


rangesof neuronsin thevisualpathwaybeinglimited to 103 or less(e.g.[1, 2]). Thisbiological
challengeis,of course,mademoremanageablebypartitioning thetaskinto theoverlapping
rangesservedby thesluggish,highlysensitiverod systemandby thefaster,lesssensitivecone
system[3±6].Nevertheless,theconesystemmuststill operateoverarangeof>108 (e.g.,
Table5.1in [7]). In orderto preventlaterpostreceptoralneuronsfrom exceedingtheir limited
dynamicrangeandsaturating,light adaptationatmoderateandhigh light levelsmustoccur
primarily ator beforethesynapsesin theconepedicles.

Our ability to seewelloversuchawiderangeof light levelsisachievedprimarily by the
speedingup of thevisualresponseasthemeanlight levelincreases[8±13].Aswill beseen,this
canbeachievedbyadjustmentsin thespeedof arelativelysmallnumberof simplebiochemical
processes.Theperceptualeffectsof suchspeedadjustmentsproducecharacteristicchangesin
our sensitivityto flickeringlight with changesin light level.Here,webring together65yearsof
flicker-sensitivitymeasurementsto provideanewmodelof light adaptationwith just two level-
dependentparameters.Oneparameterof themodelcontrolsspeed,andtheothercontrolsgain.

Fig1showstwo oftenreproducedclassicsetsof ªtemporalcontrast-sensitivityfunctionsº
(TCSFs).Eachcurveshows,for asingleobserver,howsensitivityto sinusoidalflicker depends
on temporalfrequency;thedifferentcurvesarefor differentmeanlight levels.Eachcurvewas
obtainedbypresentinganobserverwith sinusoidallyflickeringstimuli of fixedmeanintensity
atseveraldifferentflicker frequencies.At eachfrequency,theobserveradjustedtheflicker con-
trastto find thesmallestcontrastatwhichtheflicker couldjustbeseenÐtheªthresholdºcon-
trast.(Contrast,for sinusoidalflicker thatextendsequallyaboveandbelowits meanintensity,
issimplytheamplitudeof theflicker dividedby themeanlevelaroundwhichthelight varies.
Consequently"contrastsensitivity",thereciprocalof thethresholdcontrast,increasesupwards
in thefigures.)

Theupperpanelsof Fig1showthelogarithmof contrastsensitivityfor aseriesof mean
light levels.Thethresholdsin theleft panelsweresetbyDeLange'sobserverV in 1958,andin
theright panelsbyKelly'sobserverDHK in 1961[14,15];thekeyin thelowerpanelsgivesthe
meanlevelsin log10trolands(ameasureof retinal illumination). Two of theprincipal light-
dependentchangesin temporalsensitivityareevidentin theupperpanels.At higherfrequen-
ciesthereareincreasesin thecontrastsensitivityto high-frequencyflicker asthemeanlevel
increases,whichareconsistentwith thevisualresponsespeedingup andsoenablingobservers
to seeflicker athigherandhigherfrequencies.On theotherhand,at lowerfrequenciescontrast
sensitivityis roughlyindependentof light level,exceptat theverylowestlight levels.Asa
result,near-threshold,thecontrastof steadilyilluminatedobjectswhoseimagesarestationary
on theretinashouldappearroughlyindependentof themeanlight level.This independenceis
amanifestationof Weber'sLaw[16]. Aswediscussbelow,theobedienceto Weber'sLawfor
severalotherobserversundertheseconditionsisonly approximate.

In thelowerpanels,thecontrastsensitivitiesshownin theupperpanelshavebeenreplotted
asamplitudesensitivities(theflicker amplitudeissimplythecontrastmultiplied by themean
level).Suchplotsmakeit easierto visualiseconditionsunderwhichamplitudesensitivityis
roughlyindependentof themeanlight level,and,indeed,athigherfrequenciestheamplitude
sensitivitiesappearto convergealongacommonhigh-frequencyasymptote.Consequently,
thespeedingup of thevisualresponsewith intensityhasbeenthoughtto keepamplitude sensi-
tivity athigherflicker frequenciesapproximatelyindependentof meanlevel(until, at thevery
highestlight levels,photopigmentbleachingbecomesimportant andcausesfrequency-inde-
pendentsensitivitylosses).However,whenthesamedataareplottedagainstlinearfrequency
asin Figs2±6,below,it isevidentthat theconvergenceof thehigh frequencysensitivityisat
bestapproximate.Thisapproximateªamplitude-invarianceºhasbeeninappropriatelynamed
ªhigh-frequencylinearityº [15]Ðinappropriatebecausechangesin thetime constantandgain
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with meanlevelmaketheunderlyingsysteminherentlynonlinear.Onereasonthat thenotion
of amplitude-invariancehaspersistedin spiteof clearevidenceto thecontrary[13] is that

Fig 1. The left-hand column shows data for observer V from De Lange [14] and the right-hand column, data for observer

DHK from Kelly [15] both measured using sinusoidally flickering stimuli. Thedataareshowntwice:Theupperpanelsshowthe
logarithmof thereciprocalof thejust-detectablecontrast(thecontrastsensitivity) asafunction of frequency (Hz) plottedon a
logarithmic scale.Thelowerpanelsshowthesamedatareplottedasthelogarithmof thereciprocalof thejust-detectableamplitude
(theamplitudesensitivity)alsoasafunction of frequency(logarithmic scale).Differentsymbolsandcolorsdenotedifferentmean
retinal illuminances(log10photopictrolands)asindicatedin thekey.Theblackcurvesarearbitrarysmoothfunctionsfitted to each
datasetto facilitatecomparison.Dataarefrom Figure5 in DeLange[14],whouseda2Êdiameter,centrallyfixated,whiteflickering
testfield in asteady60Êdiametersurroundof sameluminanceandchromaticity, andfrom datatabulatedin Table1 in Kelly [15],
whousedacentrally-fixated,50Êdiameterwhitetargetvignetted graduallyfrom 50to 68Ê.

https://doi.org/10.1371/journal.pone.0220358.g001
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whenTCSFsareplottedon alogarithmicratherthanlinearfrequencyaxis,thesensitivities
becomeincreasinglycompressedathigherfrequencies(compareFig1 with thesamedata
shownin Figs2and3),givingtheimpressionof convergence.

Othercharacteristicpropertiesof theTCSFthatcanbeseenin boththeupperandthelower
panelsof Fig1arethatat low meanlevelstheTCSFshapesaretypicallyªlow-passºin form; that
is,sensitivitydecreasesmonotonicallyasfrequencyincreases.In contrast,atmediumandhigh
intensitiestheTCSFshapesareªband-passºin form; that is,sensitivityisgreatestatsomeinter-
mediatefrequencyanddecreasesasfrequencyis increasedor decreasedfrom thatof thepeaksen-
sitivity.Additionally, thefrequencyof peaksensitivityincreaseswith increasingmeanlevel.Aswe
discussbelow,thechangefrom band-passto low-passaslight leveldeceasesmayreflectrod
involvementin someof themeasurements.

Fig 2. Log10 amplitude sensitivities for observers V (left panel) and L (right panel) measured at the eight (V) or seven (L) mean retinal illuminances

(log10 photopic trolands) noted in the key. Thesensitivitiesareplottedasafunction of frequency (Hz), whichin this figureandFigs3±6isshownon alinear
frequency scale.Datareplottedfrom Figures5and6 in DeLange[14].DeLangeuseda2Êdiameter,centrallyfixated,whiteflickeringtestfield in asteady60Ê
diameter surround of sameluminanceandchromaticity. Thesolidredlinesarebestleast-squareslinearfits to thehigh-frequencyregionof eachcurve.The
solidblackanddashedyellowlinesshowfits of our light adaptationmodel.Thedashedyellowlinesindicatethose(mesopic) levelsfor whichtheflicker
detectionis likely to bemediatedbyrodsandcones,whiletheblacklinesindicatethose(photopic) levelsfor whichthedetectionis likely to bemediatedsolely
bycones.(Thelevelsthoughtto bephotopicarealsohighlightedin yellowin thekey).

https://doi.org/10.1371/journal.pone.0220358.g002
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In thispaper,weproposeasimplemodelthataccountsfor theseandotherfeaturesof light
adaptationseenin TCSFdata.To derivethemodel,wehaveusedasetof classicandmore
recentTCSFdatathatareplottedasamplitudesensitivitiesin Figs2±6.Themoreextensivedata
shownin Figures2,3,4and5arefrom DeLange[14], Kelly [15], Roufs,[17], andStockman,
LangendoÈrfer,Smithson& Sharpe[13], respectively.Themorerestricteddatashownin Fig6
arefrom Rovamo,Raninen& Donner[18], Swanson,Ueno,Smith& Pokorny[19], andvon
Wiegand,Graham& Hood [20]. In Figs2±6,theTCSFsareplottedagainstalinearratherthan
alogarithmicfrequencyaxisto illustratetheexponentiallossof sensitivitythatoccurswith
increasingfrequencyin thehigh-frequencyregion.Eachpanelshowstheresultsfor asingle
observerviewingsinusoidalstimuli that flicker aroundaseriesof meanintensitylevels.Thesig-
nificanceof thesolidredandblackanddashedyellowlineswill beexplainedbelow.Wecon-
sidertherelationbetweenthemodelwehavedevelopedandrelatedmodelsin theDiscussion.

Methods

Thedatasetsarehistorical,andthedataplottedin Figs1±6havebeenextractedfrom theorigi-
nalpublicationsof DeLange[14], Kelly [15], Roufs,[17], Raninen& Donner[18], Swanson

Fig 3. Same as Fig 2, but amplitude sensitivities for observer DHK from Table 1 in Kelly [15]. Kellyuseda50Ê
diameterwhitetargetvignettedfrom 50to 68Ê.

https://doi.org/10.1371/journal.pone.0220358.g003
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etal.[19], andvonWiegandetal.[20]. Theoriginaldatafrom Stockmanetal.[13] werepro-
videdbyoneof theauthors.Theextractedandoriginaldatacanbefound in S1Dataset.We
havenot beenselectivein our choiceof data.Theexperimentalconditions,whichvarywidely
from laboratoryto laboratory,aresummarizedin Table1andbrieflydescribedin thefigure
legends.

