Ay LISNA2Y A
wearing the device for 7 day89] A questionnaire created ad bavas used for the assessment.
Ninety-four percent of participants agreed that they were willing to wear the sensors at home,
and 85% agreed that they were willing to wear the sensors in public. However, some participants
reported problems with the straptfing and material (humber not reported). Thiatbit Flexwas
assessed with a questionnaire created ad hoc in a study on pregnant women followed for 7
days[90] TheFitbit Flexwas reported by 31% to be inconvenient, 6% poorly aesthetic and 12%

uncomforteble. Kaewkannate et @1] asked healthy participants to wear four different devices
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over 28 days and compared them using a questionnaire created ad hotVilinags Pulséad

the highest satisfaction score, followed bysfit Shine, Jawbone Up24, andoiit-lex.
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Discussion

Study findings

We systematically reviewed the available evidence on the acceptability and accuracy of wrist
wearable activity tracking devices for measuring physical activity, across different devices and
measures. We found substantiaeterogeneity between the included studies. The main sources of
KSGSNRIASySAle 6SNB (KS addzRASAQ LR LA I GA2Yy |y
the outcome assessed, and the outcome measures reported.

Acceptability was evaluated il sudies on 10 devices from 9 brands. Data availability w@5%

for FitBit Charge HR, FitBit Flex 2, and Garmin Vivofit. Data availability is defined as the amount of
data captured over a certain time period, which in this case, is over a predeterminetibtupé

each respective study. Data availability can be a measure of how accurate a device is at capturing
data when the device is being worn. For exanmgpitan individual wears the device for 8 hours,

but only 4 hours of data is availalijesome questias may be raised on the capability of the device

to capture information accurately. The wearing time was 89% for both GENE Activ and Nike
Fuelband. Wearing time is defined as the amount of time the device is worn, similarly over a pre
determined duration ér each study. For each study, wearing time may have been assessed
differently ¢ for example, one study may measure wearing time over a day, whereas another may
measure over a week. Both data availability and wearing time can be a deeper look into
acceptalility, as participants may wear a device more frequently and ultimately, have more data
available, if a device is more acceptable. Accuracy was assessed in 57 studies on 72 devices from
29 brands. Among 14 outcomes assessed, step counts, heart rate, arglexpenditure were

the ones used more frequently. For step counts, Fitbit Charge (or Charge HR) had a MAPE < 25%
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across 20 studies. For heart rate, Apple watch had a MAPE < 10% in 2 studies. For energy
expenditure, the MAPE > 30% for all the brandsyshg a pour accuracy across devices.
Comparison with other systematic reviews

Feehan et §92] conducted a systematic review on the accuracy of Fitbit devices for measuring
physical activity. The review did not specifically focus on wrist wearables,dauingluded studies
using activity trackers worn on other body locations (torso, ankle, or hip). This systematic review
reported a good accuracy of FitBit devices in measuring steps, with 46% of the included studies
reporting a measurement error within +3%egarding energy expenditure, the authors concluded
GKIFIG aCAGOAG RSOAOSAa IINB dzyft A1Ste (2 LINRPODARS
heart rate were not included in this review. Evenson 3jlperformed a systematic review

focusing orFitBit and Jawbone devices. Similarly, wearing the device on the wrist was not an
inclusion criterium. The authors concluded that for step counts the included studies often showed
a high correlation (correlation coefficient 0.80) between devices from Hothe brands and the
reference standards. The correlation was frequently low for the outcome energy expenditure.
Similar to Feehan et al, the outcome heart rate was not included in this systematic review. The
results of these systematic reviews are cotesis with our findings for the devices and outcomes

assessed.

Strengths and limitations

The main strengths of our systematic review were the inclusion of all the devices reported in the
literature, the reporting on all the outcomes related to acceptability and accuracy, with no
restrictions, and the assessment of the risk for bias of theidedl studies. These characteristics
make this review unique for this topic. However, in our systematic review, we decided to exclude

studies in which a wearable device was not positioned on a wrist. Some devices can be positioned
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both on the wrist or othessites (torso, hip, ankle, arm, or bra) and the acceptability and accuracy
can vary for the same device depending on where it is positioned, increasing heterogeneity.
[92,93] Therefore, our results cannot be generalized to the acceptability and accurdeyiots

worn on sites other than wrists. Regarding the acceptability outcome, screeners were instructed
to look for measures of accuracy reported in the title and abstract. We might have missed
longitudinal intervention studies reporting on acceptabilityeasures in the full text, but not in the

title or abstract. Acceptability is defined and measured in many different way in the literature
about wearing devices and about information technology in genarad these definitions are

often broad, nonspecift.[94] The majority of the included studies used wearing time or data
availability as proxies for acceptability. While these metrics have the advantage of being relatively
easy to obtain and reproduce, allowing for quantitative comparisons, on the othet tieey are

only proxies for acceptability, which is a more nuanced concept. For example, one might wonder if
wearing time is low because a person only wears the device a few hours each day, or only at
weekends, or if they completely stopped wearing iteafsome time. Moreover, wearing time is

more likely to offer valuable information in studies with a Idotjow up time (RJP), while two out

of three studies reporting on this outcome had a FUP of less than one week. Due to the presence
of important hetergeneity between studies, we were not able to perform a matelysis.
Regardless, the comprehensive reporting in this review will allow researchers to assess the
available evidence and inform future studies, either to further assess the accuracy of veearabl
devices or to inform the choice of one device over another to use in interventional studies. To
facilitate these choices, we have provided to readers the database with the results of the
individual included studies, and we did our best to offer a synghekthe three outcomes

reported most frequently (step counts, heart rate, and energy expenditure).
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Future research

Further highquality studies are needed to determine the accuraogacceptability of wearable
devices for measuring physical activityv&i the number of devices available (72 included in this
review), it is unlikely that a single study will be able to answer this question. This makes it
particularly important to standardize some aspects of these studies, to reduce the heterogeneity
between them and allow for metasyntheses of the results with comparisons across studies,
devices, and outcomes. If the heterogeneity was acceptable, a network-ametigsis would also
allow to make indirect comparisons. The main sources of heterogeneity tiéd be controlled

are the setting of the study, the population, the reference standard used, and the outcome
definition and measureA first step in this direction would be putting together a task force of
experts to issue guidelines on how to report thesgeriments, similarly to guidelines form the
EQUATOR network. A second step would be issuing recommendations on this, starting with
accepted reference standards against which devices should be tested for each outcome, the
conditions in which the experinmt should be conducted, and the way in which the outcomes
should be measured and analyzed. Regardingefierence standard, some of these are more
accurate than othersOur approach was to tak&ccuracy to mean criterion and convergent
validity in this r@iew, but once there is consensus on what are the acceptable reference standard,
other comparisons should not be included in a meta synth&agarding the method to report on
the accuracy ofontinuous variables (more common in this field), this is treeeo of priority that

we suggest: MAPE, mean percentage error, mean difference, Bllamén mean bias, and
measure of correlation as the least preferred. This is because the percentage error gives the
reader a better understand of the importance of the@r(a mean error of 50 steps is much more

relevant if the total step count was 100 than if it was 10,000). We preferred the MAPE over the
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mean absolute error because not using the absolute value there is a risk of negative and positive
errors balancing ezh other, with the risk of overestimating the accuracy. We prefer the mean
difference over the Blandltman mean bias because in an accuracy study the reference standard
is supposed to be more accurate than the index text, and therefore the latter sheuelsbed

against the former, not against their medn.the case of the acceptability outcome, consensus
should be reached also about how to define and measure it. For example, defining a minimum set
of outcomes to be reported might help in this contextisrmight includeeporting the

percentage of abandonment over timeurthermore, as new devices become available, their
acceptability and accuracy should also be tested, as they could differ from the acceptability and
accuracy of other devices, even orm@educed by the same company. Regarding the choice of the
device to use in interventional studies, for example in studies that aim at increasing physical
activity in a certain population, there is no cdevicefits-all answer. This choice should be based

on the available data on acceptability and accuracy and be tailored to the outcome to measure.

a study with step count as the main outconfgtbit Charge and Charge Hight be appropriate
choices. Apple watch might be preferred if the main outcomeemrtrate. Active time was most

often measured through time spent in MVPA, and Fitbit Flex is the only device that was used in
GKNBES addzRASas aK2gAy3d I22R NBadzZ Ga Ay Gg2 27
suggesting the use of any device pa@other one, based on the current evidence, as the accuracy
was poor across devices. Probably the decision should be driven by the other outcomes used.
Broader recommendations should be issued in guidelines from a panel of expert using this

systematic reiew as a knowledge base.
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Conclusions

We reported on the acceptability and accuracy of 72 wnistrable devices for measuring

physical activity produced by 29 companies. Fitbit Charge and Charge HR were consistently shown
to have a good accuracy for stepunts and Apple watch for measuring heart rate. None of the

tested devices proved to be accurate in measuring energy expenditure. Efforts should be made to

reduce the heterogeneity between studies.
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2 1 t t { yafSdtidn & a prediction modefor the risk of bleeding in

people with Hemophilia,using PK data from th&/eb-Accessible Population
Pharmacokinetic ServicAVAPPS84emo) and the Canadian Bleeding

Disorders Registry (CBDR).

This article has not yddteensubmitted for publication, pending the publication of a parent
article (reported in the supplement). Therefore, the content of this chapter is currently

embargoed.
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Background

In theintroductionto this thesis (Chapter 1), we outlined how a risk assessment model
(RAM) to predict the riskf bleeding in people leaving with hemophilia (PWH) would be
helpful to patients, physicians, and policymakers. In our systematic review of the literature
on RAMs with this scope (Chapter 2), we did not find any and decided to perform a
systematic review forisk factors for bleeding in PWH on regular prophylgkisVe found

that plasma factor levels, ble@t history and physical activity should be considenethe
derivation analysis when building a RAM for bleeding in PWH, and the role of other risk
factors including antithrombotic treatment and obesitghould be exploredil] Having
identified this gap in the literature, the next natural step would be dagvand validating

such a RAM. Unfortunately, in the Canadian Registry of Bleeding Disorders (CBDR), we do
not systematically collect data on physical activity. Our systematic review on the
acceptability and accuracy of wrgtearable activity tracking déses (Chapter 3) had the

aim of identifying one or more devices that are best suited for measuring physical activity in
PWH, to later collect and use these data to build a RAM. However, in parallel to the work
described above, some of us, led by Dr. Pi&helle, were collaborating with a group based
in the United States of America, using data from CBDR, WAPPBeahherican

Thrombosis and Hemostasis Network (ATH®Jurther explore the association between
factor levels and bleeding episodes. A mamiggalescribing the results of this project, still
unpublished, is reported in the supplementary material. The main output of the project was
a repeated timeto-event (RTTE) model that allowed estimating the bleeding risk based on
the factor levels over ne, derived using individual pePK data profiles and infusion logs.

This model could be used as a RAM to predict the individual risk of bleeding in PWH. If this
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RAM proved to be accurate, there would be no need to reinvent the wheel in producing a
new one

Objectives:

The primary objective of this study waswualidatethe performance of aecently derived
RAMfor the prediction of the risk of bleeding PWH A with an available individual pBK
profile (i.e., the same type of participants from which tmedel was derived). The
secondary objective was the validation of the same RAM in different populations, namely
PWH A without an individual pepK profile, and PWH B, with and without an available

individual popPK profile
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Methods

This study was a prepecified analysis of prospectively routinely collected data, reported
following the TRIPCR] and RECORGE) statements.

Research question:

What is the performance of a previously derived RAM for the prediction of the risk for

bleeding in PWH A and Bith and without an available individual pdpK profile?

Source of data
Data have been collected using WARRSNo and CBDR. These databases are already linked

in the back end. Therefore, no linking procedure was needed.

Participants
All Canadian PWH A oy @ regular prophylaxis with a factor concentrate, actively
recording data in CBDR. The study population was classified into four categories:

1. PWH A with an individual pepK profile available on WARPSmMoO.

2. PWH A without an individual pepK profile avaalble on WAPRBemo.

3. PWH B with an individual papK profile available on WARPSmMo.

4. PWH B without an individual pepK profile available on WARPSmMoO.
For the first category, we used data from Januafy2D21, to December 31 2021, as older
data havebeen used for the model derivation. For categories4#fve used data from
January 1, 2018 to December 3% 2021, as none of these data have been used for the
model derivation. Only participants actively recording their treatments and bleeds were
included in the analysis. A participant was considered active if they recorded at least 70% of
the prescribed treatments. Data on patients with a current inhibitor or not on treatment

with a factor concentrate were excluded. Being these tidlependent variablesthe same
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patient could still contribute with data on periods where these exclusion criteria did not
apply.

Patients with an individual PK available (# 1 and 3 above) were also included in the analysis
for the population without an individual PK availali#e2 and 4 above). To do so, the

individual PK information was ignored when contributing to cohorts # 2 and 4.

Outcome

The outcome of thestudywasthe number of bleeds occurring during the follayp period.

A bleed was defined amytreated bleeding episodd,e., anevent interpreted as a bleed by
the patients @ their physician and treated with factor concentrafehese events were
registeredby the patients. We did not count bleeds occurring within 72 hours of another
bleed at the same site, assuming that those were follgs of the original bleedgl] Bleeds
occurring in the setting of surgery were also removed.

Predictors

Based on the derivatiophase, the only predictor included in the model was the factor
concentration at a given moment. The concentration was calculated using PK data from the
WAPPSHemo database and treatment data from CBDR. For RMHho available

individualPK thesewere predicted from the typical values of Population PK models
developed in the frame of the WAPIPEmMO project.The mapping betweethe Population

PK model and factor concentratereported insTable 1

The relationship between the hazard and time was desdriising a Gompertz model, and

the relationship between the hazard and the factor concentration was described using a Hill

model. The final model was the following:
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The following predictors were evaluated and not included in the final model: age, body
weight, body mass index (BMI), treatment category-@@mand versus regular prophylaxis),
and type offactor concentrate used (standard versus extended-hidf. As reported in the
supplementary material, this was based on the minimal contribution of these variables to
explaining the betweessubject variability (BSV) in the risk of bleeding.

Power/samplesize

We included all eligible patients during the study period to maximize power and confidence
in the results A graph with the estimated power to show a slope different than 1 (the null
hypothesis) for the regression of the predicted versus the obsemuaber of bleeds for a
variety of alternative slopes and sample sizes are reported in the supplementary material.
Missing data

Measures to minimize missing data are already in place in CBDR through educational
campaigns and periodical data qualagtivities As mentioned in the participants section,

we excluded patients recording less than 70% of their prescribed treatments. Above that
threshold, we assumed that reporting was complete, as we could not distinguish treatments
not recorded from those¢hat were missed. The methods used for dealing with missing data
to derive the popPK profiles in WAPR$£mo have been described in the derivation
manuscript (see the supplementary matejidtatfree mass is a known covariate of these

Population PK model§ince fafree mass is calculated from weight, height, and age, these
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parameters were required. Handling of missing height was performed by assuming the

median height obtained for the patient's age in the NHANES datgdbase.

Statistical analysis methods

The baseline characteristics of the population were tabulated ustiaigdard descriptors of
central tendency and variability (mean asthndard deviation [SD] anedian and first and

third quartiles [Q1, Q3]as appropriatejor continuous variables and peentages for

categorical variabled o assess the predictive performance of the model, we fed it with the
recorded treatment data and PK parameters. We used this information to generate the
predicted number of bleeds occurring during the available follgtime for each patient.

The predicted number of bleeds was the median cumulative hazard produced by the
model[6] The calibration of the risk score predictions was evaluateplbiging the
predictedversusthe observechumber of bleeds in the followp period,and bycalculating

the slope and intercepof the regression ling2] The regression model took into account for
clustering of multiple treatment periods in patients. An intercept of zero and a slope of one
would have indicated perfect calibratioWe also checked what proportion of the observed
number of bleeds fell within the'™and 95" percentiles of the predicted (i.e."5and 93"
percentile of the cumulative hazard). For this analysis, we rounded the predicted number of
bleeds to zero ifte cumulative hazard was <0.5, and to one if the cumulative hazard was
0.51. Furthermore, we visually compared the observed and predicted Ka&bésmer curves

for the occurrence of the first bleed in each cohort. Moreover, we calculated the accuracy of

theY2 RSt F2NJ LINBRAOUAYT (GKS 200dzNNByOS 2F |y

365
days of observation’

bleeds/year. The ABR was calculated as foll’mzvmber of bleeds X
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obtain a stable estimate of the ABR, we only included in this analysis patients with a
minimum followup of six nonths. The ABR threshold of 4 bleeds/year was set by consensus
0SG6SSY GUKS KSY2LIKAfALF GNBFGSNABR |Y2y3a GKS
consider changing the treatment for poor efficacy. Similarly, the minimum of 6 months of
FUP to calculatthe ABR was set by consensus among the authors. Finally, the analyses on
the observed versus the predicted number of bleeds were replicated using the ABR as the
outcome. For all these measures, 95% confidence intervals (Clshaidgs were
calculated.The criterion for statisticadignificancevasset ata =0.05.

The PopPK analysiad the risk assessment model werstainedusing nonlinear mixed

effects modeling as implemented in NONMEM and PDxPop with the Laplacian estimation
method (version 7.3 and version 5.2, respectively; ICON Development Solutions, Ellicott City,
MD, USA)The risk estimates were performed using RC@Re Team 202%,3.6.1 R

Foundation for Statistical Computing, Vienna, Austria). The descriptive and validation
analyses were performed using STASfa@Corp. 2019. Stata Statistical Software: Release
16. College Station, TX: StataCorp)LLC

Ethics

TheWAPPS and CBDR projects have received approval from the Hamilton Integrated
Research Ethics Board (HIREB). The PMCH study was also approved by HIREB, and the

creation of a RAM was pigpecified as a secondary analysis of that study.
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Results

Participants

One hundred fortyywo PWH A had individual PK information and were included in the main
analysis. The median (Q1; Q3) age was 31 (17; 44) years. These 142 participants were
observed for 151 treatment periods of a median duratior860 (278, 362) days. They were
treated with extended halfife (EHL) products in 79 (52%) treatment periods. During the
follow-up, the participants recorded 337 bleeds, with a mediad (; 3) bleed per

treatment period, and a median ABR of 1.0 (0.0; 3.1) bleea/yda bleeds occurred in 54
(41.6%) treatment periods.

When ignoring the individual PK information and extending the analysis to participants
without individual PK data, 483 PWH A were included. Their median age was 24 (11; 37)
years, and they were obserddor 632treatment periods of a median duration 862 (166,
1097) days. They were treated with extended Hék (EHL) products in 167 (26%)
treatment periods. During the followp, the participants recordeti998bleeds, with a
median ofl (0; 4) bleedper treatment period, and a median ABR of 2.8 (1.0; 3.1)
bleeds/year. Zero bleeds occurred in 162 (35.3%) treatment periods.

The characteristics of the population and outcawgstribution, including PWH B with and
without an individual PK available, amported inTable 415.

Model performance

PWH A ad individual PK availableThe graph with the observed versus the predicted
number of bleeds during each treatment period for PWH A and an individual PK available i
reported inFigure 46. The regression coefficient§% CI) was 1.631(05; 4.31)andthe

intercept was 0.83-(.60; 3.27)with an R of 0.02 (se Table 416). The observed number
112



Ph.D. ThesisF. Germinj McMaster Universitg Health research methods, Evidence, and Impact

of bleeds fellwithin the 5th and 95th percentiles of the prediction in 125/151 observation
periods (82.8%, 95% CI| 76.8%; 88.8%x¢. observed and predicted Kapi®tayercurves for
the first bleed for PWH A and an individual PK available are reportedime 47. The

graph with the observed versus predicted ABR draresults of the regression analysis are

reported in the supplementary material. The model did not predict the occurrence of an

(0p))

I . w xn o0fSSRake&SIFNIAY lye 2F GKS t21 ' |yR
supplementary material).

PWH A ad noindividual PK availableThe graph with the observed verste predicted
number of bleeds during each treatment period for PWH A without an individual PK
available (or obtained ignoring the individual PK infation) is reported ir-igure 48Figure

4-8: observed versus preditl number of bleeds during each treatment period, for PWH A
without an individual PK availabl@he regression coefficient (96% CI) was 1.97 (1.35; 2.59),
andthe intercept was 0.45-0.56: 1.46)with an R of 0.09 (se€l'able 416). The observe
number of bleeds fell within the 5th and 95th percentiles of the prediction in 446/632
observation periods (70.6%, 95% CI 67.0%; 74T8é)observed and predicted Kaplan

Mayer curves for the first bleed for PWH A without an individual PK availablepoged in

Figure 49. The graph with the observed versus predicted ABR and the results of the

regression analysis are reported in the supplementaryemal. The model did not predict

w»

0KS 200dzZNNByOS 2F |y ! .w xn o0f SSRakeSIFN Ay |
available (data in the supplementary material).

The results on the model performance for PWH B with and without an individual PK

availabé are similar and are reported in the supplementary material.
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Discussion

In our population, the number of observed bleeds was in the 95% range of the predictions in
82.8% of PWH A and an individual PK available, and less than 70% of the remaining. patients
The model tended to overestimate the number of bleeds, particularly in the population with
zero bleeds. This was more evident in PWH, with a point estimate for the intercept >2 in
both people with and without an individual PK available. On the other hnmedmodel

tended to underestimate the number of bleeds in participants with frequent bleeding
episodes. The model predicted more than four bleeds per year, a threshold that our clinical
experts suggested being clinically relevant, only in one patiert {lais patient actually bled
less). The model contributed to only partially explaining the variability in the outcome (R
ranging from 0.02 to 0.13 in the different study cohorts). While the model proposed by
Chelle et Al. helped with confirming the association between plasmatic factor levels and
bleeding risk, as reported in the supplementary material, its performance wked to

predict the number of bleeds was less than ideal. This could be explained by the fact that
the model predicts the bleeding risk only based on the plasmatic factor levels. It is known
that the bleeding phenotype can vary widely in patients with Einthaseline factor

levels[7] It is not surprising that the same applies to plasmatic factor levels after the
administration of exogenous coagulation factbr.our systematic review of risk factors for
bleeding in hemophili§l] we found that at least ta bleeding history, physical activity

levels, obesity, and concomitant antithrombotic treatment should be considered when
building a RAM to predict the risk of bleeding in this population. Obesity was not included in
this model because it was not found s@nificantly reduce the betweesubject variability,

as reported in the supplementary material. Unfortunately, no data were available for
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bleeding history, physical activity levels, and antithrombotic treatment. Regarding the
bleeding history, this was n@available because all the available bleeding data were used as
outcomes for the model, to maximize the power of the analysis. An alternative approach
would have been to use part of the follewp period as historical informatioffhe fact that

the model erformance was worse for participants with zero bleeds and for frequent
bleeders might be at least in part explained by the fact that the treatment history was not
included in the model. Physical activity and concomitant antithrombotic treatment, instead,
were not systematically collected in CBDR and therefore actually not available in the
dataset. The model performance might also be partially explained by the fact that the model
was primarily designed to explore the association between factor levels skdfrbleeding,
more than to specifically predict the number of bleeds in PWH. Methodological
considerations about how to derive and validate a RAM in this context will be discussed in
the next chapter. A further limitation of the present study is thatiies on routinely

collected data and bleeds and treatments are reported by patients. These data are likely less
precise than data collected with the help of dedicated research personnel, and this might
have negatively affected both the derivation andigation process and the performance of
the model.Finally, one might argue that thengoing development of innovative therapies
that continues to push the boundaries of hemophilia managermeigtht eliminate the need

for a risk assessment model basedtba pharmacokinetics characteristics of factor
concentrates. However, it is still unknown if these new therapiesasgood as factor
concentrates to achieve enougtnotectionthat abate the risk of bleeding in certain high

risk situationsMoreover,consideing the costs of these new treatments, it is likely that
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factor concentrates will continue to be uséal the time being, at least in selected

populations

Conclusions

The performance of the RAM assessed in this study does not allow us to use it fogguidi
decisionmaking on treatment strategies based on the predicted number of bleeds. The
need for a RAM that can accurately predict the risk of bleeding in individual PWH A and B is

still unmet.
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Figures

Figure 46: observed versus predicted number of bleeds during each treatment period, for
PWH Aandan individual PK availahle

Observed and predicted bleed number in PWHA and a PK
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Cl: confidence interval; PK: pharmacokinetics; PWH: people with hemophilia.
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Figure 47: observed versus predex survival time (first bleedjuring each treatment
period, for PWH Andan individual PK available.

Observed and predicted survival time in PWHA and a PK

o .\

T T T
0 500 1000 1500
TIME

Observed survival [ Predicted survival (Q1 - Q3)

PK: pharmacokinetics; PWH: people with hemophilia; Q1: first quartile; Q3, third quartile.

Figure 48: observed versus predsct number of bleeds during each treatment period, for
PWH A witlbut an individual PK available.
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Observed and predicted bleed number in PWHA and no PK
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Figure 49: observed versus predicted survival ti(fiest bleed) during each treatment
period, for PWH A withut an individual PK available.
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Observed and predicted survival time in PWHA and no PK
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Tables

Table 414: Parameter estimates for the risk assessment model.

Parameter | Estimate
’ho (bleedslyr)| 6.51
EC5qIU/mL) | 0.140
’b‘ (11yr) 0.198
' &g 949

EC50: factof activity resulting in haffaximum inhibition of the hazard, mMter-individual deviation from the

average hazard, expressedaefficient of variation (CV)

Table 415: Characteristics of the population and outcomes distribution

PWH A and PK| PWH B and PK| PWH A, no PK| PWH B, no PK
Participants (n) 142 35 483 112
Age (years) 31 (17; 44) 42 (18; 50) 24 (11; 37) 28 (13; 46)
Weight (kg) 76 (63; 92) 73 (65; 85) 70 (48; 86) 73 (51; 84)

FUP time (days)

360 (328; 363)

1142 (324; 1345

420 (359; 1446)

1379 (798; 1455)

Treatment periods (n) 151 51 632 180
SHL (n) 72 (48%) 4 (8%) 465 (74%) 84 (47%)
Dose (IU/kg) 28.5 (24.7; 35.5) 37.6 (27.2; 50.8) 26.8 (20.1; 33.7] 45.1 (36.6; 61.0)
Dose interval (days) 2(2;3) 3(2;3) 2(2;3) 3(2;4)
EHL (n) 79 (52%) 47 (92%) 167 (26%) 96 (53%)
Dose (IU/kg) 36.2 (29.0; 43.5] 50.3 (37.5; 64.9) 37.6 (30.4; 45.5) 45.8 (38.7; 57.7)
Dose interval (days) 3(2,4) 7(6;8) 334 7(6;7)
FUP time (days) 360 (278; 362) | 465 (193; 1124)| 362 (166; 1097) 461 (167; 1181)
Totalnumber of bleeds 337 252 1998 637
Median number of bleeds 1(0;3) 2(0;9) 1(0; 4) 1 (0; 6)
Median ABR (bleeds/year) 1.0 (0.0; 3.1) 2.3(0.5;5.0) 2.8(1.0;3.1) 1.1 (0.0; 4.0)
0 bleeds, n* 54 (41.6%) 8 (19.5%) 162 (35.3%) 37 (28.0%)

Table 416: regression for observed versus predicted number of bleeds.

PWHA with PK

PWHB with PK

PWHA no PK

PWHB no PK

n

151

51

632

180

Coefficient (95% C

1.63 ¢1.05; 4.31)

2.83 (0.87; 4.79)

1.97 (1.35; 2.59)

1.57 (0.60; 2.53

p-value

0.230

0.006

<0.001

0.002

Intercept (95% CI)

0.83 (1.60; 3.27)

2.39 (0.78; 5.57)

0.45 (0.56: 1.46)

2.16 (0.47; 3.84
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p-value 0.501 0.135 0.380 0.013
R 0.02 0.13 0.09 0.07

ClI: confidence interval; PK: pharmacokinetics; PWH: peopleheitiophilia.
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| KIF LIESNE PdzaaA2y X FdzidzZNE RANBOGAZY

In the previous chapters, we identified the risk factors that should be included in the
derivation phase of a risk assessment model (RAM) for predicting the risk ofrigaad

people living with hemophilia (PWHjtasmadic coagulationfactor levelspleedinghistory,
physical activity, antithrombotic treatmenand obesity We identified wristwearable

devices with better acceptability and accuracy that could be usemiect data on physical
activity, so far missing in our datas€inally, we validated the predictive performance of a
model that allowsestimating the bleeding risk based on the factor levels over time, derived
using individual pofPK data profiles andfusion logsThis model failed to accurately

predict the number of bleeds in our cohort. We believe that this was due to issues with the
data availability and the methodology used, which will need to be considered in the next
step of this process, the metlupdate[1] In terms of data availability, efforts are needed to
collect data on the risk factors identified in our systematic review that were missing in the
database used to develop the RAM. A structured data collection on concomitant
antithrombotic treatment could easily be added to the Canadian Bleeding Disorder Registry
(CBDR). However, this should be followed by an active effort to insert the data from the
patient or their care provider. A more efficient approach would be the integration of the
registry with the Electronic Health Records (EHR) of their treatment center or the regional
administrative databases where information about medication prescriptions is stored. This
solution would require more computational effort initially, but data would nhgw
automatically. Data accuracy would depend on the availability of correct information on the

abovementioned databases. Unfortunately, the availability and accuracy of these data is
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often suboptimal. One should promote some improvement, for exantpl®ugh incentives

to clinicians or using resources from research. This would genaraittuous circle where
high-quality data inputted intathe EHRwvould facilitate clinical care and documentation, in
turn allowing gathering of clean data that can sedarily be used for clinical research.
However, the cumbersome absents in terms of data availability are physical activity and
bleeding history. Data on physical activity could be collected manually (e.g. through
guestionnaires) or passively with the usew#arable devices. Again, the latter option is
more appealing in terms ofparing human resources and logrm sustainability. This

option would generate a large amount of data and requires careful thinking on how to store
and analyze these datdhedownsideof this optionisthat people not using wearables for
measuring physical activityould not be able to use the RANIhis might introduce some
inequity. Data on treatment history are already available. As mentioned, in the past all the
available data ave been used to gather information about the outcomes, to increase the
power of the analysis. With more data being collected over time, this could change. Another
way of increasing the available data would be a collaborative effort with other bleeding
disorder registries. This would allow dedicating some historical data (e.g. the{fli3t 6
months of treatment for each participant) to estimate the bleeding history. The rest of the
data would be used as folleup, while still retaining a large enough sampiee. Such a
combined effort is particularly needed for a rare disease like hemophilia, and there are
examples of successful collaborations in the past, in this fea]

Regarding the methodology applied, we mentioned in Chapter 4 how the model wiletdrie
use for our predictions was originally thought more to explore the association between

plasmatic coagulation factor levels and bleeding risk than to accurately predict the risk for
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bleeding in individuals. If we were doing this again, as we plan tinde we will have

gathered the data described above, we could use different approaches to derive and
validate a RAM.

One possibility would be would be to update the model sticking to classical statistics but
using a different approach for some steps o frocess, most importantly the variable
selection and the internal validation. We will now describe these possible alternatives.
Regarding the variabkelection,in our RAM, we decided not to include the body mass

index (BMI). This was based on the firglthat this variable did not contribute significantly

to explaining the betweessubject variability BSY. If on one side this approach allows for
deriving a leaner model, this may lid to overfittif@].An alternative approach is to force

into the modelvariables that are deemed relevant by experts or, better, selected through a
systematic review like the one described in Chaptgk]Z’he same will apply to the

treatment history and physical activity, once these data will be available.

Regarding the intenal validation process, thisas initially conducted on the same sample
used for the derivation, and on simulated patients, as described in the appendix to Chapter
nd 2KSYy GKS Y2RSt LISNF2NXIYyOS Aa |aaSaasSR dza
per2 NI yOS¢és yR A0 A& RSAONAROSR (2 tSIR (2 2
sampled.7] This is the reason why we decided to further validate the model, as reported in
Chapter 4. It is not surprising that this translated into overfitting, with thedel

performance in the new sample being worse that the apparent performance in the original
sample. The new data were coming from a similar population, being-aauiple of the

original one in terms of the clinical setting, but at a different time fraift@s process, called

QX
Q

GSYLERNIt @t ARF (A2 jhtErmédiatéd betvées iitermaBralidahidh an8 R |
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external validatios [8] Due to these differences in the data source, it is normal to expect a
worse model performance in the validation phast®wever, this is the expression of

optimistic estimates in the derivation and internal validation phases, and there are ways to

take this into account when assessing the model performance. One example is the use of a
technique called crosgalidation. Incrossvalidation, the sample is divided into n sub

samples. The model is derived using data frehsubsamples (e.g., nine out of ten). The

model is then validated on the remaining sample (i.e. the tenth). The process is repeated n
times, and the averagsodel performance is calculated and reportgdd Bootstrap

validation is even more appealing, even though computationally more intense. In this case,
after deriving the model and assessing its apparent performance, the process is repeated at
least 100 tines using new samples generated through sampling with replacefagmtis

allows estimating the optimism as the average of the difference between the apparent
performance and the performance of each bootstrap model. This method also allows
adjustingtnem® St Qa4 NBINBaarAzy O2STFFAOASY(H dzaAy3a |
performance in the external validation phase will imprg9g.

Another possible approadio the model derivation and validation ke use of machine

learning[10] Several methods codlbe used in this field. In the appendix, we report a

protocol on the use of random foregtdl ] for this purpose, as an example. This was the final
LINE2SOG 2F 2yS 2F Y& tKod5d O2dzNBSa> |y AYyRSL
Clinical Epidemioldga 1 8¢ ® t N2a |yR O2ya 2F dzaAy3 YI OKAy
discussed there.

We can conclude that a risk assessment model for the prediction of bleeding in people living

with hemophilia should includplasmdic coagulationfactor levelspleedinghistory,
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physical activity, antithrombotic treatmenand obesity For measuring physical activitye
identified two devices from FitBit (Charge and Charge HR) as the most accurate for counting
steps, and the Apple Watch as the most accurate for meastweagt rate. We ascertained

that an existing risk assessment model with this aim provides optimistic estimates and
identified possible causes for this suboptimal performance. This could be addressed by
retaining key predictors in the model and using methbkls bootstrapping to obtain a

model that would perform better in an external validation phase and, therefore, be

generalizable and used in everyday clinical activity.
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Search Strategy

Search date: Aug. 21, 2019
Limits: Not animal No date, age or language limit
Databases: OVIDMEDLINE &EMBASE. Twhrane Central Register of Controlled Trials

(CENTRAL) & the Cochrane Database of Systematic Reviews (CDSR).

Database Total Retrieved
Medline 1435
Embase 1044

CENTRAL 25

CDSR 10
Total 2514
After deduplication 1858

MEDLINE- OVID Medlindepub Ahead of Print, {Rrocess & Other Nelmdexed Citations, Ovid
MEDLINE(R) Daily and Ovid MEDLINE(R) 1946 to Present

hemophilia a/ or hemophilia b/ or (hemophilia or haemophilia).mp 26017

2. exp Hemorrhage/ or Hemorrhage.mp. or haemorrhage.mp. or &temes*or 413841
haematemes*.mp. or Epitaxi*.mp. or subclinical bleeds.mp. or Hemarthrosi*.ti,al
haemarthrosi*.ti,ab. or pseudobleed.mp. or (bleed* adj2 (pattern* or hazard or
frequency or probability or risk or rate or episode or window or phenotype or bre
through or intraarticular or extraarticular or profile or traumatic or spontaneous o

joint)).ti,ab.

3. Risk Factors/ or Risk Assessment/ or incidence.ti,ab. 1549887
4. PROGNOKSSENS: incidence.sh. OR exp mortalitfaD&v-up studies.sh. 3275567
ORprognos:.tw. ORredict:.tw. ORcourse:.tw.

5. CP@E SENS: predict:.mp. QRor:.tw. ORdbserv:mp. 2265932
6.3ordor5 4864246
7.1and 2 and 6 1454

8. Animals/ not (Animals/ and Humans/) 4577069
9.7not8 1435

10. 9 use ppez 1435
TARGET SET: 6

"23047359" [Unique Identifier]
"19143924" [Unique Identifier]
"11559935" [Unique Identifier]
"19822585" [Unique Identifier]
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"28543946" [Unique Identifier]
"19298376" [Unique Identifier]

Embase 1974 to 2019 April 22

1. hemophilia a/ or hmophilia b/ or (hemophilia or haemophilia).mp 39389

2. exp bleeding/ or (Hemarthrosi* or haemarthrosi* or Hemorrhage or Haemorrh 85459
or Hematemes* or haematemes* or pseudobleed).ti,ab. or (bleed* adj2 (pattern?

hazard or frequency gorobability or rate or episode or window or bre#krough or
intra-articular or extraarticular or profile or traumatic or spontaneous or joint or

phenotype or risk)).ti,ab.) and (risk factor.mp. or risk factor/ or risk assessment/

risk assessment modemp.)

3. Progg sens: exp disease course/ or risk:.mp. or diagnos:.mp. or follpamp. or | 11746686
ep.fs. or outcome.tw.

4. CPQ sens: predict:.tw. or exp methodology/ or validat:.tw. 7335033
5.30r4 15314613
6.1and 2 and 5 11606
7.(exp animal/ or nonhuman/) not exp human/ 6183263
8.6 not 7 1044

10. 9 use oemezd

CENTRALCochrane Library https://www.cochranelibrary.com/advanced
search?cookiesEnabled

#1 MeSH descriptor: [Hemophilia A] explode all trees 360

#2 MeSHdescriptor: [Hemophilia B] explode all trees 101

#3 (hemphilia or haemophilia):ti,ab,kw 1382

#4 #1 or #2 or #3 1382 1382

#5 MeSH descriptor: [Risk Factors] explode all trees 24016
#6 MeSH descriptor: [Risk Assessment] explode all trees 8525

#7 MeSH descriptor: [Hemorrhage] explode all trees 13240
#8 bleed* and (pattern* or hazard or frequency or probability or rate or episq

or window or breakthrough or intraarticular or extraarticular or profile or

traumatic or spontaneous or joint or phetype or risk) 25290
#9 #5 or #6 29580
#10 #8or#9 53459
#11  #4 and #9 and #10 9

CENTRALCochrane Library https://www.cochranelibrary.com/advanced
search?cookiesEnabled
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#1 MeSH descriptor: [Hemophilia A] explode all trees 360
#2 MeSH descriptor: [emophilia B] explode all trees 101
#3 (hemphilia or haemophilia):ti,ab,kw 1382
#4 #1 or #2 or #3 1382
#5 MeSH descriptor: [Risk Factors] explode all trees 24016
#6 MeSH descriptor: [Risk Assessment] explode all trees 8525
#7 bleed* and(pattern* or hazard or frequency or probability or profile or

phenotype or risk) 18040
#8 MeSH descriptor: [Hemorrhage] explode all trees 25290
#9 #5 or #6 or #7 46209
#10 #4 and #9 and #8

Cochrane Reviews = 10

CENTRAL =25
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Outcome definitions:

Mean absolute percentage error (MAPE)

D QOGO ¢ § 00 DQEX OB 0 O -

g e
(@}
O

n = number of times the summation iteration happens
A= actual value (measured with the reference standard)

R = Forecast value (measured with the index test)

Mean percentage error

b 0N Qi & O ar‘@'§

n = number of times the summation iteration happens
A= actual value (measured with the reference standard)

R = Forecast value (measured with the index test)

Mean difference
0 'QHRQQQQI Kga wQ "0

n = number of times the summation iteration happens
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A= actual value (measured with the reference standard)

k = Forecast value (measured with the index test)

Mean bias (Blandltman)
D0 o QB & (& B O A weg 0

n = number of times the summation iteration happens
A= actual value (measured with the reference standard)

R = Forecast value (measured with the index test)
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Supplementary Table tharacteristics and resultsf all the studies included in the review
(including the risk of bias assessment for each outcome)
The table was added as an excel file to the supplementary material. The reader can use the

filter function at their preference, for example to isolate thejective (accuracy versus

Qi
(qV]
(0p))
O
[

FOOSLIiFoAtAGREYy (KS 2dzi02YS gAGKAY (GKS 2
device used as the index test, and the reference standard. An example is shown in

Supplementary figures 1 and.2

Supplementary Figure 1: axsing the filter function

F G H

| Outcome Assessed | ~|Outcome category |~ |Device br
Data availability

Data availability

MVPA

Step count

Step count @ Sheet View >
Step count

Energy expenditure

Energy expenditure Text Filters >
Energy expenditure

Energy expenditure F'her

A T

{ dzLJLX SYSY UGl NBE CA3IdzNBE HY FAEGSNRBR FgFAftlofS T2
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Filter x
Select item:

1 (select AN

Active time

Activity classification (sedentary, household, walking,
and running)

Activity count

Daily mean activity

Data availability

Distance

Ease of use and other characteristics
Energy expenditure

Heart rate

Loading rate (BW/s)

MVPA

Physcial activity intensity

Speed

Step count

oK Cancel
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Characteristics of thestudies reporting on accuracy.

Author, year Device | Device Reference standard Results Scale of Measure
brand model
Outcome: Active time
Hernande#Vicente, | Polar V800 ActiTrainer Mean (SD) bias (Blasgdltman) 32.0 Activity over 7days under everyday
2016 (52.0) min, with mean (SI3P3.95 conditions
(93.29) min measured with the
reference standard
Outcome: Activity classification (sedentary, household, walking, and running)
Zhang, 2012 GENE | Activ Probably direct observation Fordifferent machine learning 10-12 semi structured activities in lab o
algorithms (Logistic Regression, outdoor environment while wearing
Decision Tree, Support Vector device
Machine, and Bayesian Network) th
Incorrect classification rate ranged
from 2.71 to 4.44%
Outcome: Activity count
Gironda, 2007 | Actiwat | Score | VICON Motion Analysis Systel  Pearso@ correlation coefficient Performance on two I#ninute trials of
ch 0.67-0.88 exercise activity prescribed for bagiain
rehab.
Lawinger, 2015 | ActiGra | GT3X+ | Manual count (video recording| ~ Correlation r .93, P <.0@kvery | Performance on 3 series of tasks: activit
ph 4000vectormagnitude physical | of daily living, rehab exercises and pass
activity counts equal 27 arm shoulder range at 5 specified velocities
motionst. This 4000 was nqire- one lab session.
specified
Bruder, 2018 ActivPA| ActivPAL| 10-camera 3D Motion analysis| Mean difierence-40.9 to 30.4 for | Performance on two upper limb activitie
L

system (VicosMX3)

different activities (95% CI reported

on week apart

Outcome: Daily mean activity
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Scott, 2017 GENE Activ ActiGraph GT3X+ Pearson's r 0.88 (95% CIl = @8323; Activity over7-days under everyday
p = <0.001) conditions
Outcome: Distance
Gaz, 2018 Fitbit Charge Measured distance Mean (SD) difference 0.028 (0.045 Performance on a free walking or
HR t0 0.152 (0.124) m treadmill walking condition. Treadmill
Gaz, 2018 Apple Watch, Measured distance Mean (SD) difference 0.016 (0.05)tf  walking hadore-determined speeds.
series not 0.037 (0.108)
NA
Gaz, 2018 Garmin | Vivofit 2 Measured distance Mean (SD) difference 0.016 (0.028
to 0.107 (0.066)
Gaz, 2018 Jawbon UP2 Measured distance Mean (SD) difference 0.008 (0.049
e to 0.086 (0.059)
Huang, 2016 Jawbon| Up24 Measured distance Mean (SD) percentage error 5.2 (9 Performance on slow, moderate, and fa
e during flat ground walking (400 m) walking speeds on treadmill
Huang, 2016 Garmin | Vivofit Measured distance Mean (SD) percentage error 5.1 | Performance on slow, moderate, and fa
(11.4) during flat ground walking walking speeds on treadmill
(400 m)
Huang, 2016 Fitbit Flex Measured distance Mean (SD) percentage erret2.8
(15.4)% during flat ground walking
(400 m)
Wahl, 2017 Beurer AS80 Measured distance MAPE51.9 t0-17.6% Performance on a treadmill for four 5
Wahl. 2017 Fitbit Charge Measured distance MAPE-29.5 t0-13.1% minute stages oflifferent velocities, a6
’ HR minute period of intermittent velocity,
oy - and a 2.4 km outdoor run
Fitbit Charge Measured distance MAPE-29.9 to 16%
Wahl, 2017 : i g : ° and a 2.4 km outdoor run
Wahl, 2017 Garmin [ Vivofit Measured distance MAPE-25.0 to 23.3%
Wahl, 2017 Garmin | Vivosmar Measured distance MAPE8.1 to 53.5%
t
Wahl, 2017 Garmin | Vivoactiv Measured distance MAPE6.1 to 51.4%
e
Wahl, 2017 Garmin | Forerunn Measureddistance MAPE3.3 to 26.0%
er 920XT

139



Ph.D. ThesisF. Germinj McMaster Universitg, Health research methods, Evidence, and Impact

Wahl, 2017 Xaomi | MiBand Measured distance Not Applicable(too many missing
data, not analyzed)
Wahl, 2017 Withing Pulse Measured distance MAPE 0.7 to 58.3%
S
Outcome: Energy expenditure
Stackpool, 2013 | Jawbon up Indirect calorimetry (Portable Pearson's r 0.20 to 0.87 First session completed on a treadmill 3
e metabolic analyzer) walking or running speed, selected by th
Stackpool, 2013 | Nike | Fuelband | Indirect calorimetry (Portable Pearson's r 0.08 to 0.72 participant. Second session was on
metabolic analyzer) elliptical crosdrainer at selfselected
Stackpool, 2013 | Fitbit Ultra Indirect calorimetry (Portable Pearson's r 0.24 to 0.67 speed. Apart of theecond session also
’ metabolic analyzer) took place in a gymnasium, where they
Stackpool, 2013 | Adidas [ MiCoach | Indirect calorimetry (Portable Pearson's r 0.55 to 0.81 completed agility ladder drills, basketba
Compagnat, 2018 | ActiGra [ GT3X+ [ Indirect calorimetry (portable | Mean percentage difference 3% fo| Performed four tasks: transfers, manua
ph gas analyser, Metamax 3B, | walking subjects, 47% for subjectd tasks, walking on flat ground and walkin
Cortex) with wheelchair up and down stairs.
Hagens, 2017 Fitbit Charge ActiGraph GT3x MAPE 30.6% Activity over 7days under everyday
conditions
Mandigout, 2017 | Actical | Actical Indirect calorimetry (portable | Spearman's ¢0.19 (p 0.35) if weareq Performance in various everyday tasks
gas analyser, Metamax 3B, | on the plegicside,c0.27 (p 0.23) on| (transfer, walking, etc) within a laborator|
Cortex) the nonplegic side setting
Mandigout, 2017 | ActiGra GTX Indirect calorimetry (portable | Spearman's r 0.08 (®.71) if wore on
ph gas analyser, Metamax 3B, | the plegic side, 0.20 (p 0.34) on th
Cortex) non-plegic side
Montoye, 2017 Fitbit Charge Indirect calorimetry (Parvo MAPE (SD) 43.7 (3.4) Performing 14 activities in a laboratory
HR metabolic analyzer) and on a track (lying, sitting, standing,
walking various speed and inclines,
jogging, and cycling)
Fitbit One Indirect calorimetry using Mean (SD) bias 2.91 (4.35) kcals/nl Walking on a treadmill at varying speed

Price, 2017

ParvoMedics TrueOne 2400
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Price, 2017 Garmin |  Vivofit Indirectcalorimetry using Mean (SD) biasdl.56 (2.34) kcals/mir
ParvoMedics TrueOne 2400
Price, 2017 Jawbon upP Indirect calorimetry using Mean (SD) bias 18.57 (30.17)
e ParvoMedics TrueOne 2400 kcals/min
Ro0s, 2017 Suunto | Ambi Indirect calorimetry MAPE21.32 to 41.93% Aerobic and anaerobic running on a
Roos, 2017 | Garmin | Forerunn Indirect calorimetry MAPE 11.54 to 49.30% treadmill in a laboratory setting
er 920XT
Ro0s, 2017 Polar V800 Indirect calorimetry MAPE 10.1 to 39.5%
Alsubheen, 2016 | Garmin | Vivofit Indirect Calorimetry (Sable Systematically underestimated by| Performance on treadmill walking tasks
Systems International, Las | 29.5% during treatdmill walking tes{ and office activities within a laboratory
Vegas NV) p session, completed iseparate sessions
on different days
Boeselt, 2016 Polar A300 BodyMedia SenseWear Pearson's r 0.74 (p < 0.01) Performance in everyday conditions
Choi, 2010 ActiGra| GT1M Room calorimeter Mean (SD) percentage difference; Monitored through a 24h stay in a
ph 0.5 (8.0)% laboratory setting. Stay included light
activities, eating, sleeping, and
participants were encouraged to comple
normal day activities during downtime.
Chowdhury, 2017 | Micros Band CamNtech Actiheart MAPE (SD) 34 (10)% Performance against criterion
oft measurements in both controlled
Chowdhury, 2017 | Apple Watch, CamNtechActiheart MAPE (SD) 15 (10)% laboratory conditions (simulated activitie
series not of daily living and structured exercise) af
NA over a 24hour period in frediving
Chowdhury, 2017 | Jawbon|  Up24 CamNtech Actiheart MAPE (SD) 30 (11)% conditions.
e
Chowdhury, 2017 | Fitbit Charge CamNtech Actiheart MAPE (SD) 16 (8)%
Chowdhury, 2017 | Micros Band Indirect calorimetry (portable MAPE (SD) 40 (16)%
oft gas analyseiCOSMED K4b2)
Chowdhury, 2017 | Apple [ Watch, Indirect calorimetry (portable MAPE (SD) 27 (19)%
series not| gas analyser, COSMED K4b]
NA
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Chowdhury, 2017 Jawbon Up24 Indirect calorimetry (portable MAPE (S86 (14)%
e gas analyser, COSMED K4b]}
Chowdhury, 2017 Fitbit Charge Indirect calorimetry (portable MAPE (SD) 36 (22)%
gas analyser, COSMED K4b]}
Dondzila, 2018 Fitbit Charge MET values of treadmill MAPE-8.4 to 89.2% Performance on foufive minute stage
HR intensities treadmill tasks in a laboratory session af
Dondzila, 2018 Miio FUSE MET values of treadmill MAPE 0 to 44.9% later in freeliving conditions for one day.
intensities
DurkaleeMichalski, | ActiGra| GT1M Indirect Calorimetery Overestimated EE at moderate Performance on leisure and exercise
2013 ph intensity by 60% and underestimate activities atvarious intensities in
EE by 40% at vigorous intensity. 86 laboratory and frediving conditions
accurate in measuring EE at light
intensity in relation to the values
measured by indirect calorimetry.
Ferguson, 2015 | Misfit Shine BodyMedia SenseWear Mean absolute difference 468, meg Activity under frediving conditions over
(SD) measured with the reference 48 hours
standard = 3005 (569)
Ferguson, 2015 | Jawbon up BodyMedia SenseWear Mean absolute difference 866, mea
e (SD) with the reference standard 3
3005 (569)
Hernande#Vicente, | Polar V800 Actigraph ActiTrainer Mean (SD) bias (Blasltman) 957.5| Activity under freeliving conditions over 1
2016 (679.9) kcal, with mea(SD) 1,456.4¢ days
(731.40) kcals measured with the
reference standard
Lemmens, 2018 | Phillips [ Optical Indirect calorimetry (portable Mean percentage erroi2.6% Performance on paced and sgliced
Heart gas analyser, COSMED K4b]} exercise activities as well as householq
Rate activities under laboratory conditions
monitor
Sirard- Phase 2 | Movba | Movband Indirect calorimetry system Spearman's r 0.61 Performance on structured activities
nd (Oxycon Mobile, Carefusion, (sitting, selfpaced walking, catch, tag,

(Lab), 2017

Inc.)
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Sirard- Phase 2 Sqord Sqord Indirect calorimetry system Spearman's r 0.87 jogging) within a laboratory condition ove
(Lab), 2017 (Oxycon Mobilt)e, Carefusion, 2 days
Inc.
Wallen, 2016 Apple Watch, Indirect calorimetry (MetaMax| Mean (SD) bias (Blasdtman)- Completed ~ahr protocols involving
series not 3B, Cortex, Germany) 123.1 (55.6) kcal, with index test supine and seated rest, walking and
NA mean (SD) = 285.7 (50.2) running on a treadmill and cycling on al
Wallen, 2016 Fitbit Charge Indirect calorimetry Mean (SD) bias (equation reported  ergometer in a laboratory condition
since BlaneAltman mrameters were
systematically biased) 0.61*mean
224.6 (59.1) kcal, with index test
mean (SD) = 236.8 (77.0)
Wallen, 2016 Samsun| Gear S Indirect calorimetry Mean (SD) bias (Blasltman)-26.1
g (24.2) kcal, with index test mean (S
=261.4 (47.5)
Wallen, 2016 Miio | Mio alpha Indirect calorimetry Mean (SD) bias (equation reported
since BlandAltman parameters werg
systematically biased) 0.91*mean
318.77 (84.8) kcal, with index test
mean (SD) = 236.8 (77.0)
Woodman, 2017 | Garmin [ Vivofit Indirect calorimetry (Oxycon MAPE (SD) 44.6 (~8) Completed 11 activities ranging from
Mobile, Carefusion, Inc.) sedentary behaviors to vigorous
Woodman, 2017 | Withing |  Pulse Indirect calorimetry (Oxycon MAPE (SD) 63.7 (~4.5) intensities in a laboratory condition ovel
S Mobile, Carefusion, Inc.) one day
Woodman, 2017 Basis Peak Indirect calorimetry (Oxycon MAPE (SD) 27.2 (~20)
Mobile, Carefusion, Inc.)
Imboden, 2018 Fitbit Flex Indirect calorimetry Mean percentage bias-23% Participated in an 8@ninute protocol of
Imboden, 2018 | Jawbon| Up24 Indirect calorimetry Mean percentage bias-26% exercises in a laboratory condition
e
Wahl, 2017 Polar Loop Indirect calorimetry with MAPE 5.6 to 56.4% Performed a running protocol consisting

portable gas analyzer Metamal
3B (Metamax 3BCORTEX
Biophysik GmbH, Leipzig,

Germany)

of four 5 min stages of different constan
@St 20A0GAS& 6ndoT T
min period of intermittent velocity, and 4

2.4 km outdoorrun (10.1 Y1 Kb ™
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Wabhl, 2017

Beurer

AS80

Indirect calorimetry with
portable gas analyzer Metamal
3B (Metamax 3B, CORTEX
Biophysik GmbH, Leipzig,
Germany)

MAPE-48.4to 17%

Wabhl, 2017

Fitbit

Charge

Indirect calorimetry with
portable gas analyzévletamax
3B (Metamax 3B, CORTEX
Biophysik GmbH, Leipzig,
Germany)

MAPE12.0 to 83.3%

Wahl, 2017

Fitbit

Charge

Indirect calorimetry with
portable gas analyzer Metamal
3B (Metamax 3B, CORTEX
Biophysik GmbH, Leipzig,
Germany)

MAPE4.5 to 75.0%

Wahl, 2017

Bodym
edia

Senseweq
r

Indirect calorimetry with
portable gas analyzer Metamal
3B (Metamax 3B, CORTEX
Biophysik GmbH, Leipzig,
Germany)

MAPE-25.3 t0-1.4%

Wahl, 2017

Garmin

Vivofit

Indirect calorimetry with
portable gas analyzer Metamal
3B(Metamax 3B, CORTEX
Biophysik GmbH, Leipzig,
Germany)

MAPE21.3 to 18.7%

Wahl, 2017

Garmin

Vivosmar
t

Indirect calorimetry with
portable gas analyzer Metamal
3B (Metamax 3B, CORTEX
Biophysik GmbH, Leipzig,
Germany)

MAPE-1.5 t0-35.8%

Wahl, 2017

Garmin

Vivoactiv
e

Indirect calorimetry with
portable gas analyzer Metamal

3B (Metamax 3B, CORTEX

MAPE4.5 to 36.8%
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Biophysik GmbH, Leipzig,
Germany)

Wahl, 2017

Garmin

Forerunn
er 920XT

Indirect calorimetry with
portable gas analyzer Metamal
3B (Metamax B, CORTEX
Biophysik GmbH, Leipzig,
Germany)

MAPE-26.6 10-9.2%

Wahl, 2017

Xaomi

Mi Band

Indirect calorimetry with
portable gas analyzer Metamal
3B (Metamax 3B, CORTEX
Biophysik GmbH, Leipzig,
Germany)

Not applicable(too many missing
data, not analyzed)

Wahl, 2017

Withing
S

Pulse

Indirect calorimetry with
portable gas analyzer Metamal
3B (Metamax 3B, CORTEX
Biophysik GmbH, Leipzig,
Germany)

MAPE-38.9 10-16.9%

Dooley, 2017

Apple

Watch,
series not
NA

Indirect caleimetry with Parvo
Medics TrueOne 2400 (Parvg
Medics Inc, Sandy, UT, USA

MAPE (SD) 16.54 (~13) to 210.8/
(~96)%

Dooley, 2017

Fitbit

Charge
HR

Indirect calorimetry with Parvo
Medics TrueOne 2400 (Parvdg
Medics Inc, Sandy, UT, USA

MAPE (SD) 16.85 (~14) to 84.98
(~46)%

Dooley, 2017

Garmin

Forerunn
er 225

Indirect calorimetry with Parvo
Medics TrueOne 2400 (Parvdg
Medics Inc, Sandy, UT, USA

MAPE (SD) 30.77 (~26) to 155.05
(~164)%

Participants completed a ¥@inute
seated baseline assessment; separate
minute stages of light moderate, and

vigorousintensity treadmillexercises; and
a 10minute seated recovery period in @

laboratory setting

Outcom

e: Heart rate

Jo, 2016

Basis

Peak K

Standard 12lead
electrocardiograph system
(Cosmed C12x; Caordl,

Mean(SD) bias (Blanltman)-3 (11)
bpm

Each participant completed an initial res

period of 15 minutes followed by-5

minute periods of each of the following
activities: 60W and 120W cycling, walkin

CA, USA)
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Jo, 2016 Fitbit Charge Standard 12lead Mean(SD) bias (Blandltman)-9 (17) jogging, running, resisted arm raises,
electrocardiograph system bpm resisted lunges, and isometric plank. Ir|
(Cosmed C12x; Concord, between each earcise task was a5
CA, USA) minute rest period.
Montoye, 2017 Fitbit Charge | Nonin PureSAT Pulse Oximet MAPESD) 6.6 (0.6) Performing 14 activities in a laboratory
HR and on a track (lying, sitting, standing,
walking various speed and inclines,
jogging, and cycling)
Dondzila, 2018 Fitbit Charge Polar heart rate monitor Trend to report lower mean heart [ Performance on foufive minute stage
HR rate values at running speeds of | treadmill tasks in a laboratory session a
134.1 m-minl and 160.9 m-mid, later in freeliving conditions for one day,
compared to the Polar.
Dondzila, 2018 Miio FUSE Polar heart rate moitor Mean heart rate values within 1.1
beats-minl of the Polar.
Gillinov, 2017 Garmin | Forerunn [ ECG leads, polar H7 chest stry MAPE (SD) 4.6 (7.7) to 13.7 (16.8 Completed exercise protocols on a
er 235 monitor, scosche rhythm on treadmill, a stationary bicycle, and an
forearm elliptical trainer (Tarm movement) in a
Gillinov, 2017 TomTo Spark ECG leads, polar H7 chest str{f MAPESD) 4.5 (5.3) t0 6.7 (9.6)% laboratory setting over one day.
m monitor, scosche rhythm on
forearm
Gillinov, 2017 Apple | Watch, | ECG leads, polar H7 chest stri MAPE (SD) 3.2 (4.9) to 6.5 (10.8)
series not monitor,
NA
Gillinov, 2017 Fitbit Blaze ECG leads, polar H7 chest stri MAPESD) 5.6 (6.4) to 15.9 (18.2)9
monitor, scosche rhythm on
forearm
Powierza, 2017 Fitbit Charge Electrocardiogram Mean(SD) bias (Blardtman)-6.04 Completed the Buffalo Concussion

(10.40) bpm

Treadmill Test in a laboratory setting ov¢
one day.
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Stgve, 2019 Garmin | Forerunn Polar device Mean difference (SD) 1 (2.3) to 17 Performarce during rest and three
er (13.36) bpm, with mean (SD) exercise conditions at submaximal leve
frequence ranging from 59.5 (10.8 including cycling, treadmill, walking,
to 165.8 (16.4) running and rapid arm movement in a
laboratory setting
Thomson, 2019 | Apple | Watch, ECG Mean percentage error 2.4 to 5.1% Measured over performance in different
series not intensity levels of activity, from very ligh
NA to very rigorous, in a laboratory sessior
Thomson, 2019 Fitbit Charge Electrocardiogram Mean percentage error 3.9 to 13.59 over 1 day.
HR 2
Wallen, 2016 Apple | Waitch, ECG Mean (SD) bias (Blasltman)-1.3 Completed ~ahr protocols involving
series not (4.4) bpm, with index test mean (S[ supine and seated rest, walking and
NA =102.0 (14.4) running on a treadmill and cycling on al
Wallen, 2016 Fitbit Charge | Electrocardiogram and indirec| Mean (SD) bias (Blasltman)-9.3 ergometer in a laboratory contin
calorimetry (8.5) bpm, with index test mean (SI
=102.0 (14.5)
Wallen, 2016 Samsun| Gear S | Electrocardiogram and indirec] Mean (SDbias (BlaneéAltman)-7.1
g calorimetry (10.3) bpm, with index test mean
(SD) =100.5 (14.6)
Wallen, 2016 Miio | Mio alpha| Electrocardiogram and indirec| Mean (SD) bias (Blasdtman)-4.3
calorimetry (7.2) bpm, with index test mean (SL
=102.0 (14.4)
Dooley, 2017 Appe Watch, ActiGraph GT3X+, Polar Heay MAPE (SD) 1.4 (~1) to 6.7 (~11)9 Participants completed a i®inute
series not| Rate Monitor, Pravo Medica seated baseline assessment; separate
NA TrueOne 2400 minute stages of light moderate, and
Dooley, 2017 Fitbit Charge | ActiGaph GT3X+, Polar Hear] MAPE (SD) 2.4 (~1.5) to 17.0 (~20| vigorousintensity treadmill exercises; an
HR Rate Monitor, Pravo Medica a 10minute seated recovery period in a
TrueOne 2400 laboratory setting
Dooley, 2017 Garmin | Forerunn | ActiGraph GT3X+, Polar Heal MAPE (SD) ranging from 7.8 (~17)
er 225 Rate Monitor, Pravo Medica 24.38(~26)

TrueOne 2400
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Performed walking (slow, fast, and with

Stiles, 2013 GENE [ Activ Advanced Mechanical Sensitivity 97.6%, specificity 75.09
Technology Inc. force plate overall agreement 85.6%, using a bag), floor sweeping, running (slow and
cut-off point of 3.125 g fast), jumping (low, G5 cm; high, 95 cm
Stiles, 2013 ActiGra | GT3X+ Advanced Mechanical Sensitivity 90.5%, specificity 81.3%]  and box drop (20 cm) in a laboratory
ph Technology Inc. force plate | overall agreement 85.6 usingpae- session.
specified cuboff cut-off point 2.840 g
Outcome: MVPA
Semanik, 2020 Fitbit Flex ActiGraph GT3X Mean (SD) difference 18.5 (11.3)|  Activity over Zdays undeeveryday
with mean (SD) 239.5 (86.2) min/da conditions
measured with the reference
standard
Hargens, 2017 Fitbit Charge ActiGraph GT3x MAPE 46.3% Activity over 7days under everyday
conditions
Scott, 2017 GENE Activ ActiGraph GT3X+ Pearson's r 0.84 (95% CI = @Q.89; Activity over 7days under everyday
p <0.001) conditions
Boeselt, 2016 Polar A300 BodymediaSenseWear (SWA Pearson's ¥0.25 (p <0.01) Performance in everyday conditions
device
Ferguson, 2015 | Misfit Shine Actigraph GT3X+ Mean absolute difference (MAD) o Activity under frediving conditions over
15.2, mean (SD) with the referencg 48 hours
standard = 58.5 (37.6)
Ferguson, 2015 | Jawbon upP Actigraph GT3X+ Mean absolute difference (MAD) =
e 18.0, mean (SD) with the referencg
standard = 58.5 (37.6)
Redenius, 2019 | Fitbit Flex ActigraphGT3X+ MAPE (SD) 6.7 (5.7) to 74.3 (12.8 Activity over 7days under everyday
conditions
Reid, 2017 Fitbit Flex Actigraph GT3X+ Mean (SD) bias (Blasdtman)-57.5 Activity over 7days under everyday
(46.4) min/day, with mean 64.6 conditions
min/day measured with the
reference standard
Sirard- Phase 3 | Movba | Movband ActiGraph GT3X+ Spearman's r 0.76 Activity over 4days under everyday
nd conditions

(Field), 2017
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Sirard- Phase 3 Sqord Sqord ActiGraph GT3X+ Spearman's 0.86
(Field), 2017
StLaurent, 2018 Fitbit Flex Actigraph GT3x Mean (SD) bias (Blasltman) 2.4 + Activity over 7days under everyday
6.6 (p = 0.21) min/day, with mean conditions
(SD) 9.9 (7.5) min/day measured w
the reference standard
Alharbi, 2016 Fitbit Flex Actigraph Mean percentage error 10% Activity over 4days under everyday
conditions
Imboden, 2018 Fitbit Flex ActiGraph GT3X+ Mean percentage erroi65% Participated in an 8@ninute protocol of
Imboden, 2018 | Jawbon| Up24 ActiGraph GT3X+ Mean percentage erroi35% exercises in a laboratory condition
e
Outcome: Physcial activity intensity
Bulathsinghala, | ActiGra| GT3X+ | ActiGraph GT3X+ on the waig Physical activity intensity above th¢  Activity over 24 hours under everyday
2014 ph threshold was present in16% of thq conditions
recordedminutes. Mean Vector
Magnitude Unit (VMU movement in
three planes) from the wrist device|
above the 3000 threshold were 495
(95% confidence interval (Cl), 485
to 5055), while corresponding VMU
from the waist device were 951 (95
Cl, 916 to 986). Usingoaoprietary
software equation developed for the
waist location, activity intensity
above this threshold corresponded
to 1.66 metabolic units (METSs) (95
Cl, 1.55t0 1.77).
Outcome: Speed
Cohen, 2010 ActiGra Mini Actual speed (distance/time) | Mean difference 0.97 mph (95% 0 Completed a standardized sequence o
ph MotionLo 0.73-2.67) activities that comprised sitting, standing
gger and walking in laboratory setting
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Outcome: Step count

Stackpool, 2013 | Jawbon upP Manual count Pearson's r 0.34 to 0.99 First session completed on a treadmill g
e walking or running speed, selected by th
Stackpool, 2013 Nike | Fuelband Manual count Pearson's r 0.17 to 0.98 p_art_icipant. Sec_ond session was on
Stackpool, 2013 Fitbit Ultra Manual count Pearson's r 0.44 to 0.99 szlclel23?i;;zsér?ﬁgege?o?ﬂfchncggo
took place in a gymnasium, where they
completed agility ladder drills, basketba
throws, and basketball layps.
An, 2017 Fitbit Flex Manual count (Tally Counter)] MAPE 4.7 to 21.9% in lab, 18.1% ¢ Walking/jogging on a treadmill, walking
for lab setting, New Lifestyle field overground on an indor track, and a 24
(NL-1000 Series) pedometer fo hour freeliving condition
field setting
An, 2017 Garmin | Vivofit Manual count (Tally Counter)| MAPE 2.4 to 16.5% in lab, 17.8% (
for lab setting, New Lifestyle field
(NL-1000 Series) pedometer fo
field setting
An, 2017 Polar Loop Manualcount (Tally Counter) | MAPE 9.9 to 23.8% in lab, 26.9% (
for lab setting, New Lifestyle field
(NL-1000 Series) pedometer fo
field setting
An, 2017 Basis | B1Band | Manual count (Tally Counter)] MAPE 3.11t09.0% in lab, 18.4% o
for lab setting, New Lifestyle field
(NL-1000 Series) pedometer fo
field setting
An, 2017 Misfit Shine Manual count (Tally Counter)| MAPE 6.3 to 19.3% in lab, 23.3% ¢
for lab setting, New Lifestyle field
(NL-1000 Series) pedometer fo
field setting
An, 2017 Jawbon| UP24 Manual count (Tally Counter)] MAPE 2.9to 7.0% in lab, 27.9% o
e for lab setting, New Lifestyle field
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(NL-1000 Series) pedometer fo
field setting

An, 2017 Nike | FuelBand| Manual count (Tally Counter)] MAPE 10.2 to 45.0% in lab, 16.0%
SE for lab setting, New Lifestyle field
(NL-1000 Series) pedonter for
field setting
Gaz, 2018 Fitbit Charge Manual count (Tally counter) | Mean (SD) difference 21.81 (67.08 Performance on a free walking or
HR to 195.06 (207.94) steps. Max treadmillwalking condition. Treadmill
distance 1.6 km. walking had predetermined speeds
Gaz, 2018 Apple Watch, Manual count (Tally counter) | Mean (SD) difference 7.56 (29.61)
series not 39.44 (151.81) steps. Max distanc
NA 1.6 km.
Gaz, 2018 Garmin | Vivofit 2 Manual counf(Tally counter) | Mean (SD) difference 5.09 (8.38) t
98.06 (137.49) steps. Max distanc
1.6 km.
Gaz, 2018 Jawbon UP2 Manual count (Tally counter) [ Mean (SD) difference 16.19 (29.14
e to 64 (66.32) steps. Max distance 1
km.
Hargens, 2017 Fitbit Charge ActiGraph GT3x MAPE 20.7% Activity over 7days under everyday
conditions
Jones, 2018 Fitbit Flex Manual count (video) MAPE 4% Completed treadmill protocol at jogging
and running speeds (8km/h6km/h) in
laboratory settings
Lauritzen, 2013 Fitbit Ultra Manual count (video) MAPE (SD) 99.6 (0.8)% Walking procedure of a straight path ove
20m in a laboratory setting
Magistro, 2018 | ADAMO[  Care Manual count (Tally counter) [ MAPE (SD17.70 (20.77) % tel.10 [ Performance on randomly ordedetasks:
Watch (2.30) % walking slow, normal and fast sglced
speeds, and up/down stairs in a
laboratory setting
Montoye, 2017 Fitbit Charge Omron HJ 323u Pedometer MAPE (SD) 9.7% (1.2) Performing 14 activities in a laboratory
HR (Omron Corp., Osaka, Japan and on a track (lying, sitting, standing,
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walking various speed and inclines,
jogging, and cycling)

Alsubheen, 2016 | Garmin | Vivofit Kinematics analysis (video Vivofit yystematically Performance on treadmill walking tasks
camera SoMHDRFX1 12X HD| underestimated step count only at| and office activities within a laboratory
Mini DV Camcorder) 0% treadmill inclination session, completed in separate sessior]
on different days
Falgoust, 2018 Fitbit Charge Manual count (Tally counter) [ Mean difference 60.8 steps (p 0.01] Performance on track laps in laboratory
HR settings
Falgoust, 2018 Fitbit Surge Manual count (Tally counter) Mean difference86.0 steps (p
0.004)
Falgoust, 2018 | Garmin [ Vivoactiv [ Manualcount (Tally counter) | Mean difference-19.7 steps (p 0.03
e HR
Blondeel, 2018 Fitbit Alta Dynaport Movemonitor Mean difference (SD) 773 (829) ste[  Activity over 14days under everyday
(accellerometer) (p=0.009) conditions
Boeselt, 2016 Polar A300 BodyMedia SenseWear Pearson's r 0.96 (p < 0.01) Performance in everyday conditions
Burton, 2018 Fitbit Flex Manual count (video) by two Intraclass Correlation (ICQ)’7 Two 2minute walk tests were completed
researchers (0.57,0.88) and 0.76 (0.53,0.88) ir] while wearing the fithess trackers.

two 2-minutes walking tests

Participants were videoed during each

test. Participants were then given one

fitness tracker and an accelerongetto
wear at home for 14days.
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Methods

sTablel7: mapping between factor concentrate and Population PK model used.

Factor | Class | Concentrate Model
EVIII SHL Advate Generic forFVIII Full Length Recombinant
EVII SHL HumateP Generic for FVIIl Plasma Derived
EVIII SHL Kovaltry Generic for FVIII Full Length Recombinant
EVIII SHL Nuwiq Generic for FVIII B Domain Deleted
EVIII SHL Recombinate Generic for FVIII Full LengR@combinant
EVII SHL Wilate Generic for FVIII Plasma Derived
EVII SHL Xyntha Generic for FVIII B Domain Deleted
EVII SHL Zonovate Generic for FVIII B Domain Deleted
EVIII EHL Adynovate Adynovate
EVII EHL Eloctate Elocta/Eloctate
EVII EHL Jivi Jivi
FIX SHL BeneFIX Generic for FIX Recombinant
FIX SHL Immunine VH Generic for FIX Plasma Derived
EIX SHL Rixubis Generic for FIX Recombinant
EIX EHL Alprolix Alprolix
FIX EHL Idelvion Idelvion
FIX EHL Rebinyn Rebinyn

FVIII: factor VIIEIX Factor IX, SHL: standard Hél; EHL: extended hdlife.

sFigurelQ: estimated power for different scenarios.
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Estimated power for a linear regression slope test

ttest
H,:b=b, versus H_:b=Db,

./_,_,*40

Power (1-B)
<

I | | I I
60 80 100 120 140 160 180 200
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Alternative slope (b,)
—e— 13 —e— 14

—®— 15

Parameters:a=.05,b,=1,0,=1,0=1

Results: model performance

Predicting the total number of bleeds

sFigurell: observed versus predicted number of bleeds during each treatment period, for PWH
Bwith an individual PK available.
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Observed and predicted bleed number in PWHB and a PK
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ClI: confidence interval; PK: pharmacokinetics; PWH: people with hemophilia.

sFigurel2: observed versus predicted number of bleeds during each treatment period, for PWH
Bwithout an individual PK available
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Observed and predicted bleed number in PWHB and no PK
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ClI: confidence interval; PK: pharmacokinetics; PWH: people with hemophilia.

sTablel8: percentage of the obseations falling within the 5th and 95th percentiles of the
prediction, for the total number of bleeds.

n Percentage 95% ClI
PWH A with PK 125/151 82.8% 76.8%; 88.8%
PWH B with PK 30/51 58.8% 45.3%; 72.3%
PWH A no PK 446/632 70.6% 67.0%; 74.1%
PWH Bio PK 112/180 62.2% 55.1%: 69.3%

Cl: confidence interval; PK: pharmacokinetics; PWH: people with hemophilia.
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Observed and predicted Kaplaklayer curves for the occurrence of the first bleed

sFigurel3: observed versus predictadrvival time (first bleed) during each treatment period,
for PWHB andan individual PK available.

Observed and predicted survival time in PWHB and a PK

T T T
0 500 1000 1500
TIME

Observed survival [ Predicted survival (Q1 - Q3)

Figurel4: observed versus predicted survival time (first bleed) during each treatment period, for
PWHB without an individual Pldvailable.
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Observed and predicted survival time in PWHB and no PK

T
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TIME

T
1000

Observed survival

B Predicted survival (Q1 - Q3)

Predicting the annualized bleeding rate (ABR)

sTablel9: regression analysis for observed versus predicted ABR.

PWH A with PK| PWH B with PK| PWHAnNo PK | PWH B no PK
n 125 41 459 132
Coefiicient (95% C| 0-09(-2.75; 2.93)| 1.26 ¢2.44; 4.95)| -0.76 ¢2.90; 1.38)| 0.06 {1.35; 1.47)
o value 0.950 0.492 0.485 0.931
Intercept (95% CI)| 276 €0.70; 6.21)| 3.10 (0.14; 6.04) 3.78 (0.89; 6.68)| 3.40 (1.40; 5.40)
o value 0.117 0.040 0.010 0.001
R2 0.00 0.01 0.00 0.00

ClI: confidence interval; PK: pharmacokinetics; PWH: people with hemophilia.

sFigurel5: observed versus predictédBRduring each treatment period, for PWH A with an

individual PK available.
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Observed and predicted ABR in PWHA and a PK
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sFigurel6: observed versus predicted ABR during each treatment period, for PWHoAtwaith
individual PK available
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Observed and predicted ABR in PWHA and no PK
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sFigurel7: observed versus predicted ABR during each treatment period, for PWH B with an
individual PK available.
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Observed and predicted ABR in PWHB and a PK
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sFigurel8: observed versus predicted ABR during each treatment period, for PWHoBtaith
individual PK available.
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Observed and predicted ABR in PWHB and no PK
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sTable20Y | OOdzNJ Oeé

F2NJ LINBRAOGAY 3

PWHAwith PK | PWHB with P PWHA no P PWHB no PH
N 125 41 632 180
Sensitivity NA NA NA 0.0%
Specificity 78.4% 63.4% 79.7% 74.1%

by

NA: not availablePK: pharmacokinetics; PWH: people with hemophilia.
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BackgroundPeople with hemophilia A (PwHA) lack clotting factor VIII (FVIII) resulting in
bleeding events (BEs) which may be prevented by maintaining a factor level above a target
threshold using pharmacokinetic (P#jven prophylaxis.

Aims:Assess the relationshipetween FVIII levels and bleeding risk in PwWHA using real world
data.

Methods: Real world data was retrospectively collected from the American Thrombosis and
Hemostasis Network dataset, the Web Accessible Population Pharmacokinetics &ervice
Hemophilia WAPPS1emo) database and the Canadian Bleeding Disorders Registry, limited to
participants with PK, BEs and dose information. BEs were classified according to cause (trauma
or spontaneous) and location (joint or ngoint). PK parameters were obtained bgy@sian

estimation using WAPASS Y2 L3 LJdz | A2y tY Y2RSt&ao® C+xLLL S
dose records and estimated PK parameters. EAlkeding risk relationship was assessed by
developing and evaluating a repeated time to event (RTTE) model.

Results:2862 BEs from 427 PwHA aged 1 to 66 years with median of 21 years were identified,;
including 1434 BEs related to trauma, 1428 spontaneous and 1984 joint bleeding events.
Observation period ranged from 3 weeks to 11 years with median of 2.28 (/eaivte 1).

Simulated FVIII was below 1 IU/dL for 864 (30.2%) bleeding events and between 1 and 10 1U/dL

for 1295 (45.2%) bleeding events (Figure 1). The RTTE model included Hill and a Weibull models
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in the hazard function describing the effects of F¥ilels and observation time on bleeding

risk, and betweersubject variability (BSV) on base hazard (CV=79%), bleed cause probability
(CV=59%) and bleed location probability (CV=100%). Agreement between observed vs
estimated bleed count was?R0.95.

Concluson: Trough levels were well correlated with bleeding risk independent from dosing.
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People with hemophilia A are deficient in or lacking clotting factor VIII, a necessary protein for
the body to create stable blood clots at the site of myjuresulting in bleeding episodes

occurring spontaneously or as a result of trauma. Without prophylaxis with either factor VIII
replacement or factor VIl mimetics, people with hemophilia can be expected to experience
over 20 bleeding episodes a ydat. Over the past 20 years, it has become clear that
prevention of bleeding is best accomplished with either scheduled administration of
intravenous factor VIl concentrate or subcutaneous administration of a factor VIII mimetic
[2,3]. However, these medicatns do not completely abrogate the occurrence of

A~

GONBI {UKNRdzZAKEé o0f SSRAY3I SLIAE&A2RS & pbaseSfachy it 8= |
VIII concentrate prophylaxis has become more common. While in the past, the goal of

prophylaxis was to keep the famt VIl activity level above 1%, pharmacokinétased factor

VIII concentrate prophylaxis, particularly when using extendedlifi@alfactor VIl concentrates

aims for higher trough levels, in the -16% rangg4]. While theoretically appealing, thereas

yet no trials demonstrating the superiority of maintaining a trough factor VIII activity in this

higher range.

This study is a collaborative work between the American Thrombosis and Hemostasis Network
(ATHN)a patient health network gathering data fromdividuals with bleeding and clotting

disorders receiving care through hemophilia treatment centers across the United States,

the Web Accessible Population Pharmacokinetics Sequteamophilia (WAPPRSemo), a web

platform applying population pharmaokinetics(PopPK) to thgpersonalisation of prophylactic
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therapy for the treatment of hemophiligoromoting patient awareness and involvemeint the
management of their illness'he study waperformed using data from ATHN dataset, WAPPS
Hemo database anthe Canadian Bleeding Disorders Registry (CBDékpical database for
patients in Canada with bleeding disorders aimed at assisting in managing the treatment of
people with bleeding disorders.

The objective of the work was to assess the relationshipvben factor VIII activity levels and
bleeding risk and further to determine if and h@pecific covariates including treatment, bleed

causeandbleedlocation affect bleeding risk.
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Patients and data

Sources

Data required for PK assessment was extracted from the ATHN dataset and the W&R® S
database in April 2021. These data included mandatory population PK model covariates, namely
body weight, height, age and baseline endogenous factor level; infused fldt@oncentrate,
amounts and times of doses, and factor VIII measurements and times of PK samples.

Bleed data matching the same participants and concentrates of the PK dataset was also
extracted from the ATHNdataset database and the CBDR databasalia0®i. Bleed data
included recorded amounts and times of concentrate doses, as well as recorded times of
bleeding events, bleed causes (ie,. traumatic, spontaneous) and bleed location (i.e. joint, non
joint). Observation periods corresponded to the tirframe in which records of doses and

bleeds were available.

Due to changes in PK parameters and treatment plans when patients switch to a different
factor concentrate class, every patient that switched to a different factor concentrate class was

assumed aa different participant in the analysis.
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Inclusion/Exclusion criteria

All hemophilia A participants for whom a PK study had been completed on a concentrate for
which bleeds had been tracked were eligible for inclusion in the study.

Participantswith anybleeding disorder in addition to or other than hemophilia A were excluded
from the study. To ensure that theayesiarestimationof PKled to reliablePK parameterdK
studies that included only one PK sample witthe first four hours after dose wenot

included. Administration of any neRVIIl concentrate to manage prophylaxis may lead to
unreliable PK, thus bleeds data in that time frame were removed from the study. Likewise,

bleeds data within the time frame gositive inhibitors statusvere exclued.

PK analysis

The population pharmacokinetic modelling and the Bayesian estimation methodology were
executed using NONMEM and RPPap (ICON Development Systems, Ellicott City, MD, USA; v
7.4.0 and v 5.10, respectively). Statistical and graphical anaytles models were performed
using R (R Project, v 3.6.1).

PK parameters for each patient were obtained from the PK study by means of Bayesian
forecastingusingthe population PK models developed in WARRS0[5]. Since most of these
population PK modelare concentratespecific, the mapping between models and concentrates
is indicated below:

- For standard halfife (SHL) concentrates

0 Generic FVIII Recombinant model was useaddoombinant concentrates.
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o Generic FVIII Plasma Derived model was useplésmaderived concentrates.
0 Generic FVIII Recombinant BDD model was usetémmbinant Blomain-deleted
concentrates.

- For extended halfife (EHL) concentrates

0 Adynovate model was used ftre EHL concentrate Adynovate.

o Eloctate model was used ftle EHL concentrate Eloctate.

o Jivi model was used fdine EHL concentrate Jivi.
All the population PK models werecempartment PK models that included between subject
variability onclearancgCL) andcentral volume ¥1). Age was a covariate on CL datlfree
mass a covariate on @hdV1.
Estimated PK were evaluated by assessing the agreement between observed and simulated
FVIII activities as performed in Simulated vs Observed plots and predicticected visual

predictive check plotf6].

Bleed aralysis

Analysis of FVIII at time of bleeding event

For each patient, FVIII activity over time was simulated from the PK parameters previously
estimated, along with dosing information recorded in the bleed data. To assess FVIII activity at
the time of bleedhg events, distributions of the relevant FVIII activities were graphically
displayed using histograms split and compared according to covariates of interest: concentrate

class (SHL vs EHL), age (<12 yé2/yrs), body mass index (<30kg/wsx30kg/n?), bleed
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category (traumatic vs spontaneous), and bleed location (joint vgjoiot). Statistical
comparison of the distribution was assessed using a Wilcoxon test; accounting for the sample

size, effect size and distribution of the data,-&gdue of 0.0was assumed significafi].

Analysis of survival

Survival is defined as the probability that a participant is edfezd beyond a specific time and
can be expressed in terms of a hazard function, defined as the rate in which a participant
experiences anwent by a specific time. In the context of repeated bleeding events, the survival
was assessed by the Kaplieier estimator, corresponding to the fraction of participants that
have had a bleed (or a number of bleeds) at a specific time with respect twithéer of
participants still at risk of experiencing a bleed (or a number of bleeds) at the same specified
time. Participantstill below a bleed count at the end of their observation period were
removed from the populatiomstill at risk of experiencingléeding events. This censoring of the
data was graphically displayed as vertical ticks in the plots of the ki#ar estimator.Plots

of the KaplarAVieier estimator for various combinations of covariate categories were

performed.The graphical analysisasdone using functions frorthe R packagepc|[8].

Repeated time to event population modeling

Repeated time to event (RTTE) population modeling aimed at describing sgrvezaime until
bleeding events occurand its variability within gopulation. This was performed by first
defining a hazard functiorh) describing a rate for bleeding events to occur. Hazard was then

converted into a survivor function and the likelihood necessary for parameter estimation. The
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modeling corresponds to thievestigation of the relationship between hazard, its variability

and factors influencing the times until bleeding events occur.

A detailed description of the model development and its evaluations are presented in
Supplemental Material. The main stepstidése methods are summarized below.

Model development and evaluations

RTTE model development consisted of the selection of the best structural model followed by a
covariate analysis. Observation time and simulated FVIII activity were shown to affexd hraza
previous RTTE moddBx11]. The structural model selection corresponded to the inclusion of
the models best describing the relationships between (i) observation time and hazard and (ii)
simulated FVIII activity and hazard.

To describe the relationgh between observation time and hazard, exponential, Gompertz and
Weibull models were tested. To describe the relationship between simulated FVIII activity and
hazard, constant (no effect), Hill and Power models were tested (the equations for each model
are presented in Supplemental Data).

Covariate analysis corresponded to the assessment of the effect of Age, BMI, and concentrate
class (SHL vs. EHL) on every model parameter that included between subject variability (BSV).
Covariateeffects were normalized by the median covariate value arudielledbased on the

shape of the scatter plot describing the covariate vs BSV parameter of interest (e.g. linear,
power or log effect). Forward inclusion was assumed significant if the objéaticéon

dropped at least by 3.84 (p<0.05), and backward elimination was assumed significant if the
objective function increased at least by 6.64 (p<0.01)
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Evaluations of the population model were based on its scientific plausibititecking that the
estimated values of model parameters were in expected range for hazard and effects of time
and factor VIII activity levels, changes in objective function values (OFV) and information
criteria (OFV:2loglikelihood, AIC and BIC), goodness of fit plots andipi@n of parameter
estimates; in accordance with the tutoridl2] and a previous published RTTE model of
hemophlia bleedq9]. BSMwvas evaluated through the assessmentdfistributions and their
shrinkage valuesSince the model objective was destikip rather than predttive, values of-
shrinkage of up to 50% were considered satisfactbiovever, no interpretation of-vs.

covariates plots was proposathen—shrinkage was higher than 2q%3]. Model evaluations

also included dedicated methodsr RTTE modeling such as Visual Predictive Checks (VPCs) of
the KaplanMeier estimator, stratified by occurrence of first, second and third bleed, and
stratified by bleed cause/location for the first bleeding event (detailed explanations of the VPC
simuldions are presented in Supplemental Data).

Smulations

Simulations were performed using the final population RTTE model to highlight the effect of
treatment regimen such as dose and frequency of infusions on bleeding risk. The simulations
used generic vittal patients with demographic and PK parameters defined from the study
population. The population of real participants was split by concentrate class and age to
simulate 4 generic virtual patients obtained by calculating median demographic and PK
parametes. Virtual patient (1) corresponded to participam? yrs infused with SHL
concentrates, virtual patient (2) corresponded to participart2 yrs infused with SHL
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concentratesyirtual patient (3) corresponded to participantsl2 yrs infused with EHL
concentrates, and virtual patient (4) corresponded to participardt yrs infused with EHL
concentrates. A typical value of hazard(Q) was used to simulate the median relationship
between factor activity and bleeding risk. Bleeding risk variabilithénpopulation was
simulated using hazard BS\&£1.645*standard deviation) defining a population range
delimited by the % and 93" percentiles of hazard BSV.
A first simulation exercise derived the hazard and survival for generic patient (1) infused 35
IU/kg every 3 days for 2 yeafthe outcome was compared to that ofierature model (Abrantes
et al.[9]) using the same generic patient and dosing regimen.
A second simulation exercise compared the effect on bleed risk of 5 different prophylactic
treatments simulated for 2 years on each generic patient. The following PK and PD outcomes
were reported for each simulation: the minimum and average factor ais/{{Cmin and Cavg),
the time spent above 3 IU/dL (TATS3), the hazard mesdune, the probability of having at least
one bleed within 0.5, 1 and 2 years for typical aHdd®" percentile population range of
hazard BSV. Simulated treatments were:

a) Referencalose: 35 IU/kg every 3 days

b) Higher dose: 50 IU/kg every 3 days

c) Lower dose: 20 IU/kg every 3 days

d) Higher frequency: 35 IU/kg every 2 days

e) Lower frequency: 35 IU/kg every 4 days
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Patients and data

The final dataset included 436 PK studies from@&Ticipants. Some participants had multiple

PK studies available for the same concentrate such that the number of PK studies was greater
than the number of participants summarized in the bleed dataset.

The data included patients ranging from 9 months 8&y8s, with a median of 20.5 yrs.

Participants < 12 years of age comprised 28.7% of the PK studies (Table 1). Overall, 16.1% of the
PK studies were in participants with mild or moderate hemophilia. A history of, but not active,
inhibitors was present in2L4% of participants and more prevalent in children <12 years.-Sixty
one percent of PK data were related to an SHL concentrate. The age distribution was similar
between SHL and EHL PK studies.

In the PK dataset, a median of 3 PK samples were availabpafent with no trend between

age or concentrate class. Weigmbrmalized dose was higher for EHL concentrates compared

to SHL concentratesn average (Table 1).

The bleed dataset had a heterogeneous range of observation periods from 3 weeks to 11 years
with a median of 2.28 yrs. Participants using EHL concentrates had a shorter observation period
than participants using SHL concentrates with median {max] of 1.13 [0.04 11.22] years

against 2.71 [0.041.22] years, respectively. The data were alstetageneous in terms of

recorded dosing regimen with a median [mimax] dose of 34.3 [7:821.4] IU/kg and median
frequency of 2.96 [0.3895.2] days (Table 2). Participants using EHL concentrates had a median
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dose of 37.3 [104123.9] IU/kg and median fopiency 3 [1123] days, while participants using
SHL concentrates had a median dose of 32.063214] IU/kg and a median frequency 2.1 [0.3
395] days.

In total, 2862 bleeds were recorded, approximately half spontaneous and half trauma related.
Regardlessf bleed cause, 66.2 % of the total bleeds were at joint locations (Table 3). By
participant, the bleed count at the end of the observation period had a medianfmaix] of 2
[0-199] bleeds. This was translated in terms of annualized bleeding rate (ABR)[@037.1]
bleeds per participant per year. ABR was higher in children compared to adults, however not
significantly (median ABR of 1.34 vs 1.04, p = 0.395). ABR was significantly higher for
participants using SHL concentrates compared to participasitegy EHL concentrates (median
ABR of 1.47 vs 0.41, p<0.01). Split by cause and location, ABR showed similar results. Indeed,
regarding joint bleeds only, median ABR was 0.67 for participants using SHL against 0.0 for
participants using EHL; regarding Aoimt bleeds only, median ABR was 0.36 for participants
using SHL against 0.0 for participants using EHL; regarding spontaneous bleeds only, median
ABR was 0.37 for participants using SHL against 0.0 for participants using EHL; regarding trauma
bleeds ony, median ABR was 0.7 for participants using SHL against 0.0 for participants using
EHL. From all patients, 32.1 % did not record any bleeding event during their observation
period. When splitting by concentrate class, 22.9 % of participants using Skintcatecdid

not record any bleeding event while this ratio increased to 46.7 % for participants using EHL
concentrates. Likewise, 50.1 % of the participants did not record any spontaneous bleed and
42.2 % did not record any joint bleed. When splitting bgaentrate class, 40.8 % and 33.6 % of
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participants using SHL concentrate did not record any spontaneous and joint bleed respectively
while this ratio increased to 64.8 % and 55.8 % for participants using EHL concentrates (Table

2).

PK analysis

Evaluations of the Bayesian estimation led to a satisfactory fit of the PK data with coefficient of
determination R=94% (Figure S1) and percentiles of simulated data matching the percentiles of
the observed data in the pcVPC (Figure S2 and S3).

EstimatedPK parameters were summarized in the second part of Table 1 and split by age and
concentrate class to highlight the correlation of PK with age and concentrate class (also
illustrated in Figure S4). Briefly, héife and dose normalized time to 1, 3 andl8dL were

higher in adults regardless of concentrate and were higher in EHL concentrates regardless of

age.

Bleed analysis

Analysis of FVIII at time of bleeding event

Overall, 864 bleeds (30.2 %) occurred when FVIII was simulated to be below 1 IU/@9and 1
bleeds (45.2 %) occurred when FVIII was simulated to be between 1 and 10 1U/dL (Figure 1).
These ratios were relatively similar between spontaneous and trauma bleeds (Figure S2). From
trauma, 451 bleeds (31.5 %) happened when FVIII was belowdll ard 652 bleeds (45.5 %)

happened when FVIII was between 1 and 10%. While for spontaneous, 413 bleeds (28.9 %)
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happened when FVIII was below 1 IU/dL and 643 bleeds (45.0 %) happened when FVIII was
between 1 and 10 1U/dL.

Distributions of simulated FVIII adtivat times of bleeding events split by concentrate class

and bleed cause are presented in Figure 2. The overall distribution and the distribution split by
cause and location are included in Supplemental Data (Figures S5 and S6). The distributions
were nd significantly different between trauma and spontaneous bleeds, with median

simulated FVIII being 2.8 IU/dL from the 1434 trauma hlegdvens and 2.4 |U/dL from the

1428 spontaneous bled@ag evens, respectively (Wilcoxon p = 0.0#he distributions wre

significant between joint and nejoint bleeds with median simulated FVIII being 2.9 1U/dL from
the 1894 joint bleethg evens and 1.8 IU/dL from the 968 ngaint bleedng evens,

respectively (Wilcoxon p<0.0I)he distributions were alssignificantly different between

bleeds from SHL and EHL usage with median simulated FVIII being 2.2 1U/dL from 2384¢ bleed
events recorded by the 262 participants using SHL concentrates and 4.4 |U/dL from 538
bleedng evens recorded by the 165 participgs using EHL concentrates respectively

(Wilcoxon p<0.01).

The difference in distributions of simulated FVIII at the time of bleeding event between SHL and
EHL concentrates was also correlated with a significant difference in average simulated factor
Vlllactivity (Cavg) calculated over the observation period (Figures S7and S8, Wilcoxon p<0.01).
Patients infused with EHL concentrates spent significantly less time below 5, 3, or 1 IU/dL

compared to patients infused with SHL (all Wilcoxon p<0.01).
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Analysis ofsurvival
Survival plots using the Kaplan Meier estimator supported the previous results from the
analysis of simulated FVIII activities at time of bleeding events. Briefly, survival curves were

similar when split between bleed causes or between bleedtiooa (Figures 3, and S9 to S13).

Repeated time to event population modeling

Model overview

The best structural model described hazard using a Hill function for the effect of FVIII activity
and a Weibull function with a negative exponent for timeupporing that more bleeding

events were recorded at the early stages of the observation period.

After inclusion of effects of FVIII activity and time on hazard, no covariate was found significant
in reducing further the BSV of base hazard (i.e. bleeds/yrjai@te analysis on bleed cause
showed a significant correlation between concentrate class and proportion of trauma bleeding
events (dOF\250, p<0.01). Likewise, covariate analysis on bleed location showed a significant
correlation between age and propootn of joint bleeding events (dORX89, p<0.01).

The final population RTTE model is presented in the Supplementary Data, including its
equations, table of parametagstimates (Table S1), graphical displays of its components
(Figures S14 to S18hd evaluéions (Figures S20 to S26).

From the RTTE model, the dianprobability for a bleeding event to happen at a joint location
was 53.2, 56.5%, 58.5% and 60.8% for, 48, 18 and 30yearold patient at the start of the

study, respectivelyHHowever, sincelte BSV for bleed location was high (CV: 99.6%), the
covariate effect may not be predictive or clinically significant.
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Evaluations of the final model are provided in the Supplemental Data (Figures S20 to S26).
Predicted vs observed overall ABR was wellitit a coefficient of determination of 0.76

(Figure S20). Likewise, cumulative hazard representing the predicted bleed count at time of
bleeding event well fit (;R0.95) the observed bleed count at the same times of event
regardless of bleed cause or categ (Figure S21). Participants that did not record any bleed
(n=137) were predicted with a low bleed count, supported by 111 participants (81%) predicted
with two bleeds or less (Figure S22). Stratified VPCs of the Kaplan Meier estimator were also
performed to assess if the model was able to capture the observed survival and its variability.
Overall, the survival for the occurrence of the first 3 bleeds welsdescribedwith observed
survivalmostlywithin the 90% CI of the simulated valu&sgures S23 and S2#cept for the
survival for the first bleeding event, which was slightly urpexdicted.

Simulations

The comparison between the population RTTE model from literature and the model developed
in this study showed very similar hazarddasurvival over time with wider confidence intervals

for the literature model (Figure 4).

The simulation results of Table 5 show a correlation between PK outcomes and bleed risk.
Indeed, the higher the Cmin and Cavg, regardless of the dosing regimenesicgeatient, the
lower the hazard mean value and bleed probabilities. Differences in bleed risks were found
between the 4 generic patients, however these differences are correlated to the differences of

PK between these generic patients; generic pati@t <12 yrs and using an SHL concenti@ate
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showed the lowest Cmin and Cavg while generic patient §82 yrs and using an EHL

concentrate¢ showed the highest Cmin and Cavg.

5Aa0dAaaA2Y

This project was initiated to assess whether a better undersiarli 2 F 'y A Y RA OA Rdzh f
pharmacokinetics leads to fewer bleeding events. To this exad,world PKand treatmentdata

available iboth the ATHNdataset andhe WAPP$1emo/CBDR databasesre leveraged

through PK modeling to simulate FVIII levels along €dehNIi A OA LI y 1 Qa NB O2 NRSR
bleed data was leveraged in thestription of the correlation between factor VIl levels and

bleeding risk.

Many studies have investigated potential relationships between PK endpoints (AUC, peak,

trough levels, tine spent below trough, etc.) and bleeding eve[it4¢18]. These studies

showed a correlation between PK endpoints and bleeding events, however this was associated

with high interindividual variability. Previously developed-RKTE models also support these
results[9,10]. PKRTTE models provide a parameterized description of the relationship between
factor VIl levels and bleeding risk, and therefore can quantify bleeding riskimaligidual

variability. The two previously developed-RATE models leveragj clinical trial data of 71

participants using Advate with one year follow [1j0] and 183 participants using Kovaltry with

one year follow ug9]. The modeling presented in this study aligns with the previouRPRE
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models and adds value mainly throuigé data source and length of observation. The ATHN
dataset and WAPPISemo/CBDR databases gather real world data. After curation of the data,
PK, treatment and bleed data were available on 427 participants using SHL and EHL
concentrates with, on average,®years follow up. Additionally, knowledge of bleed cause and
location was available and allowed a finer tuning of the RTTE model by defining categories of
bleeding events. Unfortunately, bleed severity was not available in most of the cases and could
not be included in the final model as it was performed in Abrantes ¢9hl.

The first component of this study consisted of the Bayesian estimation of individual PK
parameters (Table 1). Average and intedividual variability of PK was consistent with

literature and showed significant differences between concentrate classes and age gir@Lps
Terminal haHife was, on average, longer in participants using EHL concentrates than in
participants using SHL concentrates. Terminatlifalfvas, on averageoihger in participants

older than 12 compared to participants younger than 12 years old.

The second component of this study assessed the distributions of simulated FVIII activity at
times of bleeding events and supported the correlation observed betweesmBHleeding

events (Figures 1 and 2). Most of the bleeding events happened at a simulated FVIII < 10 IU/dL
with a median [IQR] of 2.62 [0.749.62] IU/dL. The results were consistent with the median

[IQR] of 3.43 [1.33.51] IU/dL reported by Valentingt al. [18] assessing the distribution of
predicted FVIII activity at time of joint bleeding events for 34 participants infused with Advate.
The analysis also showed there was no significant difference in predicted FVIII activity between
spontaneous (N=57@r traumatic (n=74) bleeding events. However, no significant difference
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was found between joint (n=121) and ngmint (n=10) bleeding events, likely due to a low

count in nonjoint bleeding events (n=131 against 2862 bleeding events in our study). Oyr stud
also assessed the difference between bleeding events from participants infused with SHL
concentrates against participants infused with EHL concentrates. Simulated FVIII activity at time
of bleeding event for participants using EHL concentrates wasisagttlly higher than for
participants using SHL concentrates. However, this statistically significant difference was likely
due to the lower number of bleeding events for participants using EHL concentrates (n=538 for
EHL against for 2324 for SHL) assodiatigh higher average FVIII activity (Figures S6 and S7).
The third component of this study assessed the relationbkiveensimulated FVIII activity at
times of bleeding events by the development and evaluation of-PRE modeThe final

model included time using a Weibull function and Fagtivity using a Hill functionAlthough,

time and FVIII activity modules were ndentical to the literature PIRTTE model®,10], they

show similar patterns especially when ABR is simulated for the typical patient with constant
FVIII activity. When constant activity is 1 IU/dL, bleed rates are 4.32, 2.06 and 2.32 bleeds/year
for Titman et al[10], Abranteset al[9] and the model developed in this studgspectively.

When constant activity is 10 IU/dL, bleed rates decrease to 1.05, 1.14 and 1.41 bleeds/year for
Titmanet al [10], Abranteset al[9]. and the model developed in this sty respectively A time

trend was identified in the hazard with a typical patient having a bleed rate 3.6 times higher at
the start of the study compared to 2 years after the start. A similar trend was also described by
Abranteset al.[9] with a ratio of3.1 between the hazard values at the start of the study and 2
years after the start. The decrease of bleed rate over time was attribistéceatment effect,
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not explained by plasma FVIII activity. It was assumed as either a consequence of a
normalizationof the clotting system due to prophylactic treatment or a change in adherence to
treatment and recording over time.

Covariates were investigated and led to significant effects of concenttagson bleed cause:
traumatic cause was mongrevalentin EHLconcentrates. However, there was no trend

between spontaneous/traumatic cause in SHL concentrattkough the relationship between

the use of EHL concentrates and an increased prevalence in traumatic bleeding events was
found to be statistically signdant, further work would be required to determine if this
relationship has any clinical baséssignificant effect was found for age on bleed location: older
patients were more likely to have bleeds at joiftgerestingly, Abrantest al.[9] identified

age as a statistically significant covariate of bleed severity, however this was not available in our
dataset.No covariate was found significant on bleed riskich was consistent with literature
models[9,10]whose only identified significant covariate was bleed history, also not available in
our study.

Standard evaluation methods, including VPC of the Kaplan Meier estimator, demonstrated that
the finalPKRTTE model described theeeddata with little biasand reasonable precision.
Simulations of virtual doses, intervals, patient covariates are advised to remain within the range
defined by the derivation data as the model predictions on an external populatiea it

been evaluatedHowever, the model herevell described the Abrantes simulations (Figure 4)

and showed less variability as CV was 111% vs. 79% despite relying on real world data vs.
clinical trial data.
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Limitations were identified in this study mainly originating from the data source. Sincedbis

a retrospective study that leveraged real world data, important covariates such as bleed history
and bleed severity could not be collected and included in the analysis. Such covariates may
have reduced the high remaining intpatient variability of he final model. Moreover, patient
adherence may have been lower than in clinical trial settings potentially decreasing reliability of
recorded doses and bleeding events. This could have also impacted the precision of the model.
However, this model was coistent in terms of estimates and their uncertainty compared to
literature models derived from clinical trial data. Consequently, the precision of the model was
assumed appropriate and not impacted differently by adherence compared to previous models.
We icentified a lack of fit in the VPC of the Kaplan Meier estimator for the occurrence of the
first bleeding event. This lack of fit was related to the high ratio oflleeders in the

population (32% of the participants did not record any bled@able 2). fie lack of fit

disappears at a wider scale comparing the VPCs of the occurrence of subsequent bleeds. Model
refinement using bleed history as a covariate could also improve the fit of the VPC for the
occurrence of the first bleeding event.

This model wadeveloped for the purpose of describing the relationship between bleeding risk
and factor VIII activity at the population level. As such, virtual patients and model simulations
were kept within the covariate range delimited by the observed date modekupports the
benefits of prophylaxis showing that higher FVIII levels leads to lower bleed risk. Especially, the
simulations highlighted that Cmin, Cavg and time spent below specific troughs were well
correlated with bleed risk independently from dosinghM Cavg is a good marker, it may not
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be a reasonable target for prophylaxis from a clinical standpoint as its estimation requires more
than one sample whereas Cmin is measurable and knowable from one sgi@ple

Future directions of this work includée external evaluation of the RTTE model in predicting
individual ABR using Bayesian forecasting. Internal evaluations already showed promising
results regarding the Bayesian forecasting of the bleeding probability performed with Abrantes

et al. RTTE modgP0].

Ly &dzYYlFINEBX GKS Y2RSt &adzzasSaida GKFIG ({y26fSR3S

of important PK outcomes especially Cmig that are correlated with bleeding risk. Once PK is
individually known, bleeding risk was not further affectgddose, age, BMI nor concentrate

class
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Table 1: Summary of stugharticipantcharacteristics and their estimated FVIII PK profiles. Data are summarized as median [mi

max]

Adolescents and

Parameter Concentrate | Rdzt G3 6% mH Children (< 12 yrs) All
Patientcharacteristics
EHL (n=131) 28.75 [1:86.1] (n=37)7.92 [111.83] (n=168) 21.7 [66.1]
Age (yrs) SHL (n=180) 27.71 [1B8] (n=88)5.96 [0.7511.9)] (n=268) 20 [0.768]
Al (n=311) 28.17 [1:B8] (n=125) 600[0.75-11.9] (n=436) 20.5 [0.768]
EHL (n=131) 74.5 [24.50] (n=37)26.9 [8.459.4] (n=168) 69.15 [8-450]
Weight (kg) SHL (n=180) 78.2 [33:243] (n=88) 21.05 [7.457] (n=268) 67.37.4-143]
Al (n=311) 76.7 [24.50] (n=125) 21.6 [7459.4] (n=436) 68 [7.4.50]
EHL (n=112/131) 85.5 % (n=29/37)78.4 % (n=141/168)83.9 %
(Endoge(rjl/;izvlf\!;nl UL SHL (n=143/180) 79.4 % (n=82/88)93.2 % (n=225/268)84.0 %
All (n=255/311) 82.0 % (n=111/125)88.8 % (n=366/436)83.9 %
EHL (n=4/131) 3.05 % (n=12/37)32.4 % (n=16/168)9.52 %
Hist;fyi?frim/isitors SHL (n=16/180) 8.89 % (n=22/88)25.0 % (n=38/268)14.2 %
All (n=20/311) 6.43 % (n=84/125)27.2 % (n=54/436)12.4 %
FVIII PK
EHL (n=131) 36.15 [11.394.51] (n=37) 50 [28.3448.32] (n=168) 38.45 [11.3248.3
Dose (IU/kg) SHL (n=180) 29.48 [8.989.53] (n=88) 42.29 [17.0800] (n=268) 30.97 [8.9200]
Al (n=311) 31.02 [8.994.51] (n=125)44.44 [17.06200] (n=436) 34.01 [8.9200]
Number ofSampleper EHL (n=131) 4 [17] (n=37) 3 [411] (n=168) 4 [111]
infusion SHL (n=180) 3 [121] (n=88) 3 [114] (n=268) 3 [121]
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All

(n=311) 4 [121]

(n=125) 3 [114]

(n=436) 3 [221]

EHL

(n=131) 16 [5.26.8]

(n=37) 13.1 [8.4.9.5]

(n=168) 14.65 [5-26.8]

Terminal HaHife (h)

SHL

(n=180) 11.55 [36.1]

(n=88) 8.45 [2.2.7.5]

(n=268) 10.7 [2:36.1]

All

(n=311) 13.3 [536.1]

(n=125) 10.1 [2:29.5]

(n=436) 12.32.2-36.1]

EHL

(n=131) 2.11 [0.85.71]

(n=37) 2.91 [2.25.27]

(n=168) 2.29 [0.85.71]

ClearancémL/h/kg)

SHL

(n=180) 3.12 [0.7:21.5]

(n=88) 5.11 [1.882.56]

(n=268) 3.54 [0.7-32.56]

All

(n=311) 2.61 [0.7:21.5]

(n=125) 4.551.8832.56]

(n=436) 2.85 [0.7:32.56]

EHL

(n=131) 46.04 [21.778.7]

(n=37) 57.98 [3B1.77]

(n=168) 48.02 [21.781.77]

Volume at steady state (mL/kg

SHL

(n=180) 48.95 [26.6%60.17]

(n=88) 62.01 [36.8131.48]

(n=268) 52.3526.05160.17]

All

(n=311) 47.82 [21.7160.17]

(n=125) 60.84 [36.8731.48]

(n=436) 50.09 [21.7160.17]

EHL

(n=112) 121.94 [41.3830.73]

(n=29) 93.75 [56.7337.48]

(n=141) 113.841.4-230.7]

SimulatedTime to 1 |IU/dlfrom

SHL

(n=143) 83.32 [31.2882.18]

(n=82) 62.48 [13.9423.18]

(n=225) 77.1 [13.9882.18]

a 50 IU/kg doséh)

All

(n=255) 97 [31.2282.18]

(n=111) 69.48 [13.9%37.48]

(n=366) 90.5 [13.9282.18]

EHL

(n=126) 85.42 [29.2154.71]

(n=36) 65.55 [40.5211.18]

(n=162) 81 [29.21154.71]

SimulatedTime to3 IU/dLfrom

SHL

(n=161) 58.29 [18.6898.73]

(n=87) 42.69 [8.885.39]

(n=248) 52.62 [8.8398.73]

a 50 IU/kg doséh)

All

(n=287) 70.21 [18.6898.73]

(n=123) 49.23 [8.8311.18]

(n=410) 63.89 [8.8398.73]

EHL

(n=130) 71.98 [24.7123.66]

(n=37) 55.97 [33-B3.31]

(n=167) 67.58 [24.7123.66]

SimulatedTime to5 IU/dLfrom

SHL

(n=165) 47.95 [14:268.25]

(n=88) 35.28 [6.991.75]

(n=253) 43.99 [6.9868.25]

a 50 IU/kg doséh)

All

(n=295) 58.5914.2-168.25]

(n=125) 40.78 [6.983.31]

(n=420) 53.75 [6.9868.25]
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Table 2: Summary of study dosing and bleed characteristics. Data are summarized as meeaaxfmin

Adolescents and

Parameter Concentrate | RdA 63 0% Children (< 12 yrs) All
Observation andosing characteristics
EHL (n=130) 0.76 [0.041.22] (n=35) 1.36 [0.06.36] (n=165) 1.13 [0.041.22]
Observation Period (yrs) SHL (n=182) 2.7 [0.011.22] (n=80) 2.83 [0.140.82] (n=262) 2.71 [0.071.22]
Al (n=312) 2.340.0411.22] (n=115) 2 [0.06.0.82] (n=427) 2.28 [0.041.22]
EHL (n=130) 68 [3L537] (n=35) 134 [4549] (n=165) 72 [3L537]
Number of Recorded Doses SHL (n=182) 288.5 [4649] (n=80) 250.5 [@313] (n=262) 283 [2649]
Al (n=312) 168.53-1649] (n=115) 183 [a313] (n=427) 175 [2.649]
EHL (n=130) 34.8 [1®8.69] (n=35) 50.34 [16.8423.93] | (n=165) 37.31 [1123.93]
Median Dose (IU/kg) SHL (n=182) 29.85 [7.084.45] | (n=80) 43.67 [17.0821.43] | (n=262) 32.04 [7.0821.43]
Al (n=312) 31.86 [7.084.45] | (n=115) 46.73 [16.8821.43] | (n=427) 34.31 [7.0821.43]
EHL (n=2/130) 1.54 % (n=1/35) 2.86 % (n=3/165) 1.82 %
~ %On demand SHL (n=2/182) 1.10 % (n=4/80) 5.00 % (n=6/262) 2.29 %
(Median Dose Interval > 14 days) All (n=4/312) 1.28 % (n=5/115) 4.35 % (n=9/427) 2.11 %
EHL (n=130) 3.02 [06.06] (n=35) 3 [1123] (N=165) 3 [1123]
Median Dose Interval (days) SHL (n=182) 2.14 [0:895.2] (n=80) 2.02 [0.3218] (n=262) 2.06 [0.3895.2]
All (n=312) 2.90.5-395.2] (n=115) 2.27 [0.3218] (n=427) 2.96 [0.3895.2]
Bleed characteristics
EAL (n=130) 1 [662] (n=35) 1 [68] (n=165) 1 [62]
Total Number of Bleeds SHL (n=182) 4 [@199] (n=80) 3 [03] (n=262) 4 [@199]
All (n=312) 2 [aL99] (n=115) 2 [03] (n=427) 2 [aL99]
EHL (n=130) 0.3 [(B7.05] (n=35) 0.76 [B1.7] (n=165) 0.41 [(7.05]
Annual Bleed Rate (bleeds/yr) SHL (n=182) 1.41 [83.04] (n=80) 1.67 [a15.41] (n=262) 1.47 [3.04]
All (n=312) 1.04 [B7.05] (n=115) 1.340-31.7] (n=427) 1.1 [B7.05]
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EHL (n=130) 0 [€87.05] (n=35) 0 [65.13] (n=165) 0 [€87.05]
All (n=312) 0.57 [87.05] (n=115) 0.340-6.91] (n=427) 0.39 [87.05]
EHL (n=130) 0 [07.43] (n=35) 0 [631.7] (n=165) 0 [B1.7]
Annual No-joint SHL (n=182) 0.35 [A.2.02] (n=80) 0.48 [€15.41] (n=262) 0.36 [A5.41]
Bleed Rate (bleedsl/yr)
All (n=312) 0 [A12.02] (n=115) 0.390-31.7] (n=427) 0.19 [B1.7]
EHL (n=130) 0 [637.05] (n=35) 0 [68.22] (n=165) 0 [€87.05]
Annual Spontaneous SHL (n=182) 0.38 [20.6] (n=80) 0.35 [B.06] (n=262) 0.37 [20.6]
Bleed Rate (bleeds/yr) — — —
All (n=312) 0.32 [(7.05] (n=115) ([0-8.06] (n=427) 0 [87.05]
EHL (n=130) 0 [014.86] (n=35) 0.46 [B1.7] (n=165) 0 [€B1.7]
Annual Trauma SHL (n=182) 0.67 [22.4] (n=80) 0.79 [AL5.41] (n=262) 0.7 [®2.4]
Bleed Rate (bleeds/yr)
Al (n=312) 0.35 [22.4] (n=115) 0.710-31.7] (n=427) 0.43 [B1.7]
EHL (n=63/130) 48.5 % (n=14/35) 40.0 % (n=77/165) 46.7 %
%No bleed SHL (n=46/182) 25.3 % (n=14/80) 17.5 % (n=60/262) 22.9 %
Al (n=109/312) 34.9 % (n=28/115) 24.3 % (n=137/427) 32.1 %
EHL (n=77/130) 59.2 % (n=30/35) 85.7 % (n=107/165) 64.8 %
Al (n=148/312) 47.4 % (n=66/115) 57.4 % (n=214/427) 50.1 %
EHL (n=70/130) 53.8 % (n=22/35) 62.9 % (n=92/165) 55.8 %
%No joint bleed SHL (n=63/182) 34.6 % (n=25/80) 31.3 % (n=88/262) 33.6 %
Al (n=133/312) 42.6 % (n=47/115) 40.9 % (n=180/427) 42.2 %
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Table 3: Matrix of bleed categories

Cause Trauma Spontaneous bleed All causes
Bleed Loca
Joint 854 (29.8 %) 1040 (36.3 %) 1894 (66.2 %)
No Joint 580 (20.3 %) 388 (13.6 %) 968 (33.8 %)
All locations 1434 (50.1 %) 1428 (49.9 %) 2862 (100 %)
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Table4: Resllts of simulationsomparing the effect of prophylactic treatment dose and interval on PK and bleed risk (razard,
bleed probability within 6 months and within 1 year) between 4 generic patiefifs Adolescents/Adults infused with an SHL
concentrate, (2) Children infused with an SHL concentrate, (3) Adolescents/Adults infused with an EHL concentrat€hddie(4)

infused with an EHL concentrate.

_ Hazard Mean Value Bleed Probability Bleed Probability
Concentrat Simulate Slm;Iate Cmin| Cavg| TAT (bleeds/yr) within 6 months (%) within 1 year (%)
e Age group| d Dose Interval (lu/dLf(u/dL) 3 Tvoi 5th ggih Tvoi 5th g5h Tvoi 5th g5h
class (1U/kg) (days) ) ) (%) yﬁmca Percentil| Percentil yﬁmca Percentil| Percentil yflca Percentil| Percentil
e e e e e €
Adolescents
SHL | IfZ/dzf i 35 3 1.7 18.2 | 80 | 1.21 0.33 4.4 55.3 15.6 97.8 76 25.9 99.9
12yrs)
Children
SHL (< 12 yrs) 35 3 0.7 11.1 | 53.4| 1.47 0.4 5.37 62.7 18.7 99.1 82.6 30.7 100
Adolescentd
EHL : Iv?/dzf i 35 3 3.8 25.6 | 100 0.98 0.27 3.58 47.8 12.8 95.5 68.4 21.5 99.6
12yrs)
Children
EHL (< 12 yrs) 35 3 1.6 16.8 | 76.7| 1.24 0.34 451 56.2 15.9 98 76.8 26.4 99.9
Adolescent
SHL ' f{/dzf i 50 3 2.2 25.8 1 90 | 1.07 0.29 3.92 51.1 13.9 96.7 71.8 23.4 99.8
12yrs)
SHL Children 50 3 0.8 15.7 |60.1| 1.37 0.38 5 60.1 17.5 98.7 80.4 28.9 100
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CA3IdzZNBE [ SASYRaE

Figure 1: Distribution of FVIII activity at times of bleeding events. Vertical redlaadines highlight values of 1 and 10 IU/dL.

Figure 2: Distribution of FVHCttivity at times of bleeding events split by factor concentrate class (SHL, EHL) and bleed cause (trauma,
spontaneous)Vertical red and blue lines highlight values of 1 andU/dL.

Figure3: KaplanMeier curves representing the probabilities of having less than 1 to 9 bleeds during the first 3 years of observation
time.

Figure4: Comparison of hazard and survival between two RTTE models using the same simulated Fprbfiteraetivity.

Top left: Simulated FVIII profile using the PK parameters of the generic adult patient infused with an SHL concentratied Simul
treatment was 35 IU/kg every 3 days during 2 years (Cmin was 1.7 [U/dL).

Top right: Median, 8 and 93" percentiles of population hazard for developed model (blue) and Abrattas model[9] (red).

Bottom left: Median, 8 and 95" percentiles of population surval for developed model (blue) and Abrantsal. model[9] (red).

Bottom right: Median, B and 95" percentiles of population bleed probability for developed model (blue) and Abraitak model

[9] (red).
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CA 3 dzNEB a

Figure 1: Distribution of FVHCttivity at times of bleeding eventsVertical red and blue lines highlight values of 1 and 10 IU/dL.
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Figure2: Distribution of FVIkctivity at times of bleeding eventsplit by factor concentrate and bleed cause.

Vertical red and blue lines highlight values of 1 and 10 IU/dL.
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Figure3: KaplanMeier curves representing the probabilities of having less than 1 to 9 bleeds during the first 3 years of observation

time.
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Figure4: Comparison of hazard and survival between two RTTE models using the same simulated Fbfiteraetivity.

Top left: Simulated FVIII profile using the PK parameters of the generic adult patient infused with an SHL concentratied Simul
treatment was 35 IU/kg every 3 days during 2 years (Cmin was 1.7 1U/dL).

Top right: Median, 8 and 93" percentiles of population hazard for developed model (blue) and Abraettat model[9] (red).
Bottom left: Median, % and 99" percentiles of popution survival for developed model (blue) and Abrargesl. model[9] (red).
Bottom right: Median, B and 95" percentiles of population bleed probability for developed model (blue) and Abraitak model

[9] (red).
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Repeated time to event population modeling

Model development and evaluations
Model development corresponded to the selection of the best structural model followed by
a covariate analysis. Observation time and simulated FVllitgctigre shown to affect
hazard in previous RTTE models. The structural model selection corresponded to the
inclusion of the models best describing the relationships (i) between observation time and
hazard and (ii) between simulated FVIII activity and fthza
Structural model selection
The hazard functioriQ describing the expected bleeding rate at titnas assumed with the
structure:
QO "QA0W V00N

where

1 FVII(t)is factor VIII activity at timg derived from PK parameters estimated dgi

the previous step and observed doses recorded by each subject

1 fis the relationship between the hazard functidm,(time ¢) and FVIII activity=V11),

91 ' is the interindividual deviation from the average hazard.
The survival functioYd  represents the probability of not having a bleed in a time

interval [to - tind:
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YO Qwn Q0Q0

whereh(t) is the hazard function that defines the expected bleeding rate.
Between subject variability (BSV)
BSV of the hazard functiani.e. variability of - was assumed log normaksed on
literature models. Addition of terms corresponding to the response afhad to time or/and
FVIII activity was investigated.
Relationship between hazard and time
Since observation time may affect hazagd,e. bleed events could be more likely to occur
at the beginning or at the end of the studyhe relationship between tira and hazard was
tested through the following parametric models:

- Exponential modelQs independent fronod (survival profile follows an exponential

decay)
- Gompertzmodet Q0 ¢ Q

- Weibullmodel Q0 ¢ Q

Relationship between hazard and Fettivity

The relationship between hazard and FVIII activity defines how the FVIII activity at a given
moment affects the expected bleeding rate. The relationship between FVIII activity and
hazard was tested through the following parametric models:

- No effed: Qs independent from FVIII activity

- Hill modelQo © p
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- Power modeliQo & "Ow 000
Residual unexplained variability (RUV)
The estimation of the parameters of the hazard function is performed by maximum
likelihood methods which use the likelihood of observing an event when bleed events occur
and the likelihood of not observing an event due to censoring at the end of the aligerv
period (i.e., right censoring). The likelihoods of these two possibilities are directly obtained
from the survival and hazard functions. The likelihood of not observing an event after a
known time due to right censoring is the survival at that tirmeard; and the likelihood of
observing an exact event when bleed events occur is equal to the hazard multiplied by
survival at a given time. Therefore, no residual unexplained variability was used nor
calculated in the RTTE model.
Integration of bleed catgories
Bleed categories were included as categories of observed events and not covariates in order
to investigate the effect of additional covariates on them. As a consequence, 5 values are
possible for the observed dependent variable: no bleed, traureadht joint location,
spontaneous bleed at joint location, trauma bleed not at joint location and spontaneous
bleed not at joint location.
Theprobabilities for a bleed depending on their cause (trauma or spontaneous) or location
(joint or other) were assmed to follow a logit distribution from a proportional odds model

as described in Abrantext al. Such probabilities were defined as follows:
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~
g

-0 -
-0 p 0

Whereo iand Qrepresent the average effects of the cause (trauma) or location (joint) of

the bleed in the log odds (log pfd) concerning the respective probabilities; ands the

inter-individual deviation from th@verage.

These probabilities are simultaneously estimated with the hazard and survival functions and

used to ponder the probability density function of observing a bleed event.

Model evaluations

Evaluations of the population model were based on its scientific plausibility, changes in

objective function values and information criteria (ORlog-likelihood, AIC and BIC),

goodness of fit plots and precision of parameter estimates; in accordanbethwttutorial

[12] and previous published RTTE model of hemiopbieedq9]. Between sulpect

variabilitywas evaluated through the assessmentdfistributions and their shrinkage

values Since the model objective was descriptive rather than predictive, values of

shrinkageof up to 50% were considered satisfactory and kept in mind while interpreting

vs. covariateplots.

Model evaluations also included dedicated methods for RTTEelmgdsuch as Visual

Predictive Checks (VPCs) of the KajMiier estimator, stratified by occurrence of first,

second and third bleed, and stratified by bleed cause/location for the first bleed event. The

VPC of the KaplaMeier estimator requires the ewaation of the cumulative bleeding

hazard function to simulate randomly bleeding time events. These bleeding time events

were simulated by usinthe inverse transform method of the uniform distributiotte
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probabilities of occurrence of a bleetl)(at times of bleeding events) , are simulated

by a random variabled(uniformly distributed between 0 and)1These probabilities are

directly related to thecumulative hazard functioiO obtained by integration of hazard

over time. Consequent)ythe times of bleeding events are obtained by solving the equation:

0 0 p Q 6P 0 O 11 6 withén mip.

Dropout was simulated based on the empirical distribution of the observed dropout times in
the data (Recdffunction) while accounting for the decrease in population size across time.
Some simulated bleeding times were therefore right censored at dropben the

simulated dropout time exceeded the observed, median dose and dose interval values were
assigned to the patient, otherwise the available dosing information was used. From the

simulated treatments and FVIII values, hazard and cumulative hazaebwatre derived as

a function of time.
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PK analysis

Simulated ve®bserved factoactivitieswere found in satisfactory agreeme(f@=94%),

ensuing the reliable use of this component in the model (Figure S1).
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Figure 39: Qbserved vs simulated F\Altivitiesfrom each PopPK model Bayesian
estimations.

Figures S2 and SBow the pcVPC graphs that were used to evaluate the models for SHL
recombinant, SHtecombinant BDD, SHL plasma derived and Adynovate, Eloctate, and Jivi
products, respectively. In all cases, the red dashed lines representing the median, lower and
upper percentiles of the distribution of the observed samples agree reasonably well with

the corresponding simulaticbhased interpercentile bands, constituting favorable

outcome for the pertaining models.
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Figure S4 illustrates the differences in estimated PK between age groups and factor
concentrates by plotting median and 90% percentile range of simulated PK profiles within

these groups.
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FigureS20: pcVPC of Bayesian estimations from the PopPK swsksd forthe SHL
concentrategrecombinant recombinant BDD and plasma derivedpectively.)
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Figure 31: pcVPC of Bayesian estimations from tbpPK models used for tifeiL
concentratesAdynovate, Eloctate and Jreispectively).

100 -

100
1_
0O 25 50 75 100 1250 25 50 75 100 125
Time after dose (h)

-
o
I

—
|

Factor Concentration (1U/dL)
o

Figure 32: Simulated FVIII time profile following a single dose of 50 1U/kg of FVIII. Line
corresponds to median profile while shaded aregeigmited by 5th and 95th percentiles.
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PD analysis

Analysis of FVIII at time of bleed event

Overall, 864 bleeds (30.2 %) happened when FVIII was below 1% and 1295 bleeds (45.2 %)
happened when FVIII was between 1 and 10%. These ratiosrelatizely similar between
spontaneous and trauma bleeds. From trauma, 451 bleeds (31.5 %) happened when FVIII
was below 1% and 652 bleeds (45.5 %) happened when FVIII was between 1 and 10%. While
for spontaneous, 413 bleeds (28.9 %) happened when F\dlbaelaw 1% and 643 bleeds

(45.0 %) happened when FVIII was between 1 and 10%.
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Figure 23: Distribution of FVIHctivity at time of bleed event. Vertical red and blue lines
highlight values of 1 and 10 IU/dL.
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Figure 34: Distribution of FVIHctivity at time of bleed event split by bleed cazs®l
location Vertical red and blue lines highlightwes of 1 and 10 IU/dL.
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Figure 35: Distribution ofaverageFVlllactivity simulated during the observation periods
split byfactor concentrate
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Figure 36: Distribution oftime spent above 3 |U/dL dugrthe observation periodsplit by
factor concentrate

Analysis of survival

Survival plots using the Kaplan Meier estimator supported the previous results from the
analysis of FVIII activities at time of bleed event. Briefly, survival curves were sihelar

split between bleed causes or between bleed locations (Figures S9 to S13).
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Figure 87: Kaplan Meier survival for occurrence of first, second and third bleed during the
entire observation period (top) and zoomed for finst three years (bottom)
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Figure 88: Comparison oKaplan Meier survivaurves betweemccurrence of first
spontaneous vs traumialeed during the entire observation period (top) and zoomed for the
first three years (bottom
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Figure 9: Comparison of Kaplan Meier survival curves between occurrence {ifitsts
no jointbleed during the entire observation period (top) and zoomed for the first three years
(bottom).
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Figure S80: Comparison of Kaplan Meier survival curves of occurrence of first bleed between
SHL and EHL usage during the entire observation period (top) and zoomed for the first three
years (bottom).
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Figure 81: Comparison of Kaplan Meier survival curves of occurrence of first bleed between
childrenand adolescents/adultsluring the entire observation period (top) and zoomed for
the first three years (bottom).
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Repeated time to event populatiormodeling

Model development

The Hill specification showed a significantly lower OFV compared to no and power
specification (dOFV-<00) and was kept in subsequently tested modélibull function
defining the time effect on hazard had the lowest OFV,akiiCBICThe significance of
including probabilities of bleed categories in the model structure was assessed and led to
significant drops <750 in OFV, AIC and BIC. Weibull function as time effect was still the
most significant specification regardlesseafinclusion of bleed cause or location with the
model. Additionally; -shrinkage for models including bleed categories was lower than the
50 % cutoff defined for non significant BSV parameters. Briefly, BSV on hazard showed a
shrinkage lower 20 %, whishrinkage for BSV on either bleed location and bleed cause was
between 25 and 42 %. The best structural model included a Hill model for the FVIII effect
and a Weibull specification to describe the time effect on hazard. As the evaluations of this
model were satisfactory (Kaplan Meier VPC and observed vs predicted bleed count), this
structural was selected for covariate analysis.

Correlation plots and boxplots of BSV distributions for hazard, bleed ganadmbility and

bleed location probability did not®w any apparent trend, although joint bleed probability
shows a weak correlation with Age. Shrinkage was also relatively high for all the BSV
parameters 6.2, 41.4 and 40.1% festimatedbaseline hazard, trauma and joint
probabilities, respectively cansequently all covariates were first tested for each BSV
parameter. The corresponding results showed significance of concentrate class to describe
trauma bleed probabilitfdOFV=250, p=1.3*1(%%) and significance of Age to describe joint

bleed probability(dOFV=189, p=2.6*163). Using backward elimination of age and EHL also
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results in a large OFV increase hence confirming that these 2 covariates are statistically
significant (pvalue < 0.001) and kept in the final model.

Model overview

The final populdbn RTTE model equations are presented below and the values of its
parameters in Table S1. Evaluations of the final model and illustration of the effects of factor
activity, observation time and identified covariates are presenteligures S14 to S19te

final model was:

"06 000

Qo 0o p 06O T

where

h(t) is the hazard at observation tinten days

"Q corresponds to base hazard in bleeds/yr.

- The coefficient is the Weibull parameter corresponding to the time eff@éigures S14
and S15)

- ECH50s the Hill coefficient for FVIII effect corresponding to a decrease of hazard by 2
fold whenFVlllactivityis equal toEC5QFigures S14 and S15)

- BSMs described ¥ the deviation- that follows a normal distribution of standard
deviation equal to 78.7%Figure S17)

The probability for a bleeding event to have been caused by a trabma was

described by a logit distribution with a significamtvaride effect of concentratelass

(Figure S1p6
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where

- 0 iis the average deviation of the probability

- 'O"Ois the concentrate class. Its value is 1 for EHL concentrates and O for SHL
concentrates

- — s theconcentrate classffect

- BS\s described by the deviation that follows a normal distribution of standard
deviation equal tb8. ™6 (Figure S18)

The medianprobability for a bleeding event to be traumiaduced was 50.0% vs 61.9% for

SHL vs EHL usage. Inversely, the median probability for a bleeding event tmtamspus

was 50.0% for SHL products vs 38.1% for EHL products. However, since the BSV for bleed

cause was high (CV: 58.7%), this covariate effect may not be predictive or clinically

significant.

The probability for a bleeding event to happen at a joigtion was described by a

logit distribution with a significantovariate effect oage(Figure S1p

z

- Q -8

p Q@ ° 7@
where
- "Qis the average deviation of therobability
- — s theageeffect

BSMs described by the deviation that follows a normal distribution of standard deviation

equal t099.8%(Figure S19)

225



Ph.D. ThesisF. Germinj McMaster Universitg Health research methods, Evidence, and Impact

The relationship between FVIII activity and hazard was modeled using a Hill equation
(Figues S14 and S15) describing a maximum hazard when FVIII activity is low and minimum
hazard when FVIII activity is high. When factor VIII activity reaches EC50 (14.6 1U/dL) the
maximum hazard is divided byfald.

The relationship between observation timaghazard was modeled using a Weibull
equation with a negative coefficielfFigures S14 and S15). Thus, hazard decreases rapidly
for short observation timeg for instance, it decreases byf@ld after 34 days and more
slowly for longer observation pemis ¢ taking 3.26 years to decrease by anothefiol.

The covariate effects of concentrate class on bleed cause and age on bleed location are
illustrated on Figure S16 using box and range plots showing®', 50", 75" and 93"
population percentile®f estimated BSV.

Figures S17 to S19 represents the histograms of individual deviatipmofieling BSV
respectively for base hazard, bleed cause and location probabilities. The histograms are
associated with the estimated normal distribution from thmdel (red line) and histograms
of individual base hazard, bleed cause and location probabilities (histograms on the right

side).
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TableS1 Population RTTE model parameters

5 .
Parameters Estimate [Shrinkage %] RSE (%) ?nStefz/Snﬁdence
Structural Mockl

| | (bleedslyr) 6.100 19.5 % [3.77; 8.43]
EC50 (1U/dL) 14.6 4.75 % [13.2; 16.0]
a(1/yr) -0.195 3.08 % [-0.207;-0.183]
Median trauma bleed
probability || < (%) 50.0% - -

(For SHL usage)

Median joint bleed

probability [} (%) 58.9% 1.57 % [58.6; 59.2]
(At median Age 19.8 yrs

Covariate Model

EHL otrauma bleed |, /o5 6.31 % [0.425; 0.545]
probability

Age onjoint bleed 0.194 4.07 % [0.179; 0.209]
probability

BSV

Hazard (CV%) 78.7 % [0.88 %] 0.192 % [78.6; 78.9]
Trauma (CV%) 58.7 % [48.6 %] 0.243 % [58.5; 58.8]
Joint (CV%) 99.6 % [46.1 %] 0.545 % [99.1; 100.0]
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Figure 82 Left: Hazard [instantaneous bleeding risk] with BSV as a furfetidhwithout
time effect (time = 0 day); Right: Hazard with BSV as a function time without FVIII effect
(FVIIl = 0 IU/mL)
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Figure 83. Median hazard [instantaneous bleeding risk] as a function FVIII at different
observation tims
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Figure 34: Left: Distribution of trauma bleed probability as a function of concentlss
Right: Distribution of joint bleed probability as a function of Age.
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Figure 35: Left: Distribution ohazard BSV parametery). Right: Distribution of base
hazard BSV
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FigueS7Y [ STOY S5AaGNROdziA2Yy 2F o0f QRRht:f 20F GA2Yy |
Distribution of probability of bleed location at joint

Model evaluations

Evaluations of the quality of the fit of the final modeére performed. Predted vs

observed overall annual bleed rate was well fitted with a coefficient of determination of
0.76 (Figure S20). Likewise, cumulative hazard representing the predicted bleed count at
times of bleed event fitted well @0.95) the observed bleed countthe same times of

event regardless of bleed cause or category (Figure S21). For patients who did not record
any bleed during their observation period (n=137), the distribution of cumulative hazard
was represented on Figure S22. For such patients, théigiezl number of bleeds was
usually low with 81% of predicted bleed count lower than 2 bleeds.

Stratified VPCs of the Kaplan Meier estimator were performed to assess if the model was
able to capture the observed survival and its variability. Overallstimeival for the
occurrence of the first 4 bleeds wa®ll predicted with observed survivalostlywithin the
90% CI of the simulated valudsdure S23 and Sp4&urvival for first bleed event which was
slightly underpredicted while survival for more tme5 bleeds was slightly owpredicted.
Focusing on the subjects that recorded one bleed or less (n=196), in averagel®®%) Of
these subjects were simulated with one bleed or less out of the 500 simulations.
Assessing for occurrence of the first blemgent stratified by bleed cause, the fit of the final
model improved compared to the structural model and captured most of the observed
survival within its 90% ©f the simulated valueg={gure S2b The model slightly under
predicted each stratified evéras it was overall undepredicting the occurrence of first

bleed.
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Assessing for occurrence of the first bleed event stratified by bleed location, the fit of the
final model alsa@aptured most of the observed survival within its 90% CI of the simulated
values Figure S26 The model slightly undepredicted each stratified event as it was

overall underpredicting the occurrence of first bleed.
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R2:0.76

Figure 88: Observed vs predicted annual bleed r&eie line corresponds to loess
regression.
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Figure 89: Observed vs predictédumulative hazard) bleed count at times of bleed events
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Figure 80: Distribution ofpredictedbleed count (cumulative haad) at the end of
observation period for patients who did not bleed
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Figure 81: Visual predictive check of Kaplan Meier estimator for occurrence of the first three
bleeds for the final model. Bottom platerresponds to the first three years of the
observation period
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Figure 82: Visual predictive check of Kaplan Meier estimator for occurrence of theirfiest
bleeds for the final model. Bottom plots corresponds to the tingte years of the
observation period
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Figure 83: Visual predictive check of Kaplan Meier estimator for occurrence of first trauma
Vs spontaneous bleed. Bottom plots corresponds to the first three years abskevation
period.
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Figure 84: Visual predictive check of Kaplan Meier estimator for occurrence of first joint vs
no joint bleed. Bottom plots correspond to the first three years of the observation period.
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