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Abstract

Background

Self-monitoring of blood pressure (BP) appears to reduce BP in hypertension but important

questions remain regarding effective implementation and which groups may benefit most.

This individual patient data (IPD) meta-analysis was performed to better understand the

effectiveness of BP self-monitoring to lower BP and control hypertension.
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Methods and findings

Medline, Embase, and the Cochrane Library were searched for randomised trials comparing

self-monitoring to no self-monitoring in hypertensive patients (June 2016). Two reviewers

independently assessed articles for eligibility and the authors of eligible trials were

approached requesting IPD. Of 2,846 articles in the initial search, 36 were eligible. IPD were

provided from 25 trials, including 1 unpublished study. Data for the primary outcomesÐ

change in mean clinic or ambulatory BP and proportion controlled below target at 12 months

Ðwere available from 15/19 possible studies (7,138/8,292 [86%] of randomised partici-

pants). Overall, self-monitoring was associated with reduced clinic systolic blood pressure

(sBP) compared to usual care at 12 months (�í3.2 mmHg, [95% CI �í4.9, �í1.6 mmHg]). How-

ever, this effect was strongly influenced by the intensity of co-intervention ranging from no

effect with self-monitoring alone (�í1.0 mmHg [�í3.3, 1.2]), to a 6.1 mmHg (�í9.0, �í3.2) reduc-

tion when monitoring was combined with intensive support. Self-monitoring was most effec-

tive in those with fewer antihypertensive medications and higher baseline sBP up to 170

mmHg. No differences in efficacy were seen by sex or by most comorbidities. Ambulatory

BP data at 12 months were available from 4 trials (1,478 patients), which assessed self-

monitoring with little or no co-intervention. There was no association between self-monitor-

ing and either lower clinic or ambulatory sBP in this group (clinic �í0.2 mmHg [�í2.2, 1.8];

ambulatory 1.1 mmHg [�í0.3, 2.5]). Results for diastolic blood pressure (dBP) were similar.

The main limitation of this work was that significant heterogeneity remained. This was at

least in part due to different inclusion criteria, self-monitoring regimes, and target BPs in

included studies.

Conclusions

Self-monitoring alone is not associated with lower BP or better control, but in conjunction

with co-interventions (including systematic medication titration by doctors, pharmacists, or

patients; education; or lifestyle counselling) leads to clinically significant BP reduction which

persists for at least 12 months. The implementation of self-monitoring in hypertension

should be accompanied by such co-interventions.

Author summary

Background

· Self-monitoringof BPappearsto lowerBPin peoplewith hypertension,overandabove
usualcare.

· Implementationof self-monitoringhasbeeninconsistent,perhapsbecauseimportant
evidencegapsremainregardinghowbestto useit andfor whichpatientgroups.

Why was this study done?

· To betterunderstandtheeffectof self-monitoringon BPloweringandBPcontrol.

Self-monitoring of BP in hypertension (BP-SMART)
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· Specifically,to examinetheeffectof self-monitoringin combinationwith variousco-
interventions,andin differentgroupsof patients.

What did the researchers do and find?

· Weundertookasystematicliteraturesearchto identify all studiesthat includedself-
monitoring of BPin peoplewith highBP.

· Forstudiespublishedsincetheyear2000with at least6 monthsof follow-updataandat
least100patients,wecontactedauthorsto gainaccessto theoriginaldatacollectedfor
eachindividual patient(15/19studieswith theprimary outcomeprovideddata:7,138/
8,292randomisedparticipants).

· Wethenusedthesedatato performIPD meta-analysisto evaluatetheeffectof self-mon-
itoring on BPlevelsandin thecontrol of hypertensionusing1 yearof follow-upasour
primary endpoint.

· Wepredefinedlevelsof intensityof co-interventionandsubgroupsof patientsfor fur-
theranalysis.

· Self-monitoringworkedbestwhencombinedwith moreintensiveinterventionssuchas
self-management,systematicmedicationtitration, or lifestylecounselling,but hadlittle
or no effecton its own.

· Self-monitoringwasmosteffectivein thosewith fewerantihypertensivemedications
andhigherbaselinesBPup to 170mmHg.No differencesin efficacywereseenbysexor
bymostcomorbidities.

What do these findings mean?

· Self-monitoringcanberecommendedto lowerBPwhencombinedwith co-interven-
tionsinvolving individually tailoredsupport.

· Self-monitoringalonedoesnot seemto lowerBPbut maybeusefulfor otherreasons
includingengagingwith patientsor reducingclinicianworkload.

Introduction
Treatmentof hypertensionresultsin significantreductionsin risk of subsequentcardiovascu-
lar disease[1,2].Despitestrongevidencefor suchtreatment,internationalepidemiological
studiessuggestthatmanypeopleremainsuboptimallycontrolled[3]. Self-monitoringof blood
pressure(BP),whereindividualsmeasuretheir ownbloodpressure,usuallyin ahomeenvi-
ronment,canimproveBPcontrol andisanincreasinglycommonpartof hypertensionman-
agement.Suchmonitoring canbeaccompaniedbyadditionalsupportsuchasfrom anurseor
pharmacist[4].

Self-monitoring of BP in hypertension (BP-SMART)
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Self-monitoringiswell toleratedbypatientsandhasbeenshownto beabetterpredictorof
endorgandamagethanclinic measurement[5±8].This isdespitepotentialissueswith quality
control of self-measurementsuchaspoor techniqueor withholdingof results[9,10].Thelatter
canbereducedto anextentby theuseof telemonitoring[11].