Model fitting wascarriedout usingnonlinearregressionimplementedin SigmaPlot(Systat
Software,SanJose,CA) basedon theMarquardt-Levenbergalgorithm[21,22] thatminimizes
thesumof thesquareddifferencesbetweenpredictionsof themodelandthedata.

Data analysis and modelling

Exponential high-frequency sensitivity losses. Figs2±6showthesetsof TCSFdatafrom
twelveindividual observersthatwehaveusedto developour light adaptationmodel.Unusu-
ally,wehaveplottedthelogarithmicsensitivitiesasafunction of linearfrequencyto emphasise

Fig 4. Same as Fig 2, but amplitudes sensitivities for observers HJM (left panel) and RK (right panel) from Figure 3 in Roufs [17].

Roufsusedcentrally fixated,1Êdiameterªpracticallyºwhitetargetwith no surround.

https://doi.org/10.1371/journal.pone.0220358.g004
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animportant characteristicof TCSFdata:in thehigh frequencyregion,temporalsensitivity
fallsexponentially. Consequently,high-frequencysensitivityin Figs2±6,wherelogsensitivity
isplottedagainstalinearfrequencyscale,follow thestraightlinesshownby theredlinesfitted
to thehigher-frequencydatafrom eachTSCF.Thefits wereof theform:

log10ðAðf ÞÞ ¼
f
m
þ c ð1Þ

whereA(f) is theamplitudesensitivity,f is frequency,1/m is theslopeof theline andc is its
intercept.A crucialconcernwasto determineobjectivelythelowerlimit of thefrequency
rangeoverwhichit is reasonableto fit aline givenbyEq(1).For theTCSFdatain Figs2±4
and6,thelimits weredeterminedbymakingrepeatedleast-squaresfits thatextendedin steps
from high to low frequenciesuntil theaddeddatapoint layclearlyoutsidethe95%confidence

Fig 5. Same as Fig 2, but amplitude sensitivities for protanopic observers ML (left panel) and MM (right panel)

provided by AS, originally shown in Figures 3 and 4 in Stockman et al. [13]. Stockman et al. usedacentrally-fixated,
4Êdiameter,610-nmtargetsuperimposedon 9Êdiameter540-nmbackground. Theratio of thetargetandbackground
radianceswasfixedto produceamaximumM-conecontrastof 13%.Theerror barsare±1standarderror of themean.
Thiscombination of background andtargetradianceshelpedto eliminaterod intrusion at low retinal illuminances(as
confirmed in their bleachingcontrolexperiments).

https://doi.org/10.1371/journal.pone.0220358.g005

Human light adaptation

PLOS ONE | https://doi.org/10.1371/journal.pone.0220358 August 7, 2019 7 / 34

https://doi.org/10.1371/journal.pone.0220358.g005
https://doi.org/10.1371/journal.pone.0220358


Fig 6. Same as Fig 2 for data from three sources. First,observerAR replottedfrom Figure2of Rovamoet al. [18] measuredusingawhite1.66Ê
diameterflickeringtargetinsidea3.32Êdiameterequiluminant whitesurround.Second,observersWSandTU replottedfrom Figure2 in Swansonet al.
[19] measuredusinga2Êdiameterflickeringtargetilluminatedbyamixtureof redandgreenLEDs(light-emitting-diodes)thatappearedmetameric
with a600-nmlight. Third, observersVMC andTEW replottedfrom Figure2 in vonWiegandet al. [20] measuredusingaflickeringLEDtargetwith a
dominantwavelengthof 625-nmthatextendedto 1Êdiameterandthenfell with acosineintensityprofile to zerointensityby2Êcentredwithin alarger
18Êdiameterannularsurroundof thesamemeanluminanceandchromaticity.Bothweresuperimposedon an18Êdiameter 565-nmbackground
intendedto suppressrods.

https://doi.org/10.1371/journal.pone.0220358.g006
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bandsof thefit. For theTCSFdatain Fig5,for whichwehavethestandarderrorsof theorigi-
nalmeasurements,thefits wereextendedin stepsfrom highto low frequenciesuntil thepoten-
tially addedpoint laymorethantwo standarderrorsawayfrom thefitted line.

Theresultsof thefits aretabulatedin TableA in S1Appendix,whichgivesvaluesfor thefit-
tedparameter(m), thestandarderrorsfor eachfit, andtheR2 values.Ascanbeseenin Figs2±
6,thestraight-linefits for all twelveobserversaregenerallyexcellentoversubstantialfrequency
ranges.R2 valuesvariedbetween0.917and0.999with amedianR2 of 0.987.Thedatastrongly
supportalinearrelationbetweenlog10sensitivityandfrequencyandthusshowthat,in the
high-frequencyregion,flicker sensitivitydeclinesexponentiallywith increasingfrequency.

Fig7showsm (in Hz perlog10unit of sensitivity)Ðthereciprocalof thebest-fittinghigh-
frequencyslopesÐasafunction of light level(log10photopictrolands)for all theTCSFs.We
plot theslopesunconventionallyin Hz perlog10unit for two reasons:first, becausethereisan
approximatelylinearrelationbetweentheslopein this form andloglight levelasshownby the
solidblueline in Fig7 (Pearsoncorrelationcoefficient= 0.801,p<0.0001);andsecond,
becauseof thesimplerelationbetweenslopein this form andcornerfrequency(acrucial
parameterin themodelthat is relatedto thetime constant).Fig7showsthat thehigh-fre-
quencyslopesof theTCSFsdecreasewith increasinglight level.

TheobservationthatTCSFsfollow anexponentialfunction atmiddleto high frequencies
hasbeennotedbefore[23,24],andhasbeenevidentwhenTCSFsareoccasionallyplottedasa
function of linearfrequency(e.g.,Figures10and11in [13]). However,bothKulikowski [23]
andWatson& Ahumada[24] assumedthat theslopeon theseco-ordinateswasindependent
of light level,whichisclearlynot thecase.Thedecreasein thehigh-frequencyslopewith mean
levelseenin Fig7 isalsocontraryto theideathat thehigh-frequencyTCSFslopesreachacom-
mon asymptoticslopethat is independentof light levelÐthecustomaryassumptionassociated
with ªhigh-frequencylinearityº or aswereferto it "amplitude-invariance",whichisnot sup-
portedby thedata.

Theexponentialfall-off with arateof lossthatdecreaseswith light levelputsanimportant
constrainton theform of anylight adaptationmodel.

Low-frequency sensitivity changes

In addition to accountingfor theexponentialhigh-frequencysensitivitylosses,anylight adap-
tation modelmustalsoaccountfor thelow-frequencysensitivitylossor attenuationthatcauses
theTCSFsto beband-passin shape,andit mustalsoaccountfor thechangesin low-frequency

Table 1. Experimental conditions. Valuesin degreesarethediametersof thecirculartargetsor backgrounds.Illuminancerangesarein unitsof log10trolands.

Study Target Background/ Surround Illuminance

range

Notes

DeLange[14] 2Êwhite. 60Êmatchingsurround. -0.43±4.00 Poorluminancecontrol at lowerluminance.

Kelly [15] 50Êwhite,vignettedfrom 50to 68Ê. None. -1.22±3.97

Roufs[17] 1Êªpracticallyº white. None. 0.30±4.40

Stockmanet al.
[13]

4Ê610-nm. 9Ê,540-nmbackground. 0.42±5.69 Protanopes.Radianceschosensothat the
maximumM-conecontrastis 13%.

Rovamoet al.
[18]

1.66Ê,white. 3.32Ê,matchingwhitesurround. -0.70±3.40

Swansonet al.
[19]

2ÊredandgreenLEDsmetameric
with 600-nmlight

None. -0.05±2.95

vonWiegand
et al. [20]

1Êfalling to zerointensityat2Êwith a
cosinefunction, 625-nm.

Matching18Êannularsurround, all on
an18Ê565-nmbackground.

0.64±3.64

https://doi.org/10.1371/journal.pone.0220358.t001
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sensitivitywith adaptation,whicharegenerallyassumedto follow Weber'sLaw.Accordingto
Weber'sLaw,theratio of thresholdintensityto thebackgroundintensity(ΔI/I) isconstant.
Thus,if Weber'sLawholds,thecontrastsensitivity(I/ΔI) shouldbefixed,andtheamplitude
sensitivity(1/ΔI) shoulddecreaseasI increases.Thus,for TCSFsplottedaslog10amplitude
sensitivities,if Weber'sLawholdschangingthemeanbackgroundfrom I1 to I2 shouldshift
thosesensitivitiesverticallyby log10(I2/I1). AlthoughdeLange'sobserverV andKelly's
observerDHK shownin Fig1obeyWeber'slawat low frequenciesovermuchof theintensity
(seeFig1), thedatafor otherobserversarelessconvincing.Examplesof only approximateobe-
dienceto Weber'sLawincludedeLange'sobserverL (seeFigure6 in [14]), Stockmanet al.'s
observersMM andML (seeFigure3 in reference[13]), vonWiegandet al.’sobserversVMC
andTEW (seeFigure2 in [20]), andRoufs'observersHJM andRK.

A simple model of light adaptation

In thissection,weconstructamodelto accountfor theTCSFsatboth low andhigh temporal
frequencies.A classicapproachto modellinghumanflicker sensitivityis to envisagethevisual
pathwayasafilter madeup of acascadeof simplerconstituentfilters,with or without feedback
or feedforwardinhibition, andto assumethat theoutputof thecascadereflectssensitivity(e.g.,
[18,25,26±28]).Thesimplefiltersthatmakeup thecascadearetypicallyassumedto beleaky
integratorswith outputsthatstepup anddecayexponentiallyin responseto abrief pulseat

Fig 7. The reciprocal of the slopes of the red lines in Figs 2–6 (Hz per log10 unit sensitivity) plotted as a function

of the mean intensity in log10 photopic trolands. Thelineswerefitted to thehigherfrequencyamplitude-sensitivity
datafor eachobserverfor eachmeanlight level.Theerror barsare±1standarderror of thefitted slope(seeTableA).
Thesolidblueline is thelinearregression(Pearsoncorrelation coefficient= 0.801,p<0.0001)andthedashedredlines
arethe95%confidenceintervals.

https://doi.org/10.1371/journal.pone.0220358.g007
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their input. Leakyintegrators,whichareoftenassociatedwith neuralprocessesin thevisual
system[29], arecharacterizedby their time-constants.Thetime-constant(usuallydenotedby
τ) issimplythetime takenfor theoutput to fall to 1/e (36.79%)of its peakvaluefollowinga
brief pulseat its input. Leakyintegrators,whicharealsoknownasªRCfiltersº in electronics,
behaveaslow-passfilterswith amonotonicallydecreasingresponseto sinusoidsof increasing
frequency.Suchfilterscanalsobecharacterizedby their cut-off or cornerfrequency,fcÐthe
frequencyatwhichtheresponseamplitudehasfallenbyafactorof

p
2 (or 0.15log10units)

belowits maximum.Thecornerfrequencyandtime-constantareinverselyrelated,
t ¼ 1=ð2pfcÞ. Wepreferto usecornerfrequencybecauseit issimplerfor characterizingdata,
like thosein Figs1±6,thatarepresentedin thefrequencydomain.

Leakyintegratorsarealsoequivalentto first-orderchemicalreactions(e.g.,asubstanceA
decomposingto substanceBwith atime-constantτ). Networksof leakyintegratorstherefore
provideplausiblemodelsof thecascadesof biochemicaland/orneuralprocessesin photore-
ceptorsandneuralpathways.To avoidrepetition,wewill simplycalleachleakyintegratorele-
mentof thecascadea"low-passfilter stage"or "LP-stage"for short.Light adaptationis
primarily achievedby increasingthecornerfrequency(or equivalentlyshorteningthetime-
constant)of someor all of theLP-stagesin thecascadethatmimicsthevisualresponse.Aswe
developbelow,thelow-frequencyattenuationor high-passfiltering seenin thedatacanbe
implementedbiochemicallyor physiologicallyby feedbackor byparallelfeedforward
pathways.

Fig8 illustratesthemodelandhowabrief pulseis transformedasit passesthroughit. The
cascadeis indicatedby theblackline labelledMODEL andisacascadeof sixLP-stages(1±6)
andincludestwo feedforwardstages(A andB) thateachincorporateafurther LP-stage.The
orderof thecomponentsshownhereisessentiallyarbitrarybecausetheorderof linearele-
mentsin acascadehasno effecton thefinal output (i.e.,on theTCSFs),but wejustify thiscon-
figurationbelowbasedon areviewof physiologicalstudies.In this illustration,thecorner
frequenciesof thesixvariablespeedLP-filters(1±4,andA, B) arethesame(fc = 15Hz); the
two fixed-speedLP-filtersshareadifferentcornerfrequency(fcL = 30Hz). (Thesevaluesare
consistentwith themodelfits explainedlater.)TheEquivalentModelon theleft ismoreplausi-
blephysiologicallybut ismathematicallyidenticalif theinputsto eachof thefour streamsare
thesame(seeDiscussion).

Theright-handcolumnof orangepanelsillustratesthetemporalresponseatvariouspoints
in theprocessingstreamto thebrief input pulsethat isshownin thetop orangepanel.The
temporalresponses(eachnormalisedto unity), areplottedasafunction of timeÐthat is,they
aredisplayedin theªtime-domainº.Thecolumnof greenpanelsillustratesthecorresponding
amplituderesponsesat thecorrespondingpointsin thestreamto thesamebrief input pulse.
Thelogarithmof theamplituderesponses,plottedasafunction of frequency,arein theªfre-
quency-domainº,asaretheflicker-sensitivitymeasurementsof Figs2±6.Asillustratedin the
top greenpanel,theamplitudespectrumof theinput pulseis flat with thesameamplitudeat
all frequencies.Thenumberedredarrowsindicatethelocationsof theresponsesshownin the
correspondinggreenandorangepanels.

Thesecondrow of panelsshowtheresponseof asingleLP-stageÐanexponentially-decay-
ing responsein thetime-domainandalow-passfrequencyresponsein thefrequency-domain.
Thethird panelsshowtheresponseafterprocessingin threeLP-stages.Theresponseisdelayed
andsmearedout overtime in thetime-domainbut still hasalow-passfrequencyresponse
albeitwith amoresteeplyfallinghigh-frequencyslope.

Althoughcascadesof LP-stagescancapturethehigh-frequencycharacteristicsof TCSFs,
theycannotgiveriseto thelossin sensitivityat low-frequenciesthatcausestheTCSFsatmid-
dle-andhigh-light levelsto bebandpass.To producelow-frequencyattenuation,wehave
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Fig 8. The direct cascade used to model flicker sensitivity is shown along the vertical black line labelled MODEL and has six low-pass stages (1–6) and

two inhibitory stages (A and B). ThesixvariablespeedLP-filters(1±4,andA, B)havethesamecornerfrequency of 15Hz in thisexampleandthetwo fixed-
speedLP-filters(5,6) haveacornerfrequencyof 30Hz (seetext).Theeffectson animpulsiveinput signal(top orangepanel)atdifferentstagesof themodel
(denotedby thenumberedredarrows)areshownasafunction of time in theorangepanelsof right-handcolumnand,in thecorresponding greenpanels,as
thelogarithm of amplitudeof theresponseasafunction of frequency.Theamplitudespectrumof theinput is flat with equalamplitudeatall frequencies(top
greenpanel).An earlygainadjustment, g, controlstheoverallgainof thesystem.Thesecondorangeandgreenpanelsshowtheeffectsof thefirst LP-stage
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addedtwo inhibitory feed-forwardstagesbetweenthethird andfourth LP-stages.Theinhibi-
tory stagesactbypassingtheir visually-derivedinput signalthroughseparateLP-stages(A and
B) beforescalingtheresultingsignal(byk) andsubtractingtheresultfrom theoriginalsignal.
Fork = 1 thesearestandardhigh-passfilters,whilefor 0<k<1thesefeedforwardstagesare
commonlyknownasªlead-compensatorºfilters in engineeringbecausetheyintroduceaphase
advance(or lead)thatcanimprovethestabilityof thesystem.Asshownin thecorresponding
orangepanels,theinhibitory stagesadvancethepeak,sharpenthetemporalresponseand,at
somepoint, bring thetemporalresponsebelowzero(aªbiphasicºresponse).Theyalsocausea
later,smallpositiveresponse,sothat thetemporalresponseisactuallyªtriphasicº[30,31].We
considertheorigin of thebiphasicresponsein theDiscussion.Thecorrespondinggreenboxes
showthat thefrequency-domaineffectof theinhibitory stagesis to producelow-frequency
attenuation.Thefifth orangeandgreenpanelsshowtheeffectsof addinganothervariable-
speedLP-stageandthesixthpair of panelstheeffectsof addingtwo fixed-speedLP-stages.

Wehavechosenthesequenceshownin Fig8basedin parton otherwork in whichwedis-
sectedthevisualpathwayinto anearlybandpassfilter with variablecornerfrequenciesanda
laterlowpassfilter with two LP-stageswith fixedcornerfrequencies[32±34].

TheEquivalentModelshownon theleft is identicalto thestandardModelwhenits four
inputsarethesameasthesingleinput in thestandardmodel.Thenumberedredcirclesand
arrowsshowcorrespondingpointsin thetwo versions.TheEquivalentModelcanbethought
of asshowingthefour possibleªroutesºthroughtheoriginalModel (including routesthrough
eitheror both feedforwardstages).Notethat theEquivalentModelcanbemodifiedto allow
differencesbetweenthefour inputs,thusextendingthemodelinto thespatialdomain.The
EquivalentModelwith parallelpathwaysismoreconsistentwith knownretinalphysiology
andwith lateralinteractionsmediated,for example,byhorizontalcellsbetweennearbycones
[35]. Becauseinhibition isderivedfrom lateralconnectionsin theEquivalentModel,variations
in k will producespatialeffectson thetemporalresponseto flicker andbrief flashes.However,
thesubtractiveinhibition neednot necessarilyinvolvelateralinteractions,andmayinstead
involveself-cancellationin longitudinal inhibition of thedirectpathway.

Thefinal form of themodelwaschosenpartlyon thebasisof aseriesof preliminaryfits.
Theseshowedthatacrossall datasetsat leastsixLP-stagesarerequiredin thedirectcascadeto
accountfor thehigh-frequencyslopesof theTCSFs(althoughagreaternumberof LP-stages
eachwith highercornerfrequencieswouldalsogivegoodfits).Similarly,aminimum of two
inhibitory stagesarerequiredto accountfor low-frequencyattenuation(althoughagreater
numberof inhibitory stageswith lowervaluesof k wouldalsogivegoodfits).An important
simplifyingassumptionwasthat thevariablecornerfrequenciesof thefirst four LP-stagesin
thecascadeandthetwo LP-stagesembeddedin theinhibitory stagesarethesameandthat
theyall variedtogetherwith meanlight level.Thisseemsanunlikelyassumptionbut allowing
thecornerfrequenciesto varyindependentlyaddedmanymoremodelparameterswithout
significantlyimproving thefits.

A secondsimplifyingassumptionwasthat thebest-fittingcornerfrequenciesof thetwo
fixed-speedstages,fcL, arethesame,andthat theydo not varyacrossobservers.When fcL was
allowedto varyacrossobserversin preliminaryfits, thebest-fittingvaluesweregenerally

andthethird orangeandgreenpanels,theeffectsof acascadeof threestages.Next,thefourth andfifth pair of panelsshowtheadditionaleffectsof oneand
two feedforwardstages,respectively. Thetwo feedforwardstagesincludeacommon scaler,k, afterwhichthefeedforwardsignalissubtractedfrom its input.
Theyproduceatriphasictemporal response(orangepanels)andabandpassfrequencyresponse(greenpanels).Thesixthpair of panelsshowtheeffectsof
anotherLP-stagewith acornerfrequencyof 15Hz andthefinal pair theeffectsof two final stageswith cornerfrequenciesof 30Hz.TheEquivalentModelon
theleft ismathematicallyequivalentto thecascadebut haslateralconnectionsthataremoreconsistentwith otherpsychophysicalandphysiologicaldata.

https://doi.org/10.1371/journal.pone.0220358.g008

Human light adaptation

PLOS ONE | https://doi.org/10.1371/journal.pone.0220358 August 7, 2019 13 / 34

https://doi.org/10.1371/journal.pone.0220358.g008
https://doi.org/10.1371/journal.pone.0220358


similarandhadlargestandarderrors,sothat fixing fcL acrossobserversresultedin only amini-
mal reductionin thequalityof thefits.

Thethird simplifyingassumptionwasthat for eachobserverthegainsof thetwo feed-for-
wardstages(k) arethesameandareindependentof light level.Thisassumptionwasalso
basedon preliminaryfits,whichshowedthatk did not varysignificantlyacrossmediumand
high light levels.Thereductionin k that is foundat low light levelsmaybedueto light-depen-
dentchangesin k within asinglemechanism,but it might alsobedueto thecontribution of
rodsatmesopiclevels.Becauserodsaremoresluggishthancones(e.g.,[36]), their contribu-
tion is likely to increasesensitivityat low frequenciesandthuswill havetheeffectof reducing
k in thefits.To avoidthepotentiallyconfoundingeffectsof rods,wehaveexcludedTCSFs
from theanalysisandmodellingthatarelikely to dependon detectionbyboth rodsandcones.
Thelevelsassumedto becone-mediatedarehighlightedin yellowin thekeysof Figs2±6;the
rationalebehindthosechoicesisdescribedin moredetailin S1Appendix.In general,mean
levelsbelowabout1 log10photopictrolandswereexcludedfrom themainanalysisunlessthe
experimentalconditionsexcludedrod detection.

Theseassumptionsledto asimplemodelwith just four parametersof whichtwo, fc andg,
varywith light level,andtwo others,k andfcL, do not. ThemodelisdefinedbyEq(2):
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whereA(f) is theamplitudesensitivity,f is frequency(Hz), g is theoverallgain,fc is thecorner
frequencyof thesixvariable-speedLP-stages(Hz), k is thecommongainof thetwo inhibitory
stages,andfcL is thecornerfrequencyof thetwo fixed-speedLP-stages(Hz). [Thecornerfre-
quencyequals1/(2πτ),whereτ is thetime constantin seconds.]Thetermsof Eq(2) havebeen
groupedsothat thefirst term is thefrequency-independentgain,thesecondterm corresponds
to thefour variableLP-stages,thethird term correspondsto thetwo lead-compensators,and
thefinal term correspondsto thetwo fixedLP-stages.Wediscussthecritical aspectsof the
modelassumptionsmorefully in theDiscussion.Otherequationscharacterizingthemodel
areprovidedin S1Appendix.

Theresultsof thefits aretabulatedin TableB in S1Appendixandthefits areshownby the
solidblackanddashedyellowlinesin Figs2±6.Theblacklinesshowthefits at levelsassumed
to bephotopic(cone-mediated).For thesefits,asjustnoted,k wasfixedfor eachobserverand
did not varywith light level.Thedashedyellowlinesshowthefits at levelsassumedto be
mesopic(rod-and-cone-mediated).For thesefits,k wasallowedto varywith light levelfor
eachobserver.Ascanbeseen,themodeldoesaremarkablygoodjob of accountingfor the
dataatall levelsÐbothmesopicandphotopic.In theremainderof thepaper,however,wecon-
sideronly thefits atphotopiclevels.TheadjustedR2 valuefor our modelfor cone-mediated
(photopic)levelsis0.996.

Thebest-fittingparametersfor cone-mediatedvisionareplottedfor all theobserversin Fig
9.Panel[A] showsthebest-fittingvariable-speedcornerfrequencies(in Hz) asafunction of
meanlevelfor eachobserverasnotedin thefigurekey.Thebest-fittingcornerfrequency(30.9
Hz) for thetwo fixed-speedfilterscommonto all observersisshownby thedashedredline.
Panel[B] showsthebest-fittingoverallgains,log10 g, verticallyalignedwith theaveragegain
capturedby theblueline aboutwhichthevaluesfor eachobserverclusterclosely.(The
unshiftedvaluesof log10g aregivenin TableB in S1Appendix.)Panel[C] showsk, thebest-fit
for thefeedforwardinhibition. Thevalueof k is fixedacrosslevelsfor eachobserver.
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Thecornerfrequencyandgainparametersagreewellacrossobserverswith oneeasilyexpli-
cableexception.Theunusuallyhighparametervaluesof cornerfrequencyandk for DHK
(light blueinvertedtriangles)from Kelly [15] probablyreflecttheuseof averylargeflickering
target(50Êindiametervignettedto zerointensityby68Ê);theotherstudiesusedsmallertargets
of between1and4Êin diameter.With hindsight,thelargetargetsizewasprobablyunfortunate
becausetemporalsensitivityishighly inhomogeneousacrosstheretina(e.g.,[38]). Although

Fig 9. The three panels show the model’s best fitting parameter values for each of the twelve observers. Theerror
barsare±1standarderror of thefitted parameter.Panel[A] showsthebest-fittingcornerfrequencies(fc) in Hz
common to thesixvariable-speedLP-filtersasafunction of meanlevel(log10photopictrolands).[Corner frequency
(Hz) is inverselyproportionalto thetimeconstantτ: fc isequalto 1/(2πτ)whereτ is in seconds.]Thesolidblueline
throughthedatais thedescriptivestandardor meanfunction definedbyEq(3).Thedashedhorizontalredline marks
theconstantcornerfrequencyof thefinal two fixed-speedstages(30.9Hz).Theredandgreencrossesarethecorner
frequenciesof a3-stageLPfilter fitted to primateL- andM-coneresponses,respectively,measuredbyBaudinet al.
[37] andshownin Fig10.Panel[B] showsthelogarithmicof thebest-fittingoverallgain,log10g, but with thedatafor
eachobserververticallyshiftedto alignwith thedescriptivestandardfunction shownby thesolidblueline anddefined
byEq(4).Panel[C] showsthebest-fittingscalingfactor,k, commonto thetwo inhibitory feedforwardstagesandfixed
acrossmeanluminancelevels.Thehorizontalsolidblueline showsthemeanvalueof k (0.80).Only theparametersfor
levelsthoughtto becone-mediated areshown.

https://doi.org/10.1371/journal.pone.0220358.g009
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thepotentialeffectsof retinal inhomogeneityarenot obviousin thatclassicdatafor DHK
shownFigs1 and3,theTCSFsfor otherobserversfrom thesamestudyaremuchmoreirregu-
lar [39].

At low to moderateintensitylevels,changesin low-frequencysensitivityin our modelare
accountedfor bychangingthecorner-frequenciesof theLP-filtersin our modelwith little or
no changein gain.Unlike othermodels(e.g.,[17,27,28]),achangein thestrengthof thefeed-
forwardor feedbacksignalisnot required.

Standard model parameters

To standardisethemodelparametersfor atypicalobserver,wenextderiveddescriptivefunc-
tionsto quantifythedependenceof cornerfrequency(fc) andoverallgain(g) on meanlight
level(in log10photopictrolands).Valuesfrom thestandardformulaeareshownby theblue
linesin Panels[A] and[B] of Fig9.For fc, we,adoptasimplefunction thatgrowsasapower
lawuntil it asymptotesatanupperlimit for fc. Theform of this function is:

fc ¼ minðaIb; dÞ ð3Þ

wherefc is thecornerfrequencyin Hz, I is themeanbackgroundlevel(retinal illuminancein
photopictrolands),a isaconstant,b anexponent,d is theupperlimit for fc, andtheoperator
min() means"thelesserof" its arguments(aIb or d). Thebest-fittingvaluesfor thefunction fit-
tedto the fc parametersfor all observers(exceptfor DHKÐfor thereasonsdiscussedabove)
area = 4.48±0.35,b = 0.181±0.01andd = 18.49±0.42.Thefit, shownby thesolidblueline in
Panel[A] of Fig9,hasanadjustedR2 of 0.89.A powerfunction,but without anupperlimit,
wasalsoadoptedbyRovamoet al. [18] basedlargelyon areviewof photoreceptorandother
measurementsbyDonneret al. [40].

Weadoptedthefollowingequationto describethedependenceof thelogarithmof thescal-
ing factor,log10g, on themeanbackgroundretinal illuminance,I (Panel[B]):

log
10
g ¼ � log

10
ðI þ I0Þ þ s ð4Þ

whereI0 isconstantacrossall observersands takeson adifferentbut constantvaluefor each
observer.I0 indicatesthemeanluminancebelowwhichlog10g isapproximatelyconstantand
abovewhichaplot of log10g vslog10I eventuallyapproachesanasymptoticslopeof -1 (asin
Fig9B);s justshiftsthefunction for eachobserververticallywithout changingits shape.The
bestfitting valueof I0 is103.13±0.06andtheR2 valuefor thefit is0.973.Themeanvalueof s
acrossall 12observersis11.03.Panel[B] of Fig9 showstheindividual valuesof log10g verti-
callyalignedwith thefunction givenbyEq(4) with s setto themeanvalueof 11.03.

Themeanvaluefor thefeedforwardgain,k, is0.80Ðasindicatedby thehorizontalblueline
in Panel[C] of Fig9.Eqs(3) and(4),with fcL = 30.9andk = 0.80,canbeusedwith Eq(2) to cal-
culatetheexpectedamplitudesensitivityasafunction of frequencyfor anymeanretinal illumi-
nancebetween0.4and5.7log10. Theycanalsobeusedwith Equation(B) in S1Appendixto
calculatethetriphasictemporalresponseof thesystemto animpulse;i.e.,with apositivelobe,a
negativelobe,andasecondmuchsmallerpositivelobe(seelowestorangepanelof Fig8).

Theparametersplottedin Fig9 suggestthatshorteningtheintegrationtime is important
for sensitivityregulationup to about3.1log10trolandsafterwhichsensitivityregulation
dependsprimarily on frequency-independentdecreasesin theoverallgain.Decreasesin gain
aboveabout4.3log10trolandsarelikely dueto photopigmentbleaching(e.g.,[41]), which,by
reducingphotoncaptureat theinput, effectivelyreducesthegainof thesystemandsohelps
preventthecone-mediatedsystemfrom saturating(seeFigure9 in reference[42]). However,
thedecreasein gainbetween3.1and4.3log10trolandsmustbedueto othersensitivity-
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regulatingmechanismsthatattenuatethevisualresponsein anapproximatelyfrequency-inde-
pendentmanner.Thesemechanismsmight alsoincludeshorteningtheintegrationtimesof
additionalLP-stageswith cornerfrequenciesnearor abovethetemporalacuitylimit (i.e.,with
fc> 80Hz), sothatat lowervisiblyflickeringfrequencies,their effecton theTCSFismuchlike
achangein overallgain.

Discussion

Wehaveproposedasimplemodelof humanlight adaptationmadeup of acascadeof low-pass
filtersandtwo stagesof subtractiveinhibition. Sensitivityregulationdependson two intensity-
dependentparameters:onethatcontrolsthespeedof theresponsethroughasinglecornerfre-
quency,fc (or time constant,τ) andanotherthat,overalimited upperintensityrange,controls
thesizeof theresponsethroughthegainparameter,g. Themodelprovidesexcellentpredic-
tionsfor 65yearsof existingTCSFdatafrom DeLange[14], Kelly [15], Roufs[17], Stockman
et al. [13], Rovamoet al. [18], Swansonet al. [19] andvonWiegandet al. [20] asshownin Figs
2±6.WeconsiderthecrucialPhysiologicalbasisof themodelbelow.

Essential and non-essential features of the model

Wereadilyacknowledgeour debtto previouswork on light adaptationandto previousmodels
of light adaptation,manyof whichincorporate,in differentconfigurations,themodelelements
usedhere(e.g.,[14,15,18,26±28,43±49]).Helpful, insightful reviewsof light adaptation
includethosebyMacLeod[50], Geisler[51], Hood & Finkelstein[7], Laughlin[52], Graham
& Hood [53], Hood [54], vanHateren[55] andvanHateren& Snippe[56].

Our simplifiedmodelismadeup of adirectcascadeof sixLP-stagesandtwo inhibitory
stages,eachof thelatterhavingagaincontrol,k, andanembeddedLP-stage.Aswehave
shown,wecanprovideanexcellentdescriptionof existingTCSFdatabyadjustingthetime
constantsof thefour earliestLP-stagesin thedirectpathandthetwo in theinhibitory stages
with light leveland,athigherlevels,theoverallgain,g, but fixing thestrengthof inhibition, k,
andthetime constantsof thefinal two LP-stages.An important question,then,iswhichfea-
turesof themodelareessentialto its successandwhichcanbechangedwithout upsettingthe
model'spredictions?Answeringthisquestionwill helpplacethemodelwithin awiderphysio-
logicalcontextandhelpusto relateit to previousmodels.

First,thenumbersof LP-stagesandinhibitory stagesarepoorlyconstrainedby thedata.
Thisuncertaintyisevidentin thevariability in thenumberof LP-stagesusedin earliermodels
(e.g.,[14,18,27,28,45±49]).In general,wefound that reducingthetotalnumberof variable-
andfixed-speedLP-stagesbelowsix,or thenumberof inhibitory stagesbelowtwo,startedto
lowerthegoodness-of-fit,but increasingthem,with compensatoryincreasesin thecornerfre-
quencyor reductionsin k, hadrelativelylittle effect.Wethereforeregardsixandtwo aslower
boundson thenumberof directLP-stagesandinhibitory stages,respectively,but acceptthat
therecouldbemore.

Second,thewayin whichthecornerfrequenciesof theLP-stageschangewith light level,
andhowmanyof themchangearealsobothpoorlyconstrained.Basedon otherevidence
from our laboratory,whichsuggeststhatoneor two ªcentralºLP-stageshavefixedcornerfre-
quenciesthatdo not changewith light level[34,57],wehavechosento fix thecornerfrequen-
ciesof thefinal two of thesixLP-stagesin thedirectcascade.However,wefound that the
modelpredictionsareonly slightlyworseif wefixedthecornerfrequenciesof betweenzero
andfour LP-stagesin thedirectcascade.A relevantconsiderationis that thenumberof fixed
stagesaffectsthedependenceof log10g on luminance(seeFig9B).If thecornerfrequenciesof
zeroor oneLP-stagesarefixed,log10g increases with luminanceat thelowerbackgroundlevels
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(i.e.,thegainis reducedat low luminances).Bycontrast,if between2 and4 LP-stagesare
fixed,log10g remainsroughlyconstantat low levels(asin Fig9B).Althoughcomparable
decreasesin gainhavebeensuggestedbefore[13,18],anincreasein log10g iscounterto the
prevailingviewof light adaptationasawayof reducinggainaslight levelincreases(theso-
calleddark-glassesmodel,see[50]). Wethereforechoseto havetwo fixedstages,whichobvi-
atestheneedto accountfor counterintuitivedecreasesin gainat low light levels.

Third, theassumptionthat thevariablecornerfrequenciesall varytogetherisalmostcer-
tainly asimplification.While therearesomeadvantagesin havingcornerfrequenciesthat
changetogether(e.g., it producesmaximumsensitivityatall frequencies,seeS1Appendix),it
seemsunlikely that theywill all changetogetherandin thesamemanner.Theassumptionthat

Fig 10. The panels in the left and right columns column show, respectively, the mean primate L-cone (red continuous lines) and M-

cone (green continuous lines) responses measured by Baudin et al. [37] at mean levels of 1000, 5000, 10000 and 50000 photons

absorbed per second (R�/s). Thedashedblacklinesshowthebest-fitting3-stageLPfilter responseswith common cornerfrequencies,
whichvarywith light level.For further detailsseetext.

https://doi.org/10.1371/journal.pone.0220358.g010
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theLP-filtersin theinhibitory circuitsarethesameasthosein thedirectcascadealsoseems
unlikely.However,to beconsistentwith thelow-frequencyattenuationandthepeaksfound in
thebandpassTCSFdata,thecornerfrequenciesin theinhibitory circuitsmustbeaboveabout
8Hz,andthusarecomparableto thecornerfrequenciesof theLP-filtersin thedirectcascade.

Last,weassumedthat thestrengthof subtractiveinhibition doesnot changewith light level;
i.e.,thatk isconstantin our model.Notethat,aswediscussfurther in thenextsectionwhere
weconsiderthephysiologicalbasisof themodel,thissubtractiveinhibition ismostlikely to be
mainlymediatedby lateralconnections,ratherthanbeinginsidethephotoreceptor.Thefixed
valueof k isseeminglyatoddswith thegeneralviewthatTCSFsarelow-passin thedarkand
band-passathigherlight levels,but theconditionsunderwhichthelow-passTCSFsweremea-
suredweremesopic,sothat thoseTCSFSarelikely to beinfluencedbyrod intrusion.Thus,
mostlow-levelTCSFsÐwithsomeexceptionsÐcannot beconsideredasrepresentativeof the
samesystemthatgovernshigh light-levelTCSFs.A similarconclusionwasreachedbyRovamo
et al.,whoincorporatedahigh-passfilter in their psychophysicalmodel.Their high-passfilter
wasalsofixedwith light level,adecisiontheysupportedbyappealingto catganglioncelldata
thatshowedlittle changein thesurroundstrengthwith light level[58,59].Thereisalsogood
psychophysicalevidencethatphotopicspatialintegrationchangeslittle with light adaptation
[60]. Thecrucialdifferencebetweenour modelandthatof Rovamoet al. is theform of the
high-passfilter, whichin their casewasadifferentiatorwith a1/ f attenuationcharacteristic.
Thispredictsthat,on adouble-logarithmicplot, asin, for example,Fig1,logsensitivityshould
increasein directproportion to logfrequency(i.e.,it shouldbeastraightline with unity
slope),whereasthedata(otherthanfor mesopiclevels)consistentlyshowanaccelerating
increasein sensitivityup to about5 Hz.

In summary,theessentialfeaturesof themodelareadirectcascadeof at least6LP-filters,
thecornerfrequenciesof someor all of whichchangewith light level;andat leasttwo stagesof
subtractiveinhibition thegainsof whichdo not changewith light level.In addition,anoverall
light-dependentchangein gainis requiredathigherlight levels.

Physiological basis of model

Our modelisessentiallyagnosticasto thelocationsandorderof themodelelementswithin
thevisualpathway,whichaswenotedabovecouldbein anyorder.Psychophysicalmeasure-
mentsgenerallydo not allowusto locatethemodelelementswith certainty,with someexcep-
tions.Forexample,theappearanceof very-highspatialfrequencygratingsproducedby laser
interferometrysuggeststhatadaptationoccurswithin singlecones[61]. Wehavenevertheless
placedtheelementsin Fig8 in aparticularorder,basedin parton physiologicalmeasurements
thatweconsidernext.Linksbetweenphysiologyandpsychophysics,however,areinevitably
tentative,and,aswediscussnext,thenatureof someof thephysiologicalmeasurementsmakes
themunlikely to berepresentativeof normalvisualfunction.Westartwith measurementsof
photoreceptoradaptation.

Photoreceptors. Aswearguedin theIntroduction, for light adaptationto protecttheneu-
ral pathwaysfrom saturationatmoderateto high light intensitiesmuchof thesensitivityregu-
lation shouldoccurwithin thephotoreceptorat its outersegment,inner segmentand/or
pedicle.Thus,weshouldexpectclearevidencefor at leastsome of thevariable-speedLP-stages
from our modelin primatephotoreceptormeasurements.Surprisingly,however,theavailable
dataarehighlycontradictory.Theveryinfluential primatesuction-electrodedata(in which
coneoutersegmentsaredrawninsidesuctionelectrodesandtheir currentresponsesto light
recorded)suggestthatconeadaptationdoesnot reducesensitivityby50%until theback-
groundintensityreachedashighas3.3log10td (seeFigure8 in [62]). [We referto background
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that reducessensitivityby50%asI0Ðas in Eq(4)]. Moreover,thephotocurrentresponses
showminimal changesin speedovertheentirebackground-intensityrange,whichsuggests
that thereareno variableLP-stagesin theconeoutersegment.Theseresultsseemimplausible
andsuggest,asothershavepointedout (e.g.,[63]), that theseparationof theoutersegment
from theretinalpigmentepithelium(RPE)andfrom its normalextracellularenvironment,
resultsin unnaturalflashresponses.Thisargumentisbolsteredby thefactthat thephotocur-
rent responsesarefar too sluggishto supporttheconefrequencyresponsesestimatedfrom
psychophysics(see,for example,Figure12in [64])Ðin contrastto thefasterphotovoltage
measurementsof coneinner segmentsmadeby thesamegroup[65]. Yet,althoughthose
photovoltagemeasurementsarefaster,theaverageI0 wasstill ashighas2.8log10td, andthe
backgroundsstill did not substantiallychangethekineticsof theconeresponse(seeFigure
12Ain [65]). Together,theseresultsimplausiblysuggestthat thereareno kineticchangesin
theconesandthat little adaptationof anytypeoccursbelow2.8log10td.

At thetime,thelackof coneadaptationseemedconsistentwith extracellularmassrecord-
ingsof coneresponsesto 150-msflashesmadebyBoynton& Whitten [66], whoexplained
their datasolelyin termsof responsecompressionandphotopigmentbleachingwithout active
adaptation.In contrast,similarmeasurements,but usingboth incrementalanddecremental
flashes,byValeton& vanNorren showedevidencefor adaptationwith anI0 of approximately
2 log10td (seeFigure7 in [67]). Seipel,Holopigian,Greenstein& Hood [63] measuringfocal
electroretinograms(FERGs),whichtheyarguedreflectphotoreceptorresponsesat frequencies
above20Hz,showedcleartemporalfrequency-dependentsensitivitychangesabove1.5log10

td thatwereconsistentwith their humanpsychophysicalmeasurements.Theseresultsarecon-
sistentwith aspeedingup of thevisualresponse(seeFigure1 in [63]).

Dunn, Lankheet& Rieke[68] subsequentlymadecurrentrecordingsof primatecones
usingperforatedor whole-cellvoltageclampsandshowedthatadaptionbeginsto reducecone
sensitivityaboveabout1000P/s(photoisomerizationpersecond)with sensitivityfalling to half
of its darkvalueby5500P/s.Thesevaluesareapproximately1.7and2.5log10trolands,respec-
tively,sothat theI0 valueisonly 0.3log10unit lowerthanthevalueestimatedbySchneeweis&
Schnapf[65]. Crucially,Dunn et al. [68], in contrastto theearlierwork, reportedthat their
coneresponsesclearlyspedup with adaptation,thusproviding thefirst directevidenceof such
effectsin primates,evengiventheprovisosthat theconeswereseparatedfrom theRPEand
thatvoltage-clampingobviatestheeffectsof voltage-gatedion channelson thephotoreceptor
response[69].

Suchinconsistentphysiologicalresultswith I0 valuesthat rangefrom 1.5to 3.3log10td and
with evidencefor andagainstconeresponsesspeedingup with adaptationmakeit difficult to
locatetheelementsof thepsychophysicalmodelinsideor outsidethephotoreceptors.Fortu-
nately,veryrecentphotovoltagemeasurementsof primateM- andL-conesobtainedat four
adaptationlevels[37] canhelpto resolvethesediscrepancies.Fig10showsthemeanL-cone
(redcontinuouslines,left column)andM-cone(greencontinuouslines,right column)
responsesmeasuredatmeanlight levelsof 1000,5000,10000and50000R�/s (whereR�/s is the
estimatedrateof photonabsorptionpersecond).Theselevelscorrespondto 1.7,2.4,3.7and
4.4log10td, respectively(assuming1 td = 20R�/s,seep.17of their paper).Wehaveseparately
fitted theL- andM-conephotoreceptorresponseswith theimpulseresponsesof a3-stageLP-
filter allowingthebest-fittingcornerfrequenciesto varywith light levelwith acommonbest-
fitting initial responsedelay.Thefits areshownby theblackdashedlinesin Fig10.Thebest-
fitting L-conecornerfrequenciesare10.92±0.12,14.58±0.16,16.78±0.21and19.29±0.24Hz
for levels1000,5000,10000and50000R�/s,respectively,with aninitial delayof 13.50±0.13ms
andanoverallR2 of 0.974.Thebest-fittingM-conecornerfrequenciesare11.60±0.16,15.69
±0.23,18.95±0.30and19.26±0.28Hz, respectively,with aninitial delayof 14.36±0.16msand
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anR2 of 0.960.Ascanbesee,thefits shownby thedashedlinesveryplausiblyaccountfor the
risingandfallingphasesof thephotoreceptorresponses.

Thebest-fittingcornerfrequencieshavebeenplottedasredandgreendiagonalcrossesin
Fig9A,wherethevaluesagreewellwith our modelpredictions.Our mainpurposein showing
thesefits isqualitative. Theconeresponsesshowthatadaptationbeginsin theconeat1.70
log10troland(andperhapslowerhadlowerlevelsbeenmeasured),andtheniscontrolledbya
changein thecornerfrequenciesof acascadeof LP-filters.Theincreasein speedisconsistent
with resultsfrom otherspecies(e.g.,[70,71]).Thereareimportant caveats.TheL- andM-
coneresponsesmeasuredbyBaudinet al. areof peripheralconesratherthanof fovealconesso
that theLP-stagesarelikely to befasterthanthestagesinferredfrom fovealflicker measure-
ments(e.g.,[72]). Moreover,plausiblefits canbeobtainedwith morethan3 LP-filterswith
concomitantreductionsin cornerfrequency,sothat therecordingsdo not constrainthenum-
berof LP-filters.And, theconesin thesemeasurementshavebeenseparatedfrom theRPE,so
theymaybesomewhatatypical.

Notethat themeasurementsshownin Fig10andotherrecentwork showthatcone
responsesaremonophasicor weaklybiphasic[37,73] ratherthanstronglybiphasicaswas
found in theearlysuctionelectroderecordings[62]. If weacceptthemorerecentmeasure-
ments,thenthesubtractivefeedforwardin our modelmustoccuraftertheinner segmentsbut
mayoccurat theconepedicles.Indeed,therecentwork of Kamar,Howlett& Kamermans[74]
showsclearlythat theconeresponseismodulatedbysignalsfrom surroundingconesfedback
throughhorizontalcells.

Takenoverall,wecanreasonablyconcludefrom thephysiologicaldatathatconeadaptation
beginsaslow as1.70log10andtakestheform of aspeedingup of theconeresponse.Below
that level,theevidencefor coneadaptationisweak.

Frequency-dependent and frequency-independent adaptation. Whereaschangingthe
cornerfrequenciesof LP-filtersgenerallycausesfrequency-dependentchangesin thecone
response,otheradaptationmechanismscausefrequency-independentchangesin sensitivity.
Onesuchmechanism,whichprotectstheconefrom saturationatveryhigh light levels,is
photopigmentbleaching.Byreducingphotoncaptureat thevisualinput, bleachingeffectively
turnsdownthegainof thesystemandsohelpspreventthecone-mediatedsystemfrom satu-
rating.Theusualformulafor p, thefractionof unbleachedpigmentremainingon asteady
backgroundof I photopictrolands,isp = I0/(I+I0), whereI0 is thebackgroundintensitythat
bleaches50%of thephotopigment,avaluetypicallyassumedto be104.3trolandsor 4.3log10

trolands[41]. Theeffectof bleachingis incorporatedin our modelaspartof thegaincontrol,
g, whichprecedestheLP-filtersanddominatesadaptationaboveabout4.3log10td (seeFigure
9 in [42]).

Our modellingof theTCSFdatasuggeststhat thereisanadditional frequency-independent
gaincontrol at lowerlight levels,which isunlikely to bedueto bleaching.Thisadditionalgain
andbleachingcombineto produceaneffectiveI0 of 3.13.Notably,this frequency-independent
gaincontrol hasessentiallythesamepropertiesasthegaincontrol identifiedin coneouterseg-
mentsbySchnapfet al. [62], whichhadanI0 of 3.3log10td andthesimilargaincontrol identi-
fied in photovoltagerecordingsbySchneeweis& Schnapf[65], whichhadanI0 of 2.8log10.
Thegaincontrol associatedwith bleaching,whichnecessarilyprecedesotheradaptingstages,
andtheadditionalgaincontrol areboth incorporatedin theearlygaincontrol,g, in themodel
of Fig8,andjointly describedbyEq(4).

Two further pointsareworth noting.First,mechanismsthatseemto befrequency-indepen-
dentacrosstherangeof visiblefrequenciescouldincludethefrequency-dependentspeeding
up of LP-stagesbut with cornerfrequencieswellabovethetemporalacuitylimit (i.e.,with fc>
80Hz). Suchaspeedingup mayunderliethemechanismin theoutersegmentwith anI0 of
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3.13log10td. Second,anyfrequency-independentmechanismsaftertheoutersegmentwill
contributeto Eq(4),but for simplicityareincludedin themodelasasinglegaincontrol,g.

Theimportanceof frequency-independentgainchangesin light adaptationhasbeenasub-
jectof muchdebate.Earlystudiesusedflashedstimuli, measuringeitherdetectionthresholds
in psychophysicsor thepeakof theimpulseresponsein electrophysiology(e.g.,[66,67]).We
notethat thesemethodscanconfusegainchangeswith changesin integrationtime.Forexam-
ple,considertheimpulseresponse,y, of 3 identical,cascadedLP-stages,eachwith cornerfre-
quency,fc, andwith anoverallgainof g,

yðtÞ ¼ g
t2

2
e� 2pfct ð5Þ

Thepeakof thismonophasicresponseoccurswhenits derivativeis0 for sometime t>0,

dy
dt
¼ ðgt � pfcgt

2Þe� 2pfct ¼ 0

) t ¼
1

pfc

ð6Þ

As fc increasesthepeakoccursatearliertimes,andthepeakresponseis:

y
1

pfc

� �

¼
g

2p2fc2
eð� 2Þ ð7Þ

Thepeakresponseincreasesin proportion to g anddecreasesin proportion to fc2. Differentiat-
ing betweenchangesin speedor gainisnot possiblewith flashresponseswithout additional
information;e.g.,thetime to theresponsepeak.

Horizontal cells. Other indirect evidenceof coneadaptationcomesfrom Smith,Pokorny,
Lee& Dacey[75], whomeasuredtheflicker andflashresponsesof primateH1 horizontalcells
asafunction of themeanbackgroundintensityandusedthedatato modelconeadaptation.
Theyfoundclearevidencethatsensitivityregulationin H1 recordingsbeginsat levelsaslow as
1 log10trolandsandthat it isachievedbyaspeedingup of thevisualresponse,whichthey
attributedto aspeedingup of theconeresponse.Boththesepropertiesareconsistentwith our
modelandpoint to adaptationoccurringin theconephotoreceptor.Theprimary changein
speedin their adaptationmodelisachievedby increasingthecornerfrequencyof asingleLP-
stagefrom on average4.2Hz at1 log10trolandto 53.1Hz at3 log10trolands.Severalother
detailsof their model,suchasthesecond-orderfilter requiredto accountfor resonancein
their H1 data,aremorelikely to reflecttheH1 networkresponses(e.g.,[76]) thancones.

Bipolar cells. An important pieceof evidenceaboutthelocationof theadaptationsites
comesfrom Dunn, Lankheet& Rieke[68], whocomparedconeandbipolarcellresponsesin
thesamepreparation.Theyfound that thebipolarcellsdid not contributesignificantlyto
adaptationandessentiallyfollowedtheconeresponseswithout additionaladaptation.

Ganglion cells. Ganglioncellsprovideevidenceabouttheadaptationof thewholeretina.
Purpura,Tranchina,Kaplin & Shapley[48] measuredTCSFsin magnocellularandparvocellu-
lar primateganglioncellsatup to fiveadaptationlevels.TheymodelledtheTCSFdatausinga
linearsystemsmodelwithÐas in our modelÐtwo lead-lagfiltersbut theyaddedanimplausi-
bly largeandvariablenumberof sometimesextremelyfastLP-filters.In general,their dataare
consistentwith thepsychophysicalmeasurementsdescribedhere,exceptastheynoted(p.89)
theganglioncellTCSFsremainedbandpassevenat low adaptationlevels.Thisagreeswith our
modelin whichk, thefeedforwardgain,whenrestrictedto conditionsthatarecone-mediated,
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isconstant.Aswellasshowingaspeedingup of thevisualresponse,their dataalsoshowthat
adaptionbeginsatbackgroundsaslow as1 log10trolands.

Lee,Pokorny,Smith,Martin & Valberg[77] measuredchromaticandluminanceTCSFsin
primatemagnocellularandparvocellularganglioncellsandin humanobservers.Themagno-
cellularandhumanluminanceTCSFswerecomparablein form, but unsurprisinglythe
humandatashowedlowertemporalacuities,adifferencethatLeeat al. attributedto theinter-
positionof alater4-stageLP-filter with a20-Hzcornerfrequency.In our model,thelatefilters
aretwo LP-stageswith fixed30-Hzcornerfrequencies.Other important featuresof their
resultsarethatadaptationbecomesapparentbetween0.3and1.3log10trolands,consistent
with Purpuraet al.,andthat theTCSFsandthephasedelaysmeasuredtogethershowthata
linearsystemsapproachto modellingsuchdataisappropriate.

Lastly,Dunn, Lankheet& Rieke[68] measurednot only coneandbipolarcellresponsesin
thesamepreparation,but alsomidgetandparasolganglioncellresponses.Theyfound that
adaptationswitchedfrom postreceptoralto receptoralasthelight levelincreased.Between
darknessand1000R�/s (photoisomerizationspersecond)theyfoundevidencefor frequency-

Fig 11. The panels show the standard model predictions. Panel[A] showsthepredictedTCSFsasamplitudesensitivitiesatarangeof light levels(0.5to 5.5log10

trolandsin 0.5log10steps).TheTCSFsendat theassumedCFFfor eachlevel.Panel[B] showsthepredictedCFFsextrapolatedfrom theindividual TCSFfits (ascoloured
symbols)andthepredictionsof thestandardmodelshownasthecontinuousblueline, thewhitecirclesarein 0.5log10unit intervalsandcorrespondto theline endingsin
Panel[A]. Thedashedwhiteline is thebestfitting Ferry-Porter slopeto thestandardmodel.Panel[C] showspredictedthreshold-versus-intensity(TVI) curvesfor brief
flashes.Theredline isStiles'templatefor TVI curves.Thecoloredsymbolsfor individualobservershavebeenverticallyshiftedto alignwith Stiles'templateremoving
individualdifferencesin overallgain.Panel[D] showsthepredictedflashthresholdsasafunction of flashduration(bothon logscale)for arangeof light levelsfrom 0.5to
5.5log10trolandsin 0.5log10steps.Wehaveaddeddashedstraightlinesto indicatecompletetemporalsummationatshortdurations(with slopesof -1) andthelong
durationasymptote(with slopesof 0).Thedurationatwhichtheselinesintersectis theªcritical durationº indicatedby theyellowcircles.

https://doi.org/10.1371/journal.pone.0220358.g011
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dependentadaptationin theganglioncells,but not in eitherthebipolarcellsor cones,and
above1000R�/s theyfoundadaptationmainly in cones(seeFigure3 in [68]). To incorporate
thispostreceptoraladaptingstagein our model,wehaveplacedoneof thevariable-speedLP-
stagesafterthefeedforwardstages.Psychophysicalevidencefor postreceptoraladaptingstages
similar to thosein our modelcomesfrom thework of Stockman,Candler& Sharpe[78], who
measuredrod TCSFsandrod phasedelaysfrom -3.3to 0.8log10scotopictd andmodelledthe
changesin bothbychangingthecornerfrequenciesof LP-stages.Sinceovermostof this
range,therateof photonabsorptionperrod is too low for sensitivityregulationto bepractica-
blewithin therod photoreceptoritself,theregulationmustoccurpostreceptorally(see[78]).
Wespeculatethatoneof thesestagesmight correspondto adaptationin theganglioncells,
whichtherod andconepathwayshavein common(see,for example,Figure1 in [79]).

In conclusion,basedon areviewof physiologicaldatawehaveorganisedtheadaptation
stagesof themodelasillustratedin Fig8.

Asin mostothermodels,noiseseemsto playlittle or no role in alteringtheshapesof the
TCSFs,whichcanbeaccountedfor deterministicallyby themodel.Thus,weimplicitly assume
that temporalsensitivitydoesnot criticallydependon earlysourcesof noise;e.g.,quantalfluc-
tuations.This isconsistentwith previousstudiesthatexaminedtheroleof noiseon flicker
detection,andwhichsuggestedearlynoiseisnot alimiting factorin humancone-mediated
vision[18,80].

Cone independent and non-independent adaptation

Thelocationsof theadaptationelementswithin thevisualpathwayhaveclearimplicationsas
to whethertheadaptationis likely to becone-specific,oftenreferredto asfirst-siteadaptation,
or non-cone-specific,oftenreferredto assecond-siteadaptation(discussed,for example,in
[81,82]). In themodel,wehaveassumedthat theinitial frequency-independentgaincontrol,
g, andthefirst threevariable-speedLP-filtersarelikely to bewithin thephotoreceptor.Given
this,theseelementsrepresentsitesof first-site,cone-specificadaptation.Thetwo inhibitory
subtractivefeed-forwardstagesin themodel,in contrast,areassumedto beafterthephotore-
ceptors,andarethussitesof second-siteadaptation.Sincethefeedforwardis inhibitory, these
second-sitescanbecone-opponentundersomeconditions.Thefourth variable-speedLP-filter
isalsoassumedto bepostreceptoralandsoisasiteof second-siteadaptationsite.At thissite,
signalsfrom othercones(andevenrods)mayspeedup thecommonfilter. Wespeculatethat
theshapesof theStiles'π4 andπ5 field spectralsensitivities[83] mayreflectbackgroundadap-
tation mediatedatsuchasecond-sitewherethesensitivityof π4 (M-cone-detected)or of π5 (L-
cone-detected)lightscanberaisedby theotherconetype.Thus,thefield spectralsensitivityof
π4 ishigherthantheisolatedM-conespectralsensitivityat long-wavelengthsbecauseL-cones
raiseM-conedetectionsensitivityat thatsecond-site,while thefield spectralsensitivityof π5 is

Fig 12. The solid cream-colored lines show the logarithmic relative amplitude response of one LP-stage plotted as

a function of frequency on a linear scale in Panel [A] and on a logarithmic scale in Panel [B]. Themaximum
responsehasbeennormalizedto 1.Thecornerfrequency, fc, is indicatedby theverticalblacklines,andfrequency is
markedoff in multiplesof fc. Thereddashedlinesshowtheasymptoticfrequency response, whichin panel[B] isa
straightline with aslopeof -1 consistentwith therebeingjustonestage.Theredregionhighlightstherangeabove3.74
fc wherethefilter responseiswithin 0.015log10unit of theasymptotic response.Theblack-dashedlines,indicating
exponential lossof sensitivitywith increasingfrequencyandwhichdescribethemeasurementsshownin Figs2±6,are
thebestexponential fit to thesingleLP-filter (creamlines)between0.33fc and2.0fc. Thegreenregionhighlightsthe
rangefrom 0.43to 1.92fc within whichthefilter iswithin ±0.015log10unit of theexponentialresponse(whichisa
straightline in Panel[A]).

https://doi.org/10.1371/journal.pone.0220358.g012
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higherthantheisolatedL-conespectralsensitivityatshort-wavelengthsbecausetheM-cones
raiseL-conedetectionsensitivityatshort-wavelengths.

Thecurrentrapidprogressin retinalphysiologymaysoonallowsomeof thesedetailsand
ambiguitiesto beclarified.

Psychophysical implications of the model

Panel[A] of Fig11showstheTCSFpredictionsfor thestandardobserverplottedatback-
groundstepsof 0.5log10trolandsfrom 0.5to 5.5log10trolands.Thesecanbecomparedwith
theindividual TCSFsplottedin Figs2±6,above.Thenewmodelprovidesfundamentalinsights
into theworkingsof thevisualsystemandcanbeusedto modelothermeasuresusingperiodic
andaperiodicstimuli. Forexample,eachTCSFshownin Panel[A] endsat thefrequencyat
whichtheamplitudethresholdfor thestandardobserverreachesthemaximum100%contrast
for sinusoidalflicker (atwhichtheamplitudesensitivityis1/I, whereI is thebackgroundlumi-
nance).Thiscorrespondsto thetemporalacuitylimit or critical flicker (or fusion)frequency
(CFF)for that level.TheCFFsfrom Panel[A] areshownasthewhitecirclesplottedasafunc-
tion of log10 luminancein Panel[B]. Thesolidblueline showsthecontinuousfunction.

Oneimportant characteristicthat isseenwhentheCFFisplottedagainstthelogarithmof
light level,is thatovermuchof therangethefunction followsastraightline,abehavior
referredto asobedienceto theFerry-Porterlaw[8, 9]. Thedashedwhite line in Panel[B]
showsthestraightline thatbestfits thestandardobserverbetween1 and3 log10trolands.It
hasaslopeof 15Hz perdecade.ThemodelobeystheFerry-Porterlawoverat leasta2 log10

unit range,eventhoughin derivingthemodel,no attemptwasmadeto producethis result.
Shownassymbolsin Panel[B] aretheCFFscalculatedusingthemodelandbest-fittingparam-
etersfor eachobserver.Theindividual CFFpredictionsarealsoconsistentwith theFerry-Por-
ter law.

Panels[C] and[D] of Fig11showthemodelpredictionsfor aperiodicstimuli. Although
themodelwasdevelopedto explaindatain thefrequencydomain,its time domainrepresenta-
tion, which isgivenin Equation(B) in S1Appendix,canbeusedto predictthevisualresponse
to anystimuli. Forexample,wecancalculatetheresponseto brief flashesoverarangeof mean
light levels.In orderto extractameasureof visualsensitivityfrom theseresponses,wefollow
Roufs[46] in assumingthataflashwill bedetectedif thepeakresponseexceedssomecritical
thresholdthatdoesnot dependon themeanlight level.Flashsensitivitywill thenbepropor-
tional to thepeakof theimpulseresponse,or equivalentlyflashthresholdwill beinverselypro-
portional to thepeakresponse.While Roufsassumedthat thesamethresholdappliesto
flickeringandflashedstimuli, wedo not. Forexample,anabove-thresholdflickering light at
10Hz will exceedthishypotheticalthreshold10timeseverysecond(or 20if incrementsand
decrementsaredetectibleandhavethesamethreshold),whereasanabove-thresholdflashwill
exceedit only once,soanyprobabilitysummation[28] mayreducetheflicker detection
thresholdrelativeto theflashthreshold.Accordingly,theunitsof our implied thresholdsare
somewhatarbitraryastheydependon theunknownstrengthanddurationof probabilitysum-
mationfor eachobserver.

Substitutingtheparametersfrom theindividual fits to theobservedTCSFsinto theimpulse
responsefunction of Equation(B) in S1Appendix,wereconstructedflashresponsesfor differ-
entmeanluminancesandextractedtheheightof thepeak.Thesehavebeenplottedasthresh-
old versusintensity(TVI) functionson adoublelogarithmicscalein Panel[C] of Fig12
(colouredsymbols).Notethat thresholdsfor eachobserverwerenormalised(vertically
aligned)to accountfor potentialdifferencesbetweentheflicker andflashsensitivities.Wealso
usedthestandardmodelfunctionsto estimateflashthresholdsasafunction of mean
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luminancebetween0.5and5.5log10trolandsin 0.5log10unit steps(whitecirclesin Panel
[C]). Wehavealsoplottedasthesolidredline Stiles'TVI template(from TableA in [83]) on
thesamescale,andtheagreementis remarkablygood.Themodelalsocapturestwo well-
knownpsychophysicallaws:first, thethresholdincreasesin proportion to thebackgroundat
high light levels(Weber'slaw),andsecond,at low levelsthresholdincreasesroughlyasthe
square-rootof thebackground(thedeVries-Roselaw).ThemodelsuggeststhatWeber'slaw
is followedathigh light levelslargelydueto bleachingandotherfrequency-independentgain
changes,whilethedeVries-Roselawoccursbecauseof increasingtemporalsummationatpro-
gressivelylowerlevels.Note,neitherquantalfluctuationsnor square-rootgainchanges,both
of whichhavebeeninvokedto explainthedeVries-Roselaw,haveanyplacein our model.

Fig 13. Best-fitting slopes (Hz per log10 unit sensitivity) for the linear high-frequency sensitivity losses from table A as a function

of the corresponding best-fitting corner frequencies (Hz) from table B for the amplitude-sensitivity data shown in Figs 2–6. (Note
that theslopeisplottedto becomemorenegativeupwards.)Thesolidblueline is thelinearregressionline,whichhasaslopeof -1.03
±0.07,aninterceptof -4.28±0.97Hz perlog10unit, andanadjustedR2 of 0.81.Thedashedredlinesarethe95%confidenceintervals
for theregression. Only theparametersfor levelsthoughtto becone-mediated areshown.

https://doi.org/10.1371/journal.pone.0220358.g013
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Additionally,wecanusethederivedimpulseresponsesto predictthepeakresponseto
flashesof differentdurationson backgroundsof differentintensities.Measuredthresholds
decreasein proportion to flashduration for shortdurations(temporalsummation,alsoknown
asBloch'slaw)but thresholdsplateauataconstantvaluefor longdurations[17,84].Theflash
durationatwhichthresholdstransitionfrom Bloch'slawto aconstantvalueisknownasthe
critical durationandhasbeenshownto decreasewith increasedluminance.Thepredictionsof
our modelfor flashdurationsof 1 msto 1sandluminancesof 0.5to 5.5log10trolandsare
shownin Panel[D] of Fig11.Thesecurveshaveall beennormalisedrelativeto thesmallest
amplitudethreshold(for longflasheson dim backgrounds).Thepredictionscanbeseento
agreewith Bloch'slawatshortdurationsandplateauat longerdurations.Thresholdsincrease
with increasingluminance.Thecritical duration increasesfrom about110msin dim light to
about40msin bright light (yellowcircles).

High-frequency exponential loss of sensitivity

Thenextissueweaddressishowasystemmadeup of our LP-stagescanproduceanexponen-
tial sensitivitylossathigh-frequencieseventhoughtheexpectedasymptoticlossathigh-fre-
quenciesfor acascadeof n LP-stagesis f � n (i.e.,not exponentialbut apowerlawandhavinga
slopeof -n on doublelogarithmicco-ordinates).

Panel[A] of Fig12showsthelogarithmof theamplituderesponseof oneLP-stageÐasingle
leakyintegrator(creamsolidline)Ðasafunction of frequency(linearscale).Thesinglestage
hasacornerfrequencyof fc markedby theverticalblackline.Panel[B] showsthesame
responseon alogarithmicfrequencyaxis.In bothcasesfrequencyis indicatedin multiplesof
fc. Aboveabout3.74fc (wheref>> fc) theresponseof asingleLP-stagein thelog-logcoordi-
natesof Panel[B] approachesanasymptoticline (reddashedline) with aslopeof -1 deter-
minedbyapowerlawwith exponent1Ðthe valueof n in thecaseof asingleLPstage.That
line in thelog-linearcoordinatesof Panel[A],producesafunction thatbecomesshallower
with increasingfrequency.Theredshadedregionsin Panels[A] and[B] showwherethe
power-lawapproximationisagoodfit to theLPresponse.How canasystemmadeup of LP-
stages,then,havetheexponentialhigh-frequencycharacteristicsof thedatain Figs2±6,which
arelinearin log-linearcoordinatesof Panel[A] andfollow thedashedblackline?Theexplana-
tion issimplythat theresponseof asingleLP-stageapproximates anexponentialdecay(and
thusastraightline in Panel[A]) overtherangeof frequenciesrestrictedto lie betweenabout
0.36fc and1.92fc, asshownby thegreen-shadedregions.Thisargumentappliesequallyto cas-
cadesof multiple LP-stagesbut producesasteeperslope.(A mathematicalexplanationinvolv-
ing aTaylor'sexpansