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Abstract

Ɛĺ The ѴongitudinaѴ study of popuѴations is a core tooѴ for understanding ecoѴogicaѴ 
and evoѴutionary processesĺ LongŊterm studies typicaѴѴy coѴѴect sampѴes repeatŊ
edѴy over individuaѴ Ѵifetimes and across generationsĺ These sampѴes are then anaŊ
Ѵysed in batches Őeĺgĺ qPCR pѴateső and cѴusters Őiĺeĺ group of batcheső over time in 
the Ѵaboratoryĺ Howeverķ these anaѴyses are constrained by crossŊcѴassified data 
structures introduced bioѴogicaѴѴy or through experimentaѴ designĺ The separaŊ
tion of bioѴogicaѴ variation from the confounding amongŊbatch and amongŊcѴuster 
variation is cruciaѴķ yet often ignoredĺ

Ƒĺ The commonѴy used approaches to structuring sampѴes for anaѴysisķ sequentiaѴ 
and randomizationķ generate bias due to the nonŊindependence between time of 
coѴѴection and the batch and cѴuster they are anaѴysed inĺ We propose a new samŊ
pѴe structuring strategyķ caѴѴed sѴicingķ designed to separate confounding amongŊ
batch and amongŊcѴuster variation from bioѴogicaѴ variationĺ Through simuѴationsķ 
we tested the statisticaѴ power and precision to detect withinŊindividuaѴķ betweenŊ
individuaѴķ year and cohort effects of this noveѴ approachĺ

ƒĺ Our sѴicing approachķ whereby recentѴy and previousѴy coѴѴected sampѴes are 
sequentiaѴѴy anaѴysed in cѴusters togetherķ enabѴes the statisticaѴ separation of 
coѴѴection time and cѴuster effects by bridging cѴusters togetherķ for which we proŊ
vide a case studyĺ Our simuѴations showķ with reasonabѴe sѴicing width and angѴeķ 
simiѴar precision and simiѴar or greater statisticaѴ power to detect yearķ cohortķ 
withinŊ and betweenŊindividuaѴ effects when sampѴes are sѴiced across batchesķ 
compared with strategies that aggregate ѴongitudinaѴ sampѴes or use randomized 
aѴѴocationĺ

Mirre Jĺ Pĺ Simons and Hannah Lĺ DugdaѴe contributed equaѴѴy to this studyĺ 
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ƐՊ |ՊINTRODUC TION

IndividuaѴs and popuѴations are shaped by ecoѴogicaѴ and evoѴutionŊ
ary processes which generaѴѴy occur over many years or decades 
ŐCѴuttonŊBrock ş SheѴdonķ ƑƏƐƏőĺ ConsequentѴyķ ѴongŊterm studies 
are key in determining the proximate and uѴtimate causes of bioŊ
ѴogicaѴ processesĺ SampѴing a popuѴation repeatedѴy over individuaѴ 
Ѵifetimes and across muѴtipѴe generations aѴѴows quantification and 
separation of genetic variation from environmentaѴ variation and esŊ
timation of such effects with appropriate precision and statisticaѴ 
power ŐMartinķ Nusseyķ WiѴsonķ ş ReaѴeķ ƑƏƐƐĸ van de PoѴķ ƑƏƐƑőĺ 
Howeverķ statisticaѴ anaѴyses of such comprehensive bioѴogicaѴ dataŊ
sets are often compѴex due to hierarchicaѴѴy structured data and 
difficuѴties in separating variation from sources of interest and conŊ
founding variabѴesĺ

Due to the hierarchicaѴ nature of bioѴogyķ for exampѴeķ phenoŊ
typic traits nested within individuaѴsķ individuaѴs nested within sociaѴ 
groups and sociaѴ groups nested within popuѴations ŐFigure Ɛaőķ apŊ
propriate statisticaѴ methods are required that modeѴ the hierarchicaѴ 
structure of bioѴogicaѴ datasetsĺ WhiѴe nested designsķ either naturaѴ 
or through experimentaѴ design ŐFigure Ɛaőķ can be anaѴysed in Ѵinear 
modeѴsķ this infѴates the degrees of freedom and thus reduces staŊ
tisticaѴ power ŐGeѴmanķ ƑƏƏƔĸ Quinn ş Keoughķ ƑƏƏƑĸ Underwoodķ 
ƐƖƖƕőĺ A better approach is the mixed modeѴ frameworkķ which esŊ
timates fixed effects whiѴe fѴexibѴy accounting for the variance exŊ
pѴained by random effectsķ incorporating muѴtiѴeveѴ hierarchies in 
data ŐBoѴker et aѴĺķ ƑƏƏƖĸ GeѴman ş HiѴѴķ ƑƏƏѵĸ Snijders ş Boskerķ 
ƑƏƐƐĸ Zuurķ Ienoķ ş EѴphickķ ƑƏƐƏőĺ Howeverķ in crossŊcѴassified 
designs ŐTabѴe Ɛőķ where one individuaѴ is associated with more than 
one batch ŐFigure Ɛbő or even more than one cѴuster ŐFigure Ɛcőķ adŊ
vanced statisticaѴ methods to estimate fixed effects and variance 
components are required compared to nested designs ŐSchieѴzeth 
ş Nakagawaķ ƑƏƐƒőĺ WhiѴe crossŊcѴassified data structures in shortŊ
term studies are often the resuѴt of the experimentaѴ design Őeĺgĺ 
crossŊfosteringőķ in ѴongŊterm studies the timing of the anaѴyses of 
data often naturaѴѴy Ѵeads to crossŊcѴassification of data ŐFigure Ɛbķcőĺ

In ѴongŊterm studiesķ the individuaѴŊbased coѴѴection of ѴongituŊ
dinaѴ data and bioѴogicaѴ sampѴes from naturaѴ or Ѵaboratory popuѴaŊ
tions produces Ѵargeķ continuousѴy growing biobanks ŐCѴuttonŊBrock 
ş SheѴdonķ ƑƏƐƏőĺ Through Ѵaboratory anaѴysesķ these biobanks 
provide information onķ for exampѴeķ individuaѴ teѴomere Ѵength 
ŐBoonekampķ MuѴderķ SaѴomonsķ Dijkstraķ ş VerhuѴstķ ƑƏƐƓĸ FairѴie 
et aѴĺķ ƑƏƐѵőķ seroѴogicaѴ vaѴues ŐAndraudķ Casasķ Pavioķ ş Roseķ ƑƏƐƓĸ 
TeѴfer et aѴĺķ ƑƏƏѶő and genetic variation ŐBerryķ EngѴandķ Marriottķ 
Burridgeķ ş Newmanķ ƑƏƐƑĸ ToѴѴenaere et aѴĺķ ƑƏƐƑőĺ Howeverķ the 
Ѵaboratory anaѴysis of sampѴes from growing biobanks is often conŊ
ducted on separate groups of sampѴes over time Őeĺgĺ after each 
fieѴdwork seasonķ each year or coinciding with grant cycѴesőĺ Such a 
group of sampѴesŌa cѴusterŌwiѴѴ be coѴѴectiveѴy anaѴysed under simŊ
iѴar conditionsķ but these conditions might differ between cѴusters 
Őeĺgĺ different anaѴystķ machine or monthőĺ SampѴes within a cѴuster 
are often further subdivided into batches Őeĺgĺ qPCRŊpѴateső whereķ 
againķ sampѴes are anaѴysed under simiѴar conditionsķ but conditions 
may vary between batches Őeĺgĺ different reagents or dayőĺ WhiѴe 
batches are nested within cѴustersķ the continuous coѴѴection of samŊ
pѴes in the fieѴd and intervaѴs between Ѵaboratory anaѴyses resuѴt in 
ѴongitudinaѴ sampѴes from a singѴe individuaѴ that may not be nested 
within batches or even cѴustersķ causing crossŊcѴassified data strucŊ
tures in ѴongŊterm studies ŐGeѴman ş HiѴѴķ ƑƏƏѵĸ Figure Ɛbķcőĺ

CrossŊcѴassification of data induces variation that can be conŊ
founded with the independent variabѴes of interestķ which can 
reduce the abiѴity to compare resuѴts across sampѴes and draw reŊ
ѴiabѴe concѴusions ŐGreenѴandķ Robinsķ ş PearѴķ ƐƖƖƖĸ SchieѴzeth ş 
Nakagawaķ ƑƏƐƒőĺ This is probѴematic if crossŊcѴassification is not 
expѴicitѴy accounted forķ or there is not sufficient crossŊcѴassification 
to disentangѴe these sources of variation with high statisticaѴ powerĺ 
For exampѴeķ temporaѴ variation orķ where muѴtipѴe popuѴations 
are studiedķ spatiaѴ differences in resource avaiѴabiѴity can be conŊ
founded with Ѵaboratory anaѴysis when sampѴes are anaѴysed after 
each period of coѴѴectionķ resuѴting in a faiѴure to separate the efŊ
fects of resource avaiѴabiѴity and Ѵaboratory anaѴysis on a response 
variabѴeĺ The experimentaѴ design and therefore the method in 

Ɠĺ WhiѴe the best approach to anaѴysing ѴongŊterm datasets depends on the strucŊ
ture of the data and questions of interestķ it is vitaѴ to account for confounding 
amongŊcѴuster and batch variationĺ Our sѴicing approach is simpѴe to appѴy and 
creates the necessary statisticaѴ independence of batch and cѴuster from environŊ
mentaѴ or bioѴogicaѴ variabѴes of interestĺ CruciaѴѴyķ it aѴѴows sequentiaѴ anaѴysis of 
sampѴes and fѴexibѴe incѴusion of current data in Ѵater anaѴyses without compѴeteѴy 
confounding the anaѴysisĺ Our approach maximizes the scientific vaѴue of every 
sampѴeķ as each wiѴѴ optimaѴѴy contribute to unbiased statisticaѴ inference from the 
dataĺ SѴicing thereby maximizes the power of growing biobanks to address imporŊ
tant ecoѴogicaѴķ epidemioѴogicaѴ and evoѴutionary questionsĺ

K E Y W O R D S

ageingķ biobankķ crossŊcѴassifiedķ ѴongŊterm studiesķ mixed modeѴsķ nestedķ sѴicingķ teѴomeres
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F I G U R E  Ɛ Պ Schematic of nested and crossŊcѴassified data structuresĹ Őaő with a nested design appѴied to Ѵaboratory anaѴyses ŐѴeftő and 
popuѴations Őrightőĸ Őbő crossŊcѴassification of data among batches that is confounded by time of anaѴysisĸ and Őcő crossŊcѴassification common 
in ѴongitudinaѴ data in Ѵaboratory anaѴyses across cѴustersĺ BѴack dashed deѴineation indicates nestedķ whereas red dashed deѴineation 
indicates crossŊcѴassified structures

TA B L E  Ɛ Պ Definitions of key terms

Term Explanation

Batch A set of anaѴysed sampѴes that are inherentѴy dependent on one anotherķ eĺgĺ aѴѴ using the same standard curveķ 
machineķ time of dayķ technician or that are equaѴѴy affected by any other source of variation

CѴuster A set of sampѴes that are distinct in the timing of their anaѴysisĸ this typicaѴѴy incѴudes muѴtipѴe batches nested 
within cѴusters

Nested AѴѴ units at a Ѵower hierarchicaѴ ѴeveѴ are within one unit at a higher hierarchicaѴ ѴeveѴ

CrossŊcѴassified Units at a Ѵower hierarchicaѴ are associated with more than one unit at a higher hierarchicaѴ ѴeveѴ

WithinŊindividuaѴ effects LongitudinaѴ changes within individuaѴs in a repeatedѴy measured trait

BetweenŊindividuaѴ effects Comparison of differences in mean traits among individuaѴs

StatisticaѴ power The abiѴity to reject the nuѴѴ hypothesis when faѴseķ quantified by the proportion of significant vaѴues Őp ƺ ĺƏƔő 
out of the totaѴ

Precision The degree to which simuѴations provide simiѴar resuѴtsķ quantified by the absoѴute difference between the  
ƕƔѷ and ƑƔѷ percentiѴe divided by the median

Slicing RecentѴy added sampѴes anaѴysed in cѴusters together with previousѴy obtained sampѴesķ ensuring statisticaѴ 
independence of coѴѴection time and cѴuster
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structuring sampѴes for cѴusters and aѴѴocating sampѴes to batches 
requires consideration to cope with crossŊcѴassified data structures 
and confounding variabѴesĺ

WhiѴe reѴativeѴy few studies report the approach used to strucŊ
ture sampѴes into cѴustersķ currentѴy two main approaches are usedķ 
and both are prone to confounding effects and crossŊcѴassified data 
structuresĺ Firstķ sequentiaѴ structuring of sampѴes to cѴustersĹ anŊ
aѴysing sampѴes in cѴustersķ in the same order in which they were 
coѴѴected Őeĺgĺ by yearőĺ This approach may be usedķ for exampѴeķ in 
physioѴogicaѴ studies Őeĺgĺ Takizawa et aѴĺķ ƑƏƏƓő and has the advanŊ
tage that sampѴes can be anaѴysed immediateѴy without any issues 
in pѴacing or ѴabeѴѴing of sampѴesĺ Howeverķ sequentiaѴ structuring 
of sampѴes confounds cѴuster with organizing variabѴe Őeĺgĺ yearő 
effects ŐFigure Ƒaőĺ The second approachķ randomization of samŊ
pѴes from muѴtipѴe years within a cѴusterķ ensures that sampѴes are 
sufficientѴy mixed to avoid confoundsķ and shouѴd aѴready be stanŊ
dard practice ŐFigure Ƒbőĺ The use of randomization is widespread 
inķ for exampѴeķ teѴomere Ѵength Őeĺgĺ Spurgin et aѴĺķ ƑƏƐƕőķ disease 
Őeĺgĺ Swanson et aѴĺķ ƑƏƐƔő and hormone anaѴyses Őeĺgĺ Dantzer 
et aѴĺķ ƑƏƐƒőĺ Howeverķ this randomization approach requires a 
deѴay before anaѴyses can be compѴeted so that sampѴes coѴѴected 

at different time points can be anaѴysed togetherķ and organizing 
variabѴe and cѴuster effects can be separatedĺ Furthermoreķ the 
randomization of Ѵarge numbers of sampѴes is timeŊconsuming and 
detaiѴed reordering of sampѴes from the biobank is prone to error 
due to sampѴe ѴabeѴѴing and pѴacingĺ Most importantѴyķ howeverķ 
is that after appѴying this randomization approach once in a ѴongŊ
term studyķ any subsequentѴy coѴѴected sampѴes cannot be directѴy 
compared to the previousѴy randomized sampѴes as they wiѴѴ be 
subject to statisticaѴѴy inseparabѴe variation due to cѴustering of 
the sampѴes aѴready anaѴysedĺ For exampѴeķ randomizing two time 
periods of Ɠ years of sampѴing separateѴy into two cѴusters resuѴts 
in uncontroѴѴabѴe variation between these two cѴusters and conŊ
founds the first Ɠ years in cѴuster one with the subsequent years in 
cѴuster two ŐFigure Ƒbőķ Ѵeading to crossŊcѴassified data structures 
ŐFigure Ɛcőĺ AnaѴysing the same sampѴes muѴtipѴe times in subseŊ
quent cѴusters can avoid this issueķ often referred to as ļgoѴdenĽ 
or ļreferenceĽ sampѴesĺ Howeverķ the additionaѴ costs or potentiaѴ 
depѴetion of the ļgoѴdenĽ sampѴe can make this approach difficuѴtĺ 
More importantѴyķ it is uncѴear how effectiveѴy one goѴden samŊ
pѴe can controѴ for amongŊbatch and amongŊcѴuster variationĺ For 
exampѴeķ the ļgoѴdenĽ sampѴe might not be representative of aѴѴ 

F I G U R E  Ƒ Պ Schematic of three 
strategies to structure sampѴes from 
the biobankĺ The sequentiaѴ anaѴysis 
strategy Őaő can confound cѴuster and 
yearķ whiѴe randomization of muѴtipѴe 
years within a cѴuster Őbő prevents this 
confound but generates uncontroѴѴabѴe 
variation between cѴustersĺ The sѴicing 
approach Őcő combines the advantages 
of these approaches and can be used to 
sequentiaѴѴy anaѴyse growing biobanks 
whiѴe maintaining independence between 
cѴuster and associated variabѴesĺ The 
biobank is sѴiced Őeĺgĺ by yearőķ thereby 
anaѴysing a set of continuousѴy coѴѴected 
sampѴes sequentiaѴѴy in each subsequent 
cѴusterĺ Each sampѴe onѴy needs to be 
anaѴysed onceķ where different sampѴes 
from the same sѴice are anaѴysed across 
batches and cѴusters Őeĺgĺ years Ɠ and Ɣőķ 
which enabѴes controѴѴing for batch and 
cѴuster effectsĺ SѴicing width Őfrequency 
of new sampѴes coѴѴectedő and angѴe 
Ődegree of independence between 
sѴiceső determine the ѴeveѴ of statisticaѴ 
independence between cѴusters
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sampѴesķ and the sampѴe can degrade over time thus not returning 
the same vaѴue in different anaѴysesĺ In shortķ these two popuѴar 
approaches to structuring crossŊcѴassified sampѴes do not fuѴѴy 
account for amongŊcѴuster and amongŊbatch variationķ Ѵeaving an 
unknown amount of variance unquantified and thus compromising 
concѴusions drawn from such studiesĺ

The anaѴyses of ѴongitudinaѴ data can be turned into a nested 
design when sampѴes from a singѴe individuaѴ are aggregated 
within a batch and cѴuster ŐFigure Ɛaőĺ This is thought to increase 
the statisticaѴ power to detect withinŊindividuaѴ effectsĺ The reaŊ
soning is that ѴongitudinaѴ sampѴes are then exposed to the same 
technicaѴ noiseķ which aѴѴows greater statisticaѴ power to dissect 
out the bioѴogy from batch effects ŐBeirneķ DeѴahayķ Haresķ ş 
Youngķ ƑƏƐƓĸ Herborn et aѴĺķ ƑƏƐƓĸ NettѴe et aѴĺķ ƑƏƐƔĸ PauѴinyķ 
DevѴinķ Johnssonķ ş BѴomqvistķ ƑƏƐƔĸ RiusŊOttenheim et aѴĺķ ƑƏƐƑĸ 
Sudyka et aѴĺķ ƑƏƐƓőĺ AѴthough the aggregation approach may be 
optimaѴ for certain questions and data structures Őeĺgĺ experiŊ
mentaѴ studies where the focus is on withinŊindividuaѴ changesķ 
whiѴe having controѴѴed for many other sources of variationőķ the 
increasing appѴication of physioѴogicaѴ assays in ѴongŊterm studies 
requires a different approach because the aggregation of ѴongiŊ
tudinaѴ sampѴes in a singѴe batch has four disadvantagesĺ Firstķ 
anaѴyses need to be postponed untiѴ aѴѴ sampѴes from a singѴe indiŊ
viduaѴ have been coѴѴectedĺ Secondķ aggregation requires detaiѴed 
picking and reordering of sampѴesķ which increases the ѴikeѴihood 
of human errorķ sampѴe mixŊups and therefore faѴse concѴusionsĺ 
Thirdķ confounding variabѴes that covary with the individuaѴ 
sampѴes taken from one individuaѴ are not effectiveѴy separated 
from batch or cѴuster Őeĺgĺ seasonaѴ effectsőĺ Fourthķ it is rare for 
withinŊindividuaѴ variation in a trait to be the soѴe interestķ often 
betweenŊindividuaѴ variation is of interest tooķ and aggregating 
individuaѴs within a batch couѴd reduce the abiѴity to estimate 
betweenŊindividuaѴ variation when individuaѴs are aggregated in 
and thus confounded with batch effectsĺ Thus aѴthough assumedķ 
it remains to be determined whether aggregation increases staŊ
tisticaѴ power to detect withinŊindividuaѴ effects so substantiaѴѴy 
that it wouѴd outweigh these four disadvantagesĺ Henceķ the apŊ
proaches to structure sampѴes for anaѴyses in ѴongŊterm studies 
suffer from confounding effectsķ crossŊcѴassified data structures 
and increased ѴikeѴihood for human errorķ and cannot provide the 
comparabѴe anaѴyses of sampѴes over time required in ѴongŊterm 
studiesĺ

Hereķ we present an approach to the anaѴysis of sampѴes from 
growing biobanks thatķ whiѴe maintaining statisticaѴ independenceķ 
accounts for amongŊcѴuster variation and controѴs for other potenŊ
tiaѴѴy confounding effects ŐFigure Ƒcőĺ AdditionaѴѴyķ we provide a case 
study of this noveѴ approach and subsequentѴy test the assumpŊ
tion that aggregating ѴongitudinaѴ sampѴes within batches resuѴts 
in greater statisticaѴ power to detect withinŊindividuaѴ effectsĺ We 
then discuss the anaѴysis of ѴongŊterm data and highѴight the imporŊ
tance of statisticaѴ mixed modeѴsĺ WhiѴe we wiѴѴ mainѴy consider the 
fieѴd of evoѴutionary bioѴogyķ using teѴomere dynamics as an iѴѴustraŊ
tive exampѴeķ these considerations and techniques can be appѴied to 

a range of fieѴdsķ incѴuding epidemioѴogyķ ecoѴogy and ѴaboratoryŊ 
based scienceĺ

ƑՊ |ՊMATERIAL S AND METHODS

ƑĺƐՊ|ՊSѴicing approach

We have deveѴoped a sѴicing approach to structure sampѴes from 
growing biobanksķ such that recentѴy coѴѴected sampѴes are anaѴysed 
in cѴusters together with previousѴy obtained sampѴesķ ensuring staŊ
tisticaѴ independence of coѴѴection time and cѴusterĺ This approach 
can overcome the experimentaѴ design and statisticaѴ issues with 
crossŊcѴassification and confounding variabѴes in ѴongŊterm studies 
ŐGeѴman ş HiѴѴķ ƑƏƏѵĸ GreenѴand et aѴĺķ ƐƖƖƖĸ SchieѴzeth ş Nakagawaķ 
ƑƏƐƒőķ by bridging batches and cѴusters togetherĺ This aѴѴows for a 
structured and a priori separation of the variation of interest from 
confounding variabѴes and when combined with mixed modeѴs copes 
weѴѴ with crossŊcѴassified data structuresĺ The biobank is divided into 
sѴices ŐFigure Ƒcőķ where a sѴice refѴects a group of coѴѴectiveѴy gathŊ
ered sampѴes Őeĺgĺ in the same yearő anaѴysed togetherĺ SampѴes from 
a sѴice can be sequentiaѴѴy aѴѴocated to batches and onѴy need to be 
anaѴysed onceķ with the benefit of needing Ѵess sampѴe voѴume and 
Ѵess degradation of sampѴesĺ Separate sampѴes from the same sѴice 
can be anaѴysed in different batches or cѴusters ŐFigure Ƒcőķ bridgŊ
ing batches and cѴusters togetherĺ SѴicing uses a varying proportion 
of sampѴes from each given sampѴing period Őiĺeĺ sѴicesőķ sequentiaѴѴy 
anaѴysed in a singѴe cѴusterķ to statisticaѴѴy account for temporaѴ and 
cѴuster variationĺ SѴicing therefore aѴѴows convenient sequentiaѴ 
anaѴysis whiѴe maintaining statisticaѴ independenceĺ

Depending on the frequency at which new sampѴes are obŊ
tainedķ the ļwidthĽ of the sѴices can be changed ŐFigure Ƒcőĺ For 
exampѴeķ Ѵow anaѴysis frequency requires wider sѴices to account 
for amongŊcѴuster variationĺ This decision is directѴy reѴated to 
the sѴicing ļangѴeĽ ŐFigure Ƒcőķ which determines the degree of 
independence of sampѴing year from cѴusterĺ For exampѴeķ if 
there are environmentaѴ effects reѴated to the coѴѴection time of 
sampѴesķ sѴicing sampѴes by coѴѴection time Őiĺeĺ Ѵower angѴeő reŊ
moves possibѴe confounds with cѴuster effectsĺ For sѴicing to be 
effective across cѴustersķ it requires muѴtipѴe yearsņcohorts to 
be present within a singѴe cѴuster and at Ѵeast one of those yearsņ
cohorts to be present in a different cѴusterķ aѴѴowing statisticaѴ 
separation of amongŊcѴuster variation and confounding effectsĺ 
Depending on sѴicing width and angѴeķ a sѴice shouѴd cover apŊ
proximateѴy oneŊthird of each batchķ when sѴicing across three 
batchesķ with three separate sѴices covering the same batch 
ŐFigure Ƒc and see Section Ƒĺƒőĺ Such a strategy aѴso naturaѴѴy 
aѴѴocates sampѴes of certain sѴices to batches in subsequent cѴusŊ
tersķ bridging cѴusters together ŐFigure Ƒcő and aѴѴowing controѴ 
of amongŊcѴuster variationĺ As a generaѴ ruѴeķ when you have 
more confounding effects smaѴѴer sѴices Őiĺeĺ Ѵower angѴe and 
smaѴѴer widthő are required to be abѴe to partition these conŊ
founding effectsĺ SmaѴѴer sѴices Ѵead to a greater statisticaѴ power 
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to separate potentiaѴѴy confounding effects within and between 
batches Őas there are more sѴices within a batch and each sѴice 
occurs in more batchesőĺ Setting the sѴicing angѴe and width is a 
tradeŊoff between statisticaѴ independence Őassessing statisticaѴ 
power in the case of confounding effectső and the number of 
sampѴes that remain unanaѴysed untiѴ the addition of newѴy coѴŊ
Ѵected sampѴesĺ This Ѵatter point is a constraintķ as the number 
of sampѴes that can be anaѴysed simuѴtaneousѴy wiѴѴ be reducedķ 
if onѴy sѴightѴyķ by this approachĺ We argue that the creation of 
statisticaѴ independence and accounting for amongŊcѴuster variŊ
ation are merits that outweigh this Ѵimitationĺ

ƑĺƑՊ|ՊA case studyĹ structuring sampѴes for teѴomere 
length analysis in wild house sparrows

We provide a case study of how sѴicing can be appѴied to structure 
sampѴes for anaѴysis in a ѴongŊterm ŐƻƑƏ yearső study on a naturaѴ 
popuѴation of house sparrows ŐPasser domesticuső on Lundy IsѴandķ 
UK ŐSchroederķ Nakagawaķ Reesķ MannareѴѴiķ ş Burkeķ ƑƏƐƔőĺ House 
sparrows are a reѴativeѴy ѴongŊѴived species Őon LundyĹ mean ѴifesŊ
pan is ƒĺƔ Ƽ ƐĺƓ SEķ maximum Ѵifespan is Ɩ yearsĸ Schroederķ Burkeķ 
MannareѴѴiķ Dawsonķ ş Nakagawaķ ƑƏƐƑőĺ The Lundy popuѴation 
has been systematicaѴѴy studied since ƑƏƏƏ and the aduѴt popuѴaŊ
tion size varies between years ŐSimonsķ Winneyķ Nakagawaķ Burkeķ 
ş Schroederķ ƑƏƐƔőĺ Immigration to and emigration from the isѴand is 
Ѵow ŐƏĺƔѷ of recruitsĸ Schroeder et aѴĺķ ƑƏƐƔőķ with an annuaѴ resightŊ
ing probabiѴity of ƏĺƖƐŋƏĺƖѵ ŐSimons et aѴĺķ ƑƏƐƔőĺ This cѴosed isѴand 
popuѴation on Lundy thus provides precise ages and ѴifeŊhistory data 
for aѴѴ individuaѴsĺ

We use a subset of the Lundy dataset containing ƐƑ years of data 
ŐƑƏƏƏŋƑƏƐƐĸ TabѴe SƐőķ where the popuѴation consisted on average 
of ƐƒƏ individuaѴs that were bѴood sampѴed on average twice a yearĺ 
The totaѴ biobank we seѴected for in this case study contains Ƒķƕƒƒ 
sampѴes from ƔƐƔ individuaѴsĺ The hypothesis to be tested is that 
teѴomere Ѵength and age are negativeѴy associated within individuŊ
aѴsķ and therefore we wiѴѴ anaѴyse aѴѴ sampѴes coѴѴected every ѵ years 
Őiĺeĺ ƐƑņѵ Ʒ Ƒ cѴusterső with ƐƑ qPCR pѴates Őiĺeĺ batcheső in each 
cѴuster ŐFigure SƐőĺ SampѴes are anaѴysed sequentiaѴѴyķ where each 
sampѴe is anaѴysed onceĺ A key consideration is to separate variaŊ
tion in sources of interest from confounding variabѴes by anaѴysing 
sampѴes with different confounding effects in the same batchĺ This 
ensures that confounding effects Őeĺgĺ sampѴing yearő are not fuѴѴy 
confounded with attributes of batchĺ SѴicingķ where sampѴes are 
sѴiced across batches within a cѴusterķ can achieve such separation 
in combination with mixed modeѴs to statisticaѴѴy correct for known 
confounding effects Őeĺgĺ qPCRŊpѴateőĺ

In the Lundy sparrow exampѴeķ we first determine the sѴicing 
widthķ which depends on the anaѴysis frequency and number of 
sampѴes coѴѴected in each yearĺ The anaѴysis frequency Őiĺeĺ Ƒ cѴusŊ
terső is reѴativeѴy Ѵow which resuѴts in many sampѴing years within 
a cѴusterĺ The contribution of a confounding sampѴing year effect 
can be determined by comparison of withinŊyear to betweenŊyear 

effectsķ which requires sufficient sampѴes from a singѴe year anaŊ
Ѵysed in the same batch and therefore wider sѴicesĺ Howeverķ the 
number of sampѴes coѴѴected in each year varies markedѴyķ resuѴtŊ
ing in a variabѴe sѴicing width per year depending on the number of 
sampѴes in each year ŐFigure SƐőĺ Secondķ we determine the sѴicing 
angѴeĺ Since the popuѴation density varied strongѴy between yearsķ 
the sѴicing angѴe shouѴd be Ѵow ŐFigure SƐőĺ This way a singѴe year 
crosses more batches which aѴѴows confounding effects Őiĺeĺ popŊ
uѴation density and yearő to be separated from variation in sources 
of interestĺ Thirdķ since the number of sampѴes exceeds the preŊ
ferred sѴicing width and angѴeķ muѴtipѴe batches with the same 
ѴayŊout wiѴѴ be used ŐFigure SƐőĺ These sѴicing parameters resuѴt 
in at Ѵeast three sѴices within a batch to enabѴe the separation of 
confounding environmentaѴ effects Őeĺgĺ popuѴation densityķ samŊ
pѴing yearő from Ѵaboratory effects Őeĺgĺ batchőķ when using mixed 
modeѴs ŐGeѴman ş HiѴѴķ ƑƏƏѵőĺ

The sѴicing approach aѴѴows an accurate estimation of the reѴaŊ
tionship between teѴomere Ѵength and ageĺ Since the Lundy sparrow 
study is ongoingķ the sѴicing approach can be continued into new 
cѴusters without inducing new confounding effectsĺ For comparisonķ 
the sequentiaѴ approach wouѴd confound sampѴing year with batch 
effects whiѴe randomization of sampѴes couѴd resuѴt in human and 
technicaѴ errorsĺ AdditionaѴѴyķ randomization wouѴd not aѴѴow comŊ
parabѴe anaѴyses among cѴusters or fѴexibѴe incѴusion of current data 
in future anaѴysesĺ

EffectiveѴy appѴying the sѴicing approach to oneŝs own dataset 
thus minimaѴѴy requires muѴtipѴe sѴices within a batch and cѴusterķ 
and at Ѵeast part of one of these sѴices in another batch or cѴuster 
ŐFigure Ƒcĸ Figure SƐőĺ The sѴicing width can varyķ for exampѴeķ deŊ
pending on the number of sampѴes coѴѴected each yearĺ AdditionaѴѴyķ 
a Ѵow sѴicing angѴe is preferred since often there is a substantiaѴ numŊ
ber of confounding effectsķ and a Ѵower sѴicing angѴe Ѵeads to sѴices 
crossing more batches and separation of confounding effects from 
variabѴes of interestĺ

The benefit of the sѴicing approach over other strategies is that it 
aѴѴows convenient sequentiaѴ anaѴysis of the biobank and enabѴes sepŊ
aration of variabѴes of interest from confounding variabѴesĺ Howeverķ 
the benefit of sequentiaѴ anaѴysis within the sѴicing approach disapŊ
pears when sampѴes from a singѴe individuaѴ need to be aggregated 
within the same batch Őeĺgĺ Beirne et aѴĺķ ƑƏƐƓĸ NettѴe et aѴĺķ ƑƏƐƔőĺ We 
therefore determine whether aggregation of ѴongitudinaѴ sampѴes from 
a singѴe individuaѴ provides greater statisticaѴ power and precision in 
ѴongŊterm studies to detect any withinŊindividuaѴķ betweenŊindividuaѴķ 
year or cohort effects through simuѴationsĺ

ƑĺƒՊ|ՊSimuѴations

We used simuѴations run in R ƒĺƒĺƐ ŐR DeveѴopment Core Teamķ ƑƏƐƖő 
to determine the statisticaѴ power Őiĺeĺ abiѴity to reject the nuѴѴ hyŊ
pothesis when faѴseő and precision Őiĺeĺ width of the distributionő to 
detect individuaѴķ year and cohort effectsķ using different sampѴe aѴŊ
Ѵocation strategies Őiĺeĺ ѴongitudinaѴ sampѴes aggregated in a singѴe 
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batchķ randomѴy aѴѴocated to batchesķ or ļsѴicedĽ across batchesĸ see 
Data SƐőĺ

We simuѴated a popuѴation of ƑƏƏ individuaѴs in ƐƏ cohorts that 
were sampѴed once a year for a maximum of Ɣ yearsķ providing an 
equaѴ sampѴe size in aѴѴ simuѴationsĺ ļTeѴomere ѴengthĽ was used as 
an exampѴe response variabѴeĸ howeverķ this is appѴicabѴe to any ѴonŊ
gitudinaѴѴy measured continuous variabѴeĺ Starting teѴomere Ѵength 
was drawn from a Gaussian distribution to fix betweenŊindividuaѴ 
standard deviation ŐSD Ʒ ƐĺƏƏő and aѴѴ individuaѴs shared the same 
withinŊindividuaѴ shortening rate of teѴomeres ŐƏĺƏѵŖƐķ scaѴed to 
SD Ʒ Ɛ parameterķ ƷƏĺƏѵ per yearőĺ

Year effects were simuѴated by taking Əĺƕ muѴtipѴied by a genŊ
erated vaѴue drawn from a uniform distribution Őbetween Ə and Ɛő 
for each year and added these to the response variabѴeĺ In separate 
simuѴationsķ we repѴaced year with cohort effects ŐƑƏ individuaѴs per 
cohortő by taking ƏĺƖ muѴtipѴied by a generated vaѴue from a uniform 
distribution Őbetween Ə and Ɛő for each cohortĺ We chose to modeѴ 
ļyearĽ and ļcohortĽ as possibѴe bioѴogicaѴ confounds with experimenŊ
taѴѴy induced variationĺ The choice to modeѴ such specific bioѴogy 
is rather arbitrary as we are simuѴating the confounding effect of 
ļbatch of anaѴysisĽ and bioѴogyĺ We aѴso conduct additionaѴ simuѴaŊ
tions with varying strengths for year and cohort effects to deterŊ
mine the robustness of the resuѴtsĺ

IndividuaѴ probabiѴity of death was then modeѴѴed via teѴomere 
Ѵength associated with mortaѴity ŐEquation Ɛő asĹ

where x is the initiaѴ teѴomere Ѵength for ith individuaѴķ with a baseѴine 
probabiѴity of death Őβő of ƏĺƑƔ and a sѴope Őαő of ƴƏĺƑƒķ providing morŊ
taѴity risk Őy

i
ő per yearĺ This resuѴted in the probabiѴity of death varying 

with ƼƑ SD teѴomere Ѵength from ƏĺƐƓ to Əĺƒѵ per yearĺ Death for each 
simuѴated individuaѴ was determined by drawing from a uniform distriŊ
bution Őranging Ə to Ɛő to determine a simuѴated deathĺ MortaѴity was 
partѴy determined by the response variabѴe Őto simuѴate seѴective disapŊ
pearance from the popuѴationķ determined by the betweenŊindividuaѴ 
age componentķ see next paragraphőķ with variabѴe teѴomere Ѵengths 
to start with ŐbetweenŊindividuaѴ variationő and a set withinŊindividuaѴ 
shortening ŐwithinŊindividuaѴ age componentķ see next paragraphőĺ

We simuѴated the reѴationship between teѴomere Ѵength and 
age Őin yearső both within and between individuaѴsĺ BetweenŊ
individuaѴ effects were modeѴѴed using the mean age at which the 
individuaѴŝs trait was measuredķ and withinŊindividuaѴ effects as the 
age at which an individuaѴŝs trait was measured minus the mean 
measurement age for that individuaѴ Ővan de PoѴ ş Wrightķ ƑƏƏƖőĺ

SimuѴations were run ƔķƏƏƏ timesķ for a varying number of samŊ
pѴes ŐƐƑķ ƑƓķ ƒѵķ ƓѶő per batch and simuѴated differences between 
batch means Őbatch attributabѴe errorķ SDĹ Ɛķ ƑĺƔķ Ɣķ ƐƏķ ƑƏķ ƓƏőĺ This 
error is reѴativeѴy high to ensure that we controѴ for potentiaѴ effects 
of batch attributabѴe error when determining the variation in staŊ
tisticaѴ power among sampѴe aѴѴocation strategiesĺ SimuѴations were 
repeated three times to obtain three separate resuѴts per sampѴe aѴŊ
Ѵocation strategyĺ

The sѴicing strategy was simuѴated at an angѴe that resuѴted in at 
Ѵeast three sѴices per batchĺ Noteķ to start the sampѴe aѴѴocationķ the 
first batch was fiѴѴed by ƒņƓ with the first sѴice and by ƐņƓ with the 
second sѴiceķ where subsequent batches were fiѴѴed by ƐņƓķ ƐņƑ and 
ƐņƓ with subsequent sѴices ŐFigure Ƒcőĺ AdditionaѴ simuѴations were 
run with the sѴicing angѴe haѴvedķ sѴicing width haѴvedķ and a doubѴed 
sampѴe size Őn Ʒ ƓƏƏőĺ

The simuѴated data were anaѴysed using Ѵinear mixed modeѴs 
in LME4 ƐĺƐŋƐƓ ŐBatesķ MachѴerķ BoѴkerķ ş WaѴkerķ ƑƏƐƔőķ where the 
modeѴ incѴuded random effects Őat the intercept ѴeveѴő for individŊ
uaѴ Őto controѴ for repeated measurements on the same individuaѴő 
and batchķ and year or cohort was fitted as a fixed factorĺ StatisticaѴ 
power was determined by the number of significant vaѴues Őp ƺ ĺƏƔő 
for each variabѴe out of the totaѴ number of simuѴations Őn Ʒ ƔķƏƏƏőĺ 
It is important to understand the effect of sampѴe aѴѴocation stratŊ
egy on precision estimatesķ as weѴѴ as statisticaѴ powerĺ We therefore 
quantified precision as the width of the distribution of parameter 
estimates from the modeѴs run on the repeated simuѴated datasetsķ 
as the absoѴute difference between the ƕƔѷ and ƑƔѷ percentiѴe diŊ
vided by the median Őnoteķ a precision vaѴue cѴoser to zero means 
higher precisionőĺ

Parameters of the simuѴations were manuaѴѴy optimized so that 
a statisticaѴ power of approximateѴy ƏĺƔ was achieved to detect 
betweenŊindividuaѴ effects for the random aѴѴocation strategyķ deŊ
termined by a tŊvaѴue of Ѵess than ƴƑ Őα ƹ ƏĺƏƔőĺ This intermediate 
ѴeveѴ of statisticaѴ power avoids threshoѴding effects at either end of 
the power spectrum ŐƏ or Ɛőĺ Such a simuѴation strategy maximizes 
the sensitivity in detecting any moduѴation in reѴative statisticaѴ 
power among sampѴe aѴѴocation strategiesķ which is our focus rather 
than achieving a certain absoѴute statisticaѴ powerĺ

ƒՊ |ՊRESULTS

Our simuѴations tested the wideѴy heѴd assumption that aggregatŊ
ing ѴongitudinaѴ sampѴes of the same individuaѴ in a singѴe batch 
increases statisticaѴ power to detect withinŊindividuaѴ effects Őeĺgĺ 
Herborn et aѴĺķ ƑƏƐƓĸ NettѴe et aѴĺķ ƑƏƐƔőĺ In simuѴations with year 
effectsķ the statisticaѴ power to detect withinŊindividuaѴ effects was 
much Ѵower when ѴongitudinaѴ sampѴes were aggregated Őmean staŊ
tisticaѴ power Ƽ SD across sampѴe sizes and three runs per simuѴaŊ
tion Ʒ ƏĺƏƔƖ Ƽ ƏĺƏƒƏő than when sampѴes were sѴiced across batches 
ŐƏĺƑѵƖ Ƽ ƏĺƏƏѶő or randomѴy aѴѴocated to batches ŐƏĺƑѵƕ Ƽ ƏĺƏƏƕĸ 
Figure ƒőĺ For betweenŊindividuaѴ effectsķ againķ the statisticaѴ 
power was much Ѵower when ѴongitudinaѴ sampѴes were aggreŊ
gated in a singѴe batch ŐƏĺƐƒѶ Ƽ ƏĺƏƕƕő compared to when sampѴes 
were sѴiced across batches ŐƏĺƓƓƒ Ƽ ƏĺƏƏƕő or randomѴy aѴѴocated 
to batches ŐƏĺƓƓƐ Ƽ ƏĺƏƏƕĸ Figure ƒőĺ The statisticaѴ power to detect 
year effects was higher when ѴongitudinaѴ sampѴes were aggregated 
in a singѴe batch ŐƏĺƕƕѵ Ƽ ƏĺƏƏѶő or randomѴy aѴѴocated to batches 
ŐƏĺƕѶƑ Ƽ ƏĺƏƐƓő than when sѴiced across batches ŐƏĺѵƑƑ Ƽ ƏĺƏƐƑĸ 
Figure ƒőĺ Howeverķ a Ѵower sѴicing angѴe Őcrossing four batchesĸ 
ƏĺƕƓƐ Ƽ ƏĺƏƏƖő and smaѴѴer sѴicing width ŐhaѴf a batchĸ ƏĺƕƔƐ Ƽ ƏĺƏƏƕő 
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resuѴted in a simiѴar statisticaѴ power to detect year effects to agŊ
gregation of ѴongitudinaѴ sampѴes and random aѴѴocation whiѴe mainŊ
taining statisticaѴ power to detect withinŊ and betweenŊindividuaѴ 
effects ŐFigure Ɠőĺ

In simuѴations with cohort effectsķ the statisticaѴ power to detect 
withinŊ and betweenŊindividuaѴ effects was Ѵower when sѴicing across 
batches ŐƏĺƐƔƖ Ƽ ƏĺƏƒƑĸ ƏĺƒƑƓ Ƽ ƏĺƏƑƏő compared to aggregation 
ŐƏĺƔƔƕ Ƽ ƏĺƏƏƖĸ ƏĺƒƖƏ Ƽ ƏĺƏƑƏő and randomization ŐƏĺƔƓƑ Ƽ ƏĺƏƐƓĸ 

F I G U R E  ƒ Պ StatisticaѴ power anaѴyses of simuѴated data for individuaѴ and year effects among four batch sizes Őn Ʒ ƐƑŋƓѶő using three 
sampѴe aѴѴocation strategiesĹ ŐƐő aggregating sampѴes per individuaѴ in the same batch ŐsoѴidķ redőķ ŐƑő assigning sampѴes randomѴy to batches 
Ődashedķ bѴueő or Őƒő sѴicing sampѴes across batches with an angѴe that crosses two batches and a sѴicing width of a singѴe batch Ődottedķ 
yeѴѴowőĺ Raw data points from three separate simuѴations with mean statisticaѴ power per sampѴe size are shown against amongŊbatch 
variationķ with ƖƔѷ confidence intervaѴs as shaded areasĺ ScaѴes differ between yearķ withinŊ and betweenŊindividuaѴ effects
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ƏĺƓƑƒ Ƽ ƏĺƏƏѶő approaches ŐFigure SƑőĺ Howeverķ statisticaѴ power 
to detect cohort effects was greater for sѴicing ŐƏĺƓƐƒ Ƽ ƏĺƏƏƖő and 
randomization ŐƏĺƓѵƑ Ƽ ƏĺƏƏѶő compared to aggregation of ѴongituŊ
dinaѴ sampѴes in a singѴe batch ŐƏĺƐƓƑ Ƽ ƏĺƏƓƓĸ Figure SƑőĺ A doubѴed 
sampѴe size Őn Ʒ ƓƏƏőķ either for simuѴations with year or cohorts 
effectsķ increased statisticaѴ power but did not aѴter variation in 

statisticaѴ power among sampѴe aѴѴocation strategies ŐFigures Sƒ  
and SƓőĺ AdditionaѴѴyķ varying the strengths of year and cohort efŊ
fects changed the statisticaѴ powerķ but not the variation among 
sampѴe aѴѴocation strategies ŐFigures SƔŋSѶőĺ

In simuѴations with either year or cohort effectsķ the preciŊ
sion to estimate withinŊ and betweenŊindividuaѴ effects foѴѴowed 

F I G U R E  Ɠ Պ StatisticaѴ power anaѴyses of simuѴated data for individuaѴ and year effects among four batch sizes Őn Ʒ ƐƑŋƓѶő using three 
different sѴicing parametersĹ ŐƐő sѴicing angѴe that crosses two batches with a sѴicing width of a singѴe batch ŐsoѴidķ redőķ ŐƑő haѴved sѴicing angѴe 
which crosses four batches Ődashedķ bѴueő or Őƒő haѴved sѴicing width of haѴf a batch Ődottedķ yeѴѴowőĺ Raw data points from three separate 
simuѴations with mean statisticaѴ power per sampѴe size are shown against amongŊbatch variationķ with ƖƔѷ confidence intervaѴs as shaded 
areasĺ ScaѴes differ between yearķ withinŊ and betweenŊindividuaѴ effects
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simiѴar patterns to statisticaѴ power in the respective simuѴationsķ 
with greater precision for the approaches that showed greater 
statisticaѴ power ŐFigures SƖ and SƐƏőĺ Howeverķ precision to estiŊ
mate cohort and year effects was the opposite of statisticaѴ powerķ 
where approaches with Ѵower statisticaѴ power showed greater 
precision to detect such effects ŐFigures SƖ and SƐƏőĺ A doubѴed 
sampѴe size Őn Ʒ ƓƏƏő increased precision but did not aѴter variaŊ
tion in precision among sampѴe aѴѴocation strategies ŐFigures SƐƐ 
and SƐƑőĺ AdditionaѴѴyķ varying the strengths of year and cohort 
effects changed the precisionķ but not the variation among sampѴe 
aѴѴocation strategies ŐFigures SƐƒŋSƐѵőĺ

Our sѴicing method performs simiѴar to randomization of samŊ
pѴes and outperforms aggregation of ѴongitudinaѴ sampѴes to disŊ
entangѴe withinŊ and betweenŊindividuaѴ effects when year effects 
appѴyķ an objective shared by many ѴongitudinaѴ studies ŐNusseyķ 
Froyķ Lemaitreķ GaiѴѴardķ ş Austadķ ƑƏƐƒĸ van de PoѴ ş Wrightķ ƑƏƏƖőĺ 
SimuѴations were run for a wide range of parameters and sampѴe 
sizes ŐFigures ƒ and Ɠĸ Figures SƑŋSƐѵőĺ When desirabѴeķ different 
parameter sets specific to current or future datasets can be incѴuded 
in the script provided ŐData SƐőĺ

ƓՊ |ՊDISCUSSION

The anaѴysis of comprehensive ѴongŊterm datasets is often comŊ
pѴex due to crossŊcѴassified data structures and difficuѴties in 
separating variation in sources of interest from confounding variŊ
abѴesķ such as separating year from batch effectsĺ Our simuѴations 
cѴearѴy demonstrate that statisticaѴ power was greater for withinŊ 
and betweenŊindividuaѴ effects when sampѴes were randomized 
or sѴiced across batches when year effects appѴyĺ The reduction in 
statisticaѴ power for aggregation of ѴongitudinaѴ sampѴes in a singѴe 
batch to detect such effects can be expѴained by the confoundŊ
ing of the year and batch effectĺ ConverseѴyķ in simuѴations with 
cohort effectsķ there was greater statisticaѴ power for withinŊ and 
betweenŊindividuaѴ effects when sampѴes were aggregated within 
a singѴe batch or randomizedķ compared to sѴicing across batchesĺ 
The Ѵower statisticaѴ power for sѴicing to detect such effects is 
the consequence of a Ѵow number of cohorts in our simuѴationsķ 
where cohorts are sequentiaѴѴy ordered instead of mixed among 
sѴicesķ which resuѴts in confounding effects between cohort and 
batch within the sѴicing approachĺ A higher number of cohorts in 
the simuѴations wiѴѴ Ѵead to a mixture of cohorts among sѴices and 
resuѴt in simiѴar statisticaѴ power to detect withinŊ and betweenŊ
individuaѴ effects for aѴѴ three sampѴe structuring strategiesĺ This 
highѴights the importance choosing appropriate sѴicing angѴes and 
widthsķ ensuring adequate variation of potentiaѴ confounds Őeĺgĺ 
cohortņyearő in a singѴe batchĺ

The greater statisticaѴ power to detect withinŊindividuaѴ efŊ
fects for sѴicing and randomization when year effects appѴy was 
the consequence of appropriate statisticaѴ methodoѴogyķ accountŊ
ing for batchķ individuaѴ and year through fixed and random efŊ
fectsĺ These resuѴts disprove the assumption that sampѴes from a 

singѴe individuaѴ need to be anaѴysed in the same batch for greater 
statisticaѴ power to detect withinŊindividuaѴ effects Őeĺgĺ Beirne 
et aѴĺķ ƑƏƐƓĸ NettѴe et aѴĺķ ƑƏƐƔőĺ Such efforts wiѴѴ reduce the statisŊ
ticaѴ power of the study and generate unnecessary effort in pickŊ
ing specific sampѴesķ which increases the ѴikeѴihood of technicaѴ 
errors Őeĺgĺ sampѴe mixŊupsķ freezeņthawing effectsķ transcription 
or pipetting errorsőĺ

The statisticaѴ power to detect year effects was greater when samŊ
pѴes were aggregated in a singѴe batch or randomized across batches 
compared to sѴicingĺ Howeverķ when the sѴicing angѴe and width deŊ
creasedķ there was no difference in statisticaѴ power to detect year 
effects compared with aggregation and randomization approachesĺ 
This is because a Ѵower sѴicing angѴe and smaѴѴer width reduces the 
confound between batch and yearķ as a sѴice crosses more batches or 
there are more sѴices per batchĺ In contrastķ the notion that ѴongitudinaѴ 
sampѴes shouѴd not be aggregated in the same batch becomes particŊ
uѴarѴy pronounced when cohort effects occurĺ The effort of grouping 
sampѴes from a singѴe individuaѴ together coѴѴects cohorts together 
Őan individuaѴŝs cohort is fixedő in a batch thus reducing the statistiŊ
caѴ power to distinguish between different cohortsķ even though this 
increases precisionĺ Random aѴѴocation of sampѴes and sѴicing have a 
substantiaѴѴy greater statisticaѴ power to detect cohort effects due to a 
higher mixture of cohorts within the same batchĺ For teѴomere bioѴogy 
especiaѴѴyķ estimating cohort effects reѴiabѴy is important as it can afŊ
fect teѴomere Ѵength strongѴy ŐSpurgin et aѴĺķ ƑƏƐƕőķ but cohort effects 
are not aѴways estimatedĺ AѴѴ these resuѴts are robust against a variety 
of batch errorsķ sampѴe sizes and strengths of year and cohort effectsĺ

ƓĺƐՊ|ՊIntegraѴ approach to growing biobank anaѴysis

The optimaѴ sampѴe structuring strategy for anaѴysing ѴongŊterm 
datasets depends on the structure of the data and questions of inŊ
terestĺ Howeverķ in the majority of ѴongŊterm datasetsķ sѴicing has 
benefits over other structuring strategies by overcoming probѴems 
with confounding variabѴes and crossŊcѴassified data structures 
which commonѴy occur in the anaѴysis of ѴongŊterm studiesĺ

The assumption that ѴongitudinaѴ sampѴes shouѴd be aggregated 
in a singѴe batch couѴd hinder the sѴicing approachķ but our simuѴaŊ
tions have disproven this assumptionĺ SѴicing performsķ in terms of 
statisticaѴ power and precisionķ equaѴѴy weѴѴ to randomization when 
appѴying correct sѴicing parameters Őiĺeĺ Ѵow width and angѴeőĺ SѴicing 
across batches and cѴusters and bridging them together provides the 
sѴicing approach with statisticaѴ power to disentangѴe confounding 
effectsĺ

The key benefit of sѴicing over randomization is that sѴicing aѴѴows 
separate anaѴysis of current data and fѴexibѴe incѴusion of these data 
into future anaѴyses without compѴeteѴy confounding the anaѴysisĺ 
Furthermoreķ sѴicing aѴѴows sequentiaѴ anaѴysis of sampѴesķ which onѴy 
need to be anaѴysed onceķ preventing compѴicated sampѴe ѴabeѴѴing 
and pѴacing among cѴustersķ reducing sampѴe voѴume required and 
avoiding any defrosting issues and therefore reducing the potentiaѴ for 
human error.
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SѴicing has some potentiaѴ Ѵimitationsĺ For exampѴeķ substantiaѴ 
differences among years in the number of sampѴes coѴѴected couѴd 
Ѵimit the ease with which the sѴicing approach is appѴiedĺ AdditionaѴѴyķ 
a faiѴed anaѴysis of sampѴes Őeĺgĺ pѴate faiѴure Ѵeading to sampѴe Ѵoss 
during anaѴysiső using sѴicing resuѴts in missing data within a certain 
time windowķ whereas with randomization this is scattered across 
the datasetĺ WhiѴe sѴicing performs simiѴarѴy to randomization in 
terms of statisticaѴ power and precisionķ we think that sѴicing is more 
practicaѴ with merits Őiĺeĺ sequentiaѴ anaѴysisķ statisticaѴ indepenŊ
denceő that outweigh the Ѵimitationsĺ We stipuѴate thatķ because of 
sequentiaѴ anaѴysis in our sѴicing approachķ hypotheses need to be 
preŊdefined and power anaѴyses conducted before experimentaѴ and 
statisticaѴ anaѴysis ŐFraserķ Parkerķ Nakagawaķ Barnettķ ş FidѴerķ ƑƏƐѶ 
and references thereinőĺ

The use of mixed modeѴs is common in the anaѴysis of ѴongituŊ
dinaѴ datasetsķ especiaѴѴy in ecoѴogy ŐBoѴker et aѴĺķ ƑƏƏƖĸ GeѴman ş 
HiѴѴķ ƑƏƏѵőĺ We highѴight the use of mixed modeѴs because they are 
necessary when using the sѴicing approach to account adequateѴy 
for experimentaѴ and environmentaѴ variationĺ The combination 
of sѴicing and mixed modeѴs in ѴongŊterm studies aѴѴows anaѴysis 
of commonѴy occurring crossŊcѴassified data structures that arise 
due to hierarchicaѴ bioѴogy mixed with crossŊcѴassified data coѴŊ
Ѵection and anaѴysisĺ Interpretation of the variance components in 
these modeѴs depends on a crossed or nested design ŐSchieѴzeth ş 
Nakagawaķ ƑƏƐƒőķ where the random effect structure can be used 
to account for potentiaѴѴy confounding experimentaѴ and environŊ
mentaѴ variabѴes with cѴuster effects Őeĺgĺ storage durationķ batchőĺ 
The faiѴure to incѴude these effects can infѴate type I and type II 
errors when there is a temporaѴķ spatiaѴ or other spurious correѴaŊ
tion with any independent variabѴeĺ

ƔՊ |ՊCONCLUSIONS

A major current chaѴѴenge in ѴongŊterm studies is anaѴysing data as it 
is coѴѴected whiѴe aѴso incѴuding it in future anaѴyses without creating 
uncontroѴѴabѴe variationķ aѴѴowing comparison of resuѴts over muѴtiŊ
pѴe years or even decadesĺ This requires the abiѴity to compare difŊ
ferentiaѴѴy timed anaѴyses that are potentiaѴѴy biased by confounding 
cѴuster effectsĺ Our study shows the importance of considering 
the structure of sampѴes among cѴusters and batches in ѴongŊterm 
studiesĺ Our sѴicing approach retains statisticaѴ independence and 
accounts for amongŊcѴuster variation in the sequentiaѴ anaѴysis of 
growing biobanksĺ SѴicing aѴso provides simiѴar statisticaѴ power and 
precision to detect cohortķ yearķ withinŊ and betweenŊindividuaѴ 
effects to randomizationķ if anaѴysed using appropriate statisticaѴ 
mixed modeѴs and consistent methodoѴogy to controѴ for confoundŊ
ing effectsĺ A singѴe sampѴeŝs scientific vaѴue increases through this 
approachķ as it can be used separateѴy in current studiesķ but can 
aѴso be incѴuded in subsequent studiesķ providing sustainabѴe ŐreŊő
use of coѴѴected dataĺ The approach we propose here ŐsѴicing and 
mixed modeѴső is easy to appѴy and improves the potentiaѴ for these 

growing biobanks to address important ecoѴogicaѴ and evoѴutionary 
questionsĺ
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