Previousmeta-analyseshaveshownthatself-monitoringreducesclinic BPbyasmallbut
significantamountcomparedto conventionalcare(around4/1.5mmHg) [4,12±14].Analysis
byBrayandcolleaguessuggestedthatwhenself-monitoringwasaccompaniedbyaco-inter-
vention,participantsweremorelikely to meettargetBP,but it remainsunclearwhich inter-
ventionsaremosteffectiveandwhatspecificpopulations(if any)shouldbetargeted[14].

Theaimof thiswork wasthereforeto useindividual patientdata(IPD) from relevanttrials
to assesstheeffectivenessof BPself-monitoringon BPreductionandhypertensioncontrol,
evaluatinghowbestto utiliseself-monitoringof BPandto determinewhichsubpopulationis
mostlikely to benefit.

Materials and methods
Thisstudysystematicallyreviewedtheexistingliteratureto identify randomisedtrialsexamin-
ing theefficacyof self-monitoringof BPcomparedto control.Authorsof all eligibletrialswere
approachedfor accessto IPD. A protocolwith detailedmethodshasbeenpublishedpreviously
[15]. Themethodsusedaresummarisedbelow.

Data sources and searches
Medline,Embase,andtheCochraneLibraryweresearchedfor trialsusingBPself-monitoring
in hypertensivepatients(S2Fig;searchdateJune2016).

Study selection
Tworeviewers(RM andKT) independentlyassessedthearticlesfor eligibility andinclusion;
disagreementswereresolvedbydiscussion.Randomisedtrialswereeligiblethat recruited
patientswith hypertensionbeingmanagedasoutpatientsusinganinterventionthat included
self-measurementof BP.Self-monitoringhadto bewithout medicalprofessionalinput (i.e.,by
patientwith or without carersupport)andusingavalidatedmonitor, with or without other
co-interventions,andwhereacomparatorgrouphadno organisedself-measurementof BP.
Includedstudieswererequiredto haveinvolvedat least100patients,followedup for at least
24weeks,andto havebeenpublishedsince2000.Thiswasto ensurethatself-monitoring
equipmentwaslikely to berelevantto contemporarymedicalmanagement(i.e.,automated
oscillometricmonitors).Relevantoutcomesweresystolicbloodpressure(sBP)and/ordiastolic
bloodpressure(dBP)measuredin clinic, by researcheror byambulatorymeasurement,and
achievementof BPcontrol.

Data extraction and quality assessment
Authorswhosetrialsmettheinclusioncriteriawereapproachedfor provisionof IPD includ-
ing demographicdetails,comorbidities,antihypertensivemedications,lifestylefactors,andBP
endpoints(clinic and/orambulatory).Study-leveldatawereextractedwhereavailablefrom
publishedarticlesandcheckedby theoriginalauthors.In particular,anyco-interventions
werecarefullydocumentedandprospectivelyallocatedto 1 of 4 levelsof interventionalsup-
port basedon apreviousclassification[4] (S1Table).

Studyqualitywasassessedin termsof potentialbiasfrom randomisation,blinding,out-
comeassessment,andmethodof analysisusinganadaptationof theCochranetool [16].

Self-monitoring of BP in hypertension (BP-SMART)
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Original datawerekepton asecureserverandassembledin aconsistentformat for all trials.
Threeresearchers(KT, RM,andJS)cross-checkedtrial details,summarymeasures,majorout-
comes,anddefinitionsagainstpublishedarticles.Any apparentinconsistencieswerechecked
with theoriginal trial authors.Overallethicalapprovalwasnot requiredasthisstudydoesnot
includeidentifiabledata;collaboratinggroupsgainedindividual approvalwhererequiredfor
datasharing.

Data synthesis and analysis
A 2-stageIPD meta-analysiswasconductedusinglinearregressionfor continuousoutcomes
andlogisticregressionfor proportions,aggregatedacrossstudiesby random-effectsinverse
variancemethods.Intention-to-treatcomparisonsof outcomesbetweentheself-monitoring
andcomparatorarmsweresummarisedwith forestplotsusingtheI-squared(�2) statisticfor
heterogeneity.Regressionmodelswereadjustedfor age,sex,baselineclinic BP,anddiabetic
status(thelatterdueto thelowerBPtargetgenerallyusedin adiabeticpopulation).

Theprimary outcomeswerechangein sBPanddBPat12monthsandlikelihoodof uncon-
trolled BPbelowtargetat12months(control asdefinedbyeachtrial). Analysesarereported
in subgroups,bypre-specifiedlevelof self-monitoringinterventionasdescribedin Table1
andin thepublishedprotocol[15].

Subgroupanalysesexaminedtheeffectof self-monitoringon BPmeanandcontrol byage,
sex,baselinesBP,thepresenceandnumberof antihypertensivemedicationsprescribed,and
comorbidities(myocardialinfarction [MI], stroke,diabetesmellitus[DM], chronickidneydis-
ease[CKD], andobesity[definedasabodymassindex(BMI) � 30kg/m2]). All subgroup
analyseswereadjustedfor age,sex,baselineclinic BP,levelof intervention,andindividual
study(contributing to eachanalysis).

Sensitivityanalysesincludedincorporationof aggregatedatafrom studiesthatdid not con-
tribute IPD [17±23],exclusionof individual patientsfor whomalowerhomeBPtargetwas
not used(dueto studydesignor thepresenceof comorbiditiessuchasdiabetes)[24±27],influ-
enceof BPinclusioncriteria(clinic or ambulatory)from ambulatoryoutcomestudies,differ-
entassumptionsregardingBPof patientslostto follow-up(controlledor uncontrolled),and
influenceof adjustingfor medicationchanges(in thosestudieswhichrecordedchangesin
medication).Finally,theinfluenceof eachstudyon theoverallresultswasassessedusingan
influenceanalysis.Egger'stestfor funnelplot asymmetrywasappliedto considerpossiblepub-
licationbias(S21Fig) [28].

Therewereno deviationsfrom theprotocol[15]. Fivepost-hocanalyseswereundertaken:
firstly, anadditionalsubgroupanalysiswascarriedout (resistanthypertension[definedas
BP> 140/90mmHg and3 medicationsatbaselineor anyBPleveland4or moremedications
atbaseline]);secondly,thedistribution of baselineantihypertensivemedicationswascom-
paredin patientswith andwithout ahistoryof strokeusingPearson'schi-squared;thirdly, the
effectivenessof self-monitoringin strokewasassessedcontrolling for thenumberof baseline
medications;fourthly, theinfluenceof blinding wasassessed;andfinally,sBPwasplotted
againstmedicationchanges.

Statistical software and presentation
All analyseswereconductedusingSTATAversion13.1(MP paralleledition,StataCorp,Col-
legeStation,Texas,USA),usingtheipdmetanpackage[29]. Dataarepresentedasproportions
of thetotal studypopulation,meanswith standarddeviationor relativerisk (RR)with 95%
confidenceintervalsunlessotherwisestated.

Self-monitoring of BP in hypertension (BP-SMART)
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Results
Of 2,846uniquestudiesfrom thecombinedsearches,132wereassessedin full and36studies
weredeemedpotentiallyeligible(S1Fig).Onestudywhichwouldotherwisehavebeeneligible
wasexcludedbecausethecomparatorgroupusedambulatorymonitoring to guidetreatment,
acontrol interventionthathadnot beenanticipatedin theprotocolbut whichwasnot compa-
rableto anyotherincludedstudies[30]. Of the36potentiallyeligiblestudies,19hadpublished
dataat12months,theprimary outcome.Authorsfrom 24of thepotentiallyeligiblestudies
providedIPD, with 1 groupsubmittingadditionaldatafrom anunpublishedstudy.These25
studieswerepublishedfrom 2005±2014,wereconductedin North AmericaandEurope(11
United States;6 United Kingdom;3 Italy;1eachfrom theNetherlands,Australia,Spain,Fin-
land,andCanada),andincludedawiderangeof self-monitoringprotocols,co-interventions,
andpopulations(Table1) [23±27,31±48].Authorsfrom theremaining12studieswereeither
unableto provideIPD (2 studies)or did not respondto therequestfor data(10studies).Four
studieswhichfollowedup patientsfor 12monthsdid not provideIPD, sothatdatafor thepri-
maryoutcomewereavailablefrom 15/19studies(7,138/8,292[86%],of potentialparticipants)
(S2Table)[17,18,22,49].A totalof 838patients(12%)werelostto follow-upacrossall included
studies,andafurther 227patientsfrom thepotentiallyavailablestudieswerelostto follow-up,
leaving6,300/7,227patients(87%)for inclusionin thefinal analysisof theprimary outcome
(12monthsfollow-up).

Overall,theinformation from theincludedtrialswasjudgedto beat low risk of bias:most
studiesusedcomputerisedgenerationof randomisationsequences(23/25,92%),appropriate
allocationconcealment(24/25,96%),andall usedanintention-to-treatapproachwith either
multiple imputation for missingdataor analysisof completecases.Moststudies(19/25,76%)
followedup morethan80%of participants,but only 12/25(48%)usedblindedassessmentof
outcome(S3Table).An influenceanalysisassessedtheimpactof eachindividual studyon the
overallresults.Includedstudieswerepredominantlypublicallyfunded(S4Table).

Clinic BP
Overall,self-monitoringwasassociatedwith reducedclinic sBPbetweenbaselineand
12-monthsfollow-upcomparedto usualcare(systolic�3.2 mmHg,95%CI �4.9 to �1.6
mmHg) (Fig1).Significantheterogeneitywaspresentbetweenstudies:�2 = 76%,� < 0.001.
Self-monitoringwasalsoassociatedwith reduceddBPat12-monthsfollow-up(diastolic�1.5
mmHg,95%CI �2.2 to �0.8 mmHg) andsignificantheterogeneityremained(�2 = 62%,
� < 0.001)(Fig2).Similarreductionsin BPwereseenafter6-monthsfollow-up,but thepoint
estimatesafter18-monthsfollow-upweresmaller,albeitfrom only 5studies(S3,S4,S6andS7
Figs).

Clinic BP control
Clinic BPcontrol wasimprovedat12-monthsfollow-up(RRof uncontrolledBP0.7[95%CI
0.56to 0.86])againwith significantheterogeneitybetweengroups(Fig3).Similarresultswere
seenat6 and18months(S5andS8Figs,respectively).

Intensity of co-intervention
Thereductionsin clinic sBPvariedwith differentlevelsof intervention:level1 (with no co-
intervention)�1.0 mmHg,[95%CI �3.3 to 1.2mmHg]; level4 (personalsupportthroughout
thetrial) �6.1 mmHg,[95%CI �9.0 to �3.2 mmHg] (Fig1) (heterogeneityin outcomebetween
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Fig 1. Impact of self-monitor ing of BP on clinic sBP according to level of co-interve ntion support at 12 months (15
studies) . Change in sBP adjusted for age, sex, baseline clinic BP, and history of diabetes. The trials are grouped into the 4
levels of intervention, and I2 and P values are shown for each level of intervention and for the overall analysis. Effect of self-
monitoring on clinic sBP at 6 and 18 months are shown in S3 and S6 Figs, respectively. Wakefield's study participants self-
monitored for 6 months; follow-up continued to 12 months. Abbreviations: BP, blood pressure; sBP, systolic blood
pressure.

https://doi.org/10.1371/journal.pmed.1002389.g001
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Fig 2. Impact of self-monitor ing of BP on clinic dBP accordin g to level of co-inte rvention support at 12 months (15
studies) . Change in dBP adjusted for age, sex, baseline clinic BP, and history of diabetes. The trials are grouped into the 4
levels of intervention, and I2 and P values are shown for each level of intervention and for the overall analysis. Effect of self-
monitoring on clinic dBP at 6 and 18 months are shown in S4 and S7 Figs, respectively. Wakefield's participants self-
monitored for 6 months; follow-up continued to 12 months. Abbreviations: BP, blood pressure; dBP, diastolic blood
pressure.

https://doi.org/10.1371/journal.pmed.1002389.g002
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Fig 3. Impact of self-monitor ing of BP on the RR of uncontrol led BP at 12 months accordin g to level of co-inte rvention
support (15 studies). RR of uncontrolled BP adjusted for age, sex, baseline clinic BP, and history of diabetes. The trials are grouped
into the 4 levels of intervention, and I2 and P values are shown for each level of intervention and for the overall analysis. The effect of
self-monitoring on the RR of BP at 6 and 18 months are displayed in S5 and S8 Figs, respectively. Wakefield study participants self-
monitored for 6 months; follow-up continued to 12 months. Abbreviations: BP, blood pressure; RR, relative risk.

https://doi.org/10.1371/journal.pmed.1002389.g003
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differentlevelsof intervention� < 0.001).Within predefinedcategoriesof intensityof co-
intervention,significantheterogeneityremained,apartfrom within level2.

A similarpatternof reductionswasseenin dBP:level1 (with no co-intervention)�1.1
mmHg,[95%CI �2.4 to 0.2mmHg]; level4 (personalsupportthroughoutthetrial) �2.3
mmHg,[95%CI �4.0 to �0.6 mmHg] (Fig2) (heterogeneityin outcomebetweendifferentlev-
elsof intervention� < 0.001).Within predefinedcategoriesof intensityof co-intervention,
significantheterogeneityremainedin levels1 and4.

BPcontrol (definedaccordingto individual studytargets,Table1) at12monthsalsodif-
feredby levelof intensity.TheRRof havinguncontrolledBPwith aself-monitoringinterven-
tion at12monthsvariedfrom level1 (RR1.0,95%CI 0.7to 1.4)to level4 (RR0.4,95%CI 0.3
to 0.6)(Fig3) (heterogeneitybetweenlevelsof intervention� < 0.001).Heterogeneitywithin
levelsof interventionin thisanalysiswaslow for levels2 and4 of co-intervention,althoughthe
�� remainedabove50%for level1.Similarresultswereseenat6-monthsfollow-up(21studies)
andat18-monthsfollow-up(5 studies)(S5andS8Figs,respectively).

Ambulatory BP
Fourstudieshaddataat12monthsusingambulatoryBPastheoutcome(1,478participants);
thesewerestudieswith no co-intervention(level1; � = 3) or automatedfeedbackonly (level2;
� = 1).No changewasseenin ambulatorysBPassociatedwith self-monitoring(1.1mmHg
[�0.3, 2.5])(Fig4) or ambulatorydBP(0.8mmHg [�0.2, 1.9]),andtherewasno significant
heterogeneitybetweenstudiesin eithercase(Fig5).At 6 months,datawereavailablefor 5
studieswith no differenceseenin ambulatorysBP(�1.0 mmHg [�2.8, 0.9])or dBP(�0.4
mmHg [�1.6, 0.8])(S9andS10Figs,respectively).Theadditionalstudy,whichusedalevel3±-
intensityintervention,increasedheterogeneityasit hadasignificantoutcome.

No ambulatorydatawereavailableat18months.

Subgroup analysis
Subgroupanalysesusingdatafrom 12-monthsfollow-upshowedlittle differencein either
reductionof systolicor diastolicclinic BPor likelihoodof uncontrolledBPdependingon his-
tory of MI or presenceof CKD or diabetes(Figs6,7 and8) (�2 � 20%for all subgroups).

However,ahistoryof strokewasassociatedwith areducedeffectivenessof self-monitoring
in termsof clinic sBPlowering(�2 = 77%,� = 0.04),thoughthisdifferencewasnot observed
for dBPor maintainedin thelikelihoodof control analysis(RR�2 = 42%,� = 0.19).Post-hoc
analysesshowedthat thedistribution of numberof medicationsbetweenstrokeandnon-
strokepatientswassimilar (S5Table),andadjustingfor baselinemedicationusedid not
explainthelackof effectivenessin patientswith stroke.Therewasmoderateheterogeneity
betweenagegroupsfor theeffectof self-monitoringon systolicanddiastolicclinic BP(�2 =
31%,� = 0.20and�2 = 33,� = 0.19,respectively)but not in thelikelihoodof uncontrolledBP
(�2 = 0.0%,� = 0.60).Consideringtheeffectof obesity,therewasno differencein theeffecton
systolicclinic BPreduction(�2 = 0,� = 0.72)but therewassomeevidenceof heterogeneityof
effectfor dBP(�2 = 63,� = 0.10)andtherisk of uncontrolledBP(�2 = 61%,� = 0.11).

Fewerbaselineantihypertensivemedicationswereassociatedwith largerreductionsof BP
andbettercontrol (Figs6±8).Post-hocanalyses,comparingthosewith resistanthypertension
to thosewithout, suggestedthatself-monitoringwaslesseffectiveatachievingBPcontrol in
theformer (RRof uncontrolledBP= 0.62,95%CI 0.54±0.71[non-resistanthypertension]ver-
susRRof uncontrolledBP= 0.94,95%CI 0.65±1.36[resistanthypertension],�2 = 76%,
� = 0.04).Similarly,thepost-hocanalysisplotting changein sBPagainstmedicationchanges
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Fig 4. Impact of self-mon itoring of BP on clinic and ambulato ry sBP at 12 months (4 studies). These 4 studies used both clinic and
ambulatory BP as endpoints and so are presented in addition to the overall results in Fig 1, which are for clinic BP alone (including these
studies). Change in sBP adjusted for age, sex, baseline clinic BP, history of diabetes, and level of intervention. Effect of self-monitoring on
systolic clinic and ambulatory BP at 6 months is in S9 Fig. Abbreviations: BP, blood pressure; sBP, systolic blood pressure.

https://doi.org/10.1371/journal.pmed.1002389.g004

Fig 5. Impact of self-mon itoring of BP on clinic and ambulato ry dBP at 12 months (4 studies). These 4 studies used both clinic and
ambulatory BP as endpoints and so are presented in addition to the overall results in Fig 1, which are for clinic BP alone (including these
studies). Change in dBP adjusted for age, sex, baseline clinic BP, history of diabetes, and level of intervention. Effect of self-monitoring on
diastolic clinic and ambulatory BP at 6 months is in S10 Fig. Abbreviations: BP, blood pressure; dBP, diastolic blood pressure.

https://doi.org/10.1371/journal.pmed.1002389.g005
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Fig 6. Impact of self-monitor ing of BP on clinic sBP at 12 months accord ing to prespeci fied subgroups (15
studies) . Obesity defined as BMI � 30 kg/m2. Change in sBP at 12 months adjusted for age, sex, baseline clinic BP, level
of intervention, and studies contributing patient data. Abbreviations: BMI, body mass index; BP, blood pressure; CKD,
chronic kidney disease; MI, myocardial infarction; sBP, systolic blood pressure.

https://doi.org/10.1371/journal.pmed.1002389.g006
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Fig 7. Impact of self-mo nitoring of BP on clinic dBP at 12 months accordi ng to prespecifie d subgroups (15
studies). Obesity defined as BMI � 30 kg/m2. Change in dBP at 12 months adjusted for age, sex, baseline clinic
BP, level of intervention, and studies contributing patient data. Abbreviations: BMI, body mass index; BP, blood
pressure; CKD, chronic kidney disease; dBP, diastolic blood pressure; MI, myocardial infarction.

https://doi.org/10.1371/journal.pmed.1002389.g007
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Fig 8. Impact of self-monitor ing of BP on the RR of uncontrol led BP at 12 months accordin g to
prespec ified subgroups (15 studies). Obesity defined as BMI � 30 kg/m2. RR of uncontrolled BP at 12
months adjusted for age, sex, baseline clinic BP, level of intervention, and studies contributing patient data.
Abbreviations: BMI, body mass index; BP, blood pressure; CKD, chronic kidney disease; MI, myocardial
infarction; RR, risk ratio; sBP, systolic blood pressure.

https://doi.org/10.1371/journal.pmed.1002389.g008
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wasconsistentwith thehypothesisthatself-monitoringinterventionsresultedin BPdecreases
viaincreasesin prescribedmedication(S22Fig).

Sensitivity analysis
Inclusionof aggregatedatafor clinic BPat12monthsfrom the4 eligiblestudiesthatdid not
contributeIPD (S2Table)andexclusionof studiesthatdid not usealowerhomeBPthreshold
did not materiallychangetheresults(S11andS12Figs).Theexclusionof studiesthat rando-
misedon thebasisof ambulatoryBPmonitoring (ABPM)or studiesthat randomisedon clinic
BPdid not changetheimpactof clinic or ambulatorymeasurementof sBPat12months(S13
andS14Figs).Assumingpatientslostto follow-uphaduncontrolledBPattenuatedtheresults,
whereasassumingthat theyhadcontrolledBPaccentuatedthem(S15andS16Figs,respec-
tively).Exclusionof patientswith controlledBPatbaselinealsoaccentuatedtheresults(S17
Fig).A post-hoccomparisonof studieswith blindedoutcome(2,829patients)versus
unblinded(3,257patients)showedthatblinding wasassociatedwith areducedpoint estimate
for thechangein sBPat12monthsin thosestudiesexamininghigher-levelinterventions,
albeitwith overlappingconfidenceintervals(level1 & 2 interventionstudies:�1.51, 95%CI
�4.06 to 1.04[blinded] versus�0.83, 95%CI �2.38 to 0.73[unblinded]; level3& 4 intervention
studies:�4.67, 95%CI �7.51 to �1.84 [blinded] versus�6.16, 95%CI �9.36 to �2.95
[unblinded]).

Wherestudieshadmeasuredchangesin antihypertensivemedicationovertime, therewas
evidenceof attenuationof thechangein sBPwhentheanalysiswasadjustedfor changein
medication(S18andS19Figs).Theinfluenceanalysisdid not suggestthatanyonestudywas
materiallyinfluencingtheresults(S20FigandEgger'stestfoundno evidenceof asymmetryin
thefunnelplot (� = 0.9,S21Fig).

Discussion

Main findings
UsingIPD from 25studiestotalling10,487patients,thismeta-analysisprovidesstrongevi-
dencethat thedegreeof BPloweringis relatedto theintensityof theco-intervention(i.e.,addi-
tional support)combinedwith self-monitoring,with little or no effectfrom self-monitoring
alone.

Theseresultsheldwhethersystolicor diastolicclinic BPor clinic BPcontrol wereassessed
andwereconsistentatboth6and12months.No datawereavailablefrom studieswith inten-
siveco-interventionswhichusedambulatoryBPmonitoring to measureoutcomesat12
monthsor longer,andthosewith little or no co-interventionshowedsimilareffectsto the
clinic BPdata(no effectin eithercase).Therewasasuspicionof attenuationof theeffectof
self-monitoringin thefewstudiesto datethathavefollowedup patientsfor longerthan1year
but dataweresparse.Futureresearchmight bedirectedtowardslongerstudieswith ambula-
tory BPmeasurement(or othermeasurementsto reducethewhitecoateffect)for outcomes.
Self-monitoringappearedmosteffectiveat loweringBPin peopleon fewerBPmedicationsat
baseline,andtherewasasuggestionof agreatereffectwith higherBPÐprovidedBPwasnot
170mmHg or above.Analysesconsideringthosewith apparentresistanthypertensionatbase-
line suggestedthatself-monitoringworkslesswell in thisgroup,but thisanalysiswasnot pre-
specified,couldnot takeinto accountdoseof antihypertensivemedication,andshouldbe
interpretedwith caution.In termsof comorbidities,theeffectsof self-monitoringweresimilar
whetheror not anindividual hadahistoryof MI, diabetes,or CKD. In peoplewith previous
stroke,theremaybeareducedeffectof self-monitoringbut thisdid not reflectmoreintensive
treatmentprior to randomisation.
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Strengths and weaknesses
To our knowledge,this is thefirst analysisof self-monitoringof BPto useIPD from awide
rangeof self-monitoringtrialsfrom North America,Australia,andEuropeandincludingboth
specialistandprimary caresettings.IPD allowedfor standardisedadjustmentof outcomesand
sufficientpowerto detectdifferencesbetweensubgroups.

An important issuein IPD analysisisselectionof studies.TheBPÐSMARTcollaboration
hasgainedaccessto alargenumberof datasets;nevertheless,somestudieswerenot available
dueto unavailabilityof dataor lackof response.Despitethis,only 4 studieseligiblefor thepri-
maryoutcome(14%of availablepatientdata)wereunableto providedata,andsensitivityanal-
ysessuggestedno materialchangein theresultswhenthepublishedaggregatedatafrom these
studieswereincluded.

Qualityof includedstudieswasadequatein termsof randomisationsequences,appropriate
allocationconcealment,andanalyses.Follow-upwashigh for moststudiesbut only halfused
blindedassessmentof outcome.However,apost-hocsensitivityanalysisshowedno difference
in resultsfrom blinding,perhapsbecausein moststudiesBPwasassessedusingautomated
monitorsreducingthechanceof bias.

Despitetheuseof IPD andthedivisionof studiesinto subgroups,significantheterogeneity
remained,which limited theability to do meta-analysis.However,thisdoesnot negatethe
conclusionthat theevidencefor bothBPreductionandcontrol isstrongerfor higher-intensity
interventionsandweakfor self-monitoringalone.Thehypothesisthateffectwouldvarywith
levelof interventionwasprespecifiedandthecategorisationof studiesinto 4 levelsof interven-
tion wasagreedto byall studyinvestigatorsbeforeresultswereavailable.

Whilst all includedstudiescomparedself-monitoringof BPto control groupswithout self-
monitoring, inevitablydifferentinvestigatorsuseddifferentprotocolsandthereforestudies
differedin inclusioncriteria,self-monitoringregime,andtargetBPs.Theseissuescouldat
leastin partexplaintheremainingheterogeneitybetweenstudies.Theexclusionof studies
whichdid not uselowerBPtargetsfor self-monitoredBPdid not changetheresults,but even
IPD analysisisunableto takedifferencesbetweenstudiesentirelyinto accountandthismay
bereflectedin theheterogeneitywhichremained.Significancetestsshouldbeinterpretedwith
cautionwhen,asin Figs6 and7,multiple coequalexposuresareundertest;however,the3 �
values� 5%for heterogeneityacrossthese18testsareunlikely to beall dueto chancealone
andthetestswereprespecified.

Mostoutcomedatawerebasedon clinic measurementof BP,which iswhatwasusedby the
majority of trialsof outcomeof hypertensiontreatment[1]. Ambulatorymonitoring might
reduceanyattenuationto thewhitecoateffectfrom repeatedhabituationto measurementbut,
whilst6 studiesusedambulatoryBPasanoutcome[25,32,33,43,45](including 1 unpublished
study),all but 1 of theseusedlessintensiveor no co-interventions.Thesingleintensivestudy
with anambulatoryoutcomehaddatato 6monthsandapositiveresult,whereastheremain-
ing 4studiesshowedno impacton ambulatoryBPin commonwith thepooledresultsfor
clinic BP.Otherstudieshaveusedmultiple automatedBPmeasurementsin theclinic to assess
habituationandhavefoundno evidencethat theBPdifferencesareremovedwhenthewhite
coateffectis reduced,thoughfurther studiesexaminingtheeffectsof self-monitoringwith
intensiveco-interventionson outcomeswhichreducewhitecoateffectsarearguablyneeded
[36] [35].

Evenwith IPD, issuessuchaslossto follow-upmaybeimportant. Includedstudieshad
ratesof follow-upbetween58%and98%at12monthswith moststudiesfollowing-uparound
90%.In themainanalysis,formalmethodsfor handlingmissingdatawerenot usedsince
methodsfor imputation in IPD meta-analysisarein their infancy;however,theimpactof each
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individual studyon theoverallresultsasassessedby theinfluenceanalysissuggeststhat factors
suchasdifferentialfollow-upbetweenstudieswereunlikely to haveaffectedtheresults[52].

Theoutcomesincludedin this reviewareall relatedto BP.Whilst BPisdirectlyrelatedto
strokeandcoronaryheartdiseaserisk, it isneverthelessanintermediateoutcome.Ideally,
suchhardoutcomeswouldbedirectlymeasuredin trials.However,becauseof relativelyshort
follow-upandsmallnumbersof participants,fewincludedindividual trialsdid so.

Comparison with the previous literature
Therehavebeenprevioussystematicreviewsof trialsof self-monitoring[4,13,14,53],including
thosefocussingon specificoutcomessuchasadherence[54] or processessuchastelemonitor-
ing [55], but all previousanalyseshavereliedon summarystatisticsratherthanIPD. Com-
paredto themostrecentandcomprehensivesummarydatareview,thecurrentstudyhas
providedpooledestimatesof theeffectof self-monitoringwith differentlevelsof co-interven-
tion, suggeststhatself-monitoringalonehaslittle impacton BP,andprovidesnewevidence
that thelevelof BPreductionis relatedto theintensityof theco-intervention[4].

Self-monitoringin theabsenceof suchaco-interventionhadlittle effecton BP.This isnot
to saythatself-monitoringaloneshouldbediscouraged,for it bringsotheradvantagesboth
theoretical(betterestimationof theunderlyingBP,increasedself-efficacyfor thepatient)[6]
andpractical(increasedadherence,reducedneedfor monitoring within theclinic, andidenti-
ficationof whitecoatandmaskedhypertension)[24,54].Theseadvantagesaredespiteany
potentialinaccuracycausedby individualsnot conformingto therecommendedself-monitor-
ing regime[9,10].

ObesepatientshadsimilarBPreductionsto non-obeseindividualsbut greaterchanceof BP
control,whichdoesnot reflectdifferencesin meanBP.Thefindingsconcerningpatientswith
previousstrokeandresistanthypertensionrequiresomecaution,particularlythelatterwhich
wasapost-hocanalysis,but havenot beenpreviouslydescribed.In thecaseof stroke,the
resultsdo not appearto bedueto baselineintensityof antihypertensivetreatmentandwarrant
further studyasmoredatabecomeavailable.

Meaning of the study
Combiningself-monitoringwith increasedcollaborationbetweenpatientandeitheranurse,
physician,or pharmacistcanresultin important decreasesin BP(6 mmHg systolicon average
for themoreintensiveco-interventions)andimprovedcontrol.Themechanismsfor these
reductionsin BPcouldincludelifestylechanges(no dataavailable);increasedadherenceto
medication(no dataavailable)[54]; or increasedprescriptionof medications,i.e.,overcoming
clinical inertia (dataavailablefrom 11studies).In orderto assesstheimpactof enhancedmed-
icationprescription,numberof medicationchangeswasplottedagainstchangesin BPand
showedthat increasednumbersof medicationchangeswereweaklycorrelatedwith reduced
BP(S22Fig).Whateverthemechanism,theliteraturesuggeststhata6 mmHg reductionin
sBP,asobservedin higher-intensityinterventions,wouldreducesubsequentstrokebymore
than20%[56]. Consideringthecontentof suchinterventionsisanimportant partof decision-
makingin theimplementationof self-monitoring.Table1 andS1Tabledescribethekeychar-
acteristicsof effectiveinterventionswhichdependon activelyinterveningin termsof medica-
tion titration and/orhealthbehaviours.Much of theeffectappearsto beassociatedwith one-
to-oneinterventioncombinedwith medicationintensification.Self-monitoringcantherefore
facilitatesignificantimprovementsin BPlevelandcontrol but shouldnot necessarilybeseen
asreducingclinical input becauseclinical input within theco-interventionsisoftenrequired
for effectiveBPlowering.
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TherecentSPRINTtrial resultssuggestthatmoreintensiveBPinterventionsarelikely to
beimportant in termsof morbidity andmortality [57]. Increasingthelevelor intensityof
interventionalsoincreasesthecostof anintervention,bothdirectlyto thehealthprovider
andalsoin termsof patients'time.Understandingtherelativecost-effectivenessof thediffer-
entco-interventionsis likely to beimportant in decidingpolicy in thisareaandwill require
further work.

Theeffectsappearto beindependentof age,sex,andarangeof comorbidities(suchasMI,
CKD, diabetes,andobesity),but therewasasuggestionthatpeoplereceivinglessintensive
antihypertensivetreatment,andthosewith thehighestBPs(up to 170mmHg systolic),may
havethemostto gain,presumablybecausetheyarenot alreadyreceivingsufficientdosesof
medication.Conversely,with resistanthypertensionthereappearedto belittle effectfrom
self-monitoring.Similarresultsfor strokeshouldbeinterpretedcautiouslyandwarrantfur-
therstudy.

Thedatapresentedappearto indicateapotentialattenuationof thebeneficialeffectsof self-
monitoring overtime (seeS6,S7andS8Figs).Webelievethat thekeyissueisaneedfor longer
studies(at least2 years,andpreferably5 yearsor more)thatareaccompaniedby investigation
of howbestto administeraself-monitoringÐbasedinterventionin thelongterm,including
whetherit shouldbeperhapsªtoppedupº with additionaltraining overtime.

Finally,weknowfrom theindividual trialsthatonly aproportion of thosewith hyperten-
sionwill besuitablefor self-monitoring.Despitethis,thenumbersof peoplewith hypertension
andaccessto their ownBPmonitor arelikely to bewell into thetensof millions internationally
andrepresentanimportant populationto engagewith [58,59].

Future research
Severalunansweredquestionsremain.Ultimately,trials includingcardiovascularendpoints
wouldprovidethestrongestevidencefor self-monitoringin themanagementof hypertension
but maynot beappropriategiventhestrongevidencelinking BPto outcome.Furtherconsid-
erationof self-monitoringin thepresenceof comorbiditiesseemswarranted,particularlyfor
stroke.Furthermore,this reviewhasnot includedeconomicoutcomes(availablefrom 6of the
includedstudies)or qualityof life measures(availablein 8of theincludedstudies),andthese
outcomesform partof thenextseriesof investigationsfor thiscollaboration.

Conclusions
Self-monitoringof BPcombinedwith co-interventionsinvolving individually tailoredsupport
lowersclinic BPbut haslittle effecton its own.Self-monitoringsupportedbysuchco-interven-
tionsshouldberecommendedaspartof routineclinicalpracticein internationalguidelines
andfurther researchshoulddeterminethemostcost-effectivemeansof supporting
implementation.
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bloodpressuremonitoring; BP,bloodpressure;sBP,systolicbloodpressure.
(TIFF)

S14Fig.Primary analyses(ABPM) excludingall studieswhich randomisedpatientson the
basisof clinic BP.Changein sBPat12months.Changein sBPadjustedfor age,sex,baseline
clinic BP,historyof diabetes,andlevelof intervention.Abbreviations:ABPM,ambulatory
bloodpressuremonitoring; BP,bloodpressure;sBP,systolicbloodpressure.
(TIFF)

S15Fig. Impact of self-monitoring of BPon the RRof uncontrolled BPat 12months,with
patients lost to follow-up assumedto havecontrolled BP(15studies).RRof uncontrolled
BPadjustedfor age,sex,baselineclinic BP,andhistoryof diabetes.Abbreviations:BP,blood
pressure;RR,relativerisk.
(TIF)

S16Fig. Impact of self-monitoring of BPon the RRof uncontrolled BPat 12months,with
patientslost to follow-up assumedto haveuncontrolled BP(15studies).RRof uncontrolled
BPadjustedfor age,sex,baselineclinic BP,andhistoryof diabetes.Abbreviations:BP,blood
pressure;RR,relativerisk.
(TIF)
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S17Fig. Impact of self-monitoring of BPon clinic sBPat 12months,with patientswho
hadcontrolled BPat baselineexcluded(15studies).Changein sBPadjustedfor age,sex,
baselineclinic BP,andhistoryof diabetes.Abbreviations:BP,bloodpressure;sBP,systolic
bloodpressure.
(TIF)

S18Fig.Studieswhich measuredchangein medicationat follow-up. sBPchangeat12
monthsanalysedwithout adjustingfor medicationchangesat follow-up(11studies).Change
in sBPadjustedfor age,sex,baselineclinic BP,andhistoryof diabetes.Abbreviations:BP,
bloodpressure;sBP,systolicbloodpressure.
(TIF)

S19Fig.Studieswhich measuredchangein medicationat follow-up. sBPchangeat12
monthsanalysedadjustingfor medicationchangesat follow-up(11studies).Changein sBP
adjustedfor age,sex,baselineclinic BP,historyof diabetes,andmedicationchangesat12
monthsfollow-up.Abbreviations:BP,bloodpressure;sBP,systolicbloodpressure.
(TIF)

S20Fig. Influenceanalysispresentingthe pooledestimateof meanchangein sBPat 12
months with eachindividual studyomitted from the meta-analysisin turn. Eachline indi-
catespooledmeta-analysisresultswith thatstudyomittedfrom theresults.Abbreviation:sBP,
systolicbloodpressure.
(TIFF)

S21Fig.Funnelplot showingmeanchangein sBPat 12months.Thestandarderror isplot-
tedagainstthemeanchangein sBPat12months.An Egger'stestof zero(� = 1.00)would indi-
catelittle influenceof publicationbias.Abbreviation:sBP,systolicbloodpressure.
(TIFF)

S22Fig. sBPchangeplotted againstmedicationchangesat 12months follow-up, by level
of intervention (11studies).� Testfor trendusingafixed-effectslinearregressionmodel
adjustedfor study.²The HOMERUSandTCYBtrials,andstudiesbyGodwinetal.[43] and
Leivaetal.[46], wereexcludeddueto missingdataon medicationchangesat follow-up.
Resultswhereanegativechangein BPisassociatedwith apositivechangein numberof medi-
cationssuggestmedicationintensificationmayberelatedto improvedBPat12months.
Abbreviation:BP,bloodpressure;sBP,systolicbloodpressure.
(TIFF)

S23Fig.TheSTATA codeusedfor the meta-analysis.TheSTATAcodeusedto performthe
meta-analysisandfigures.
(DOCX)
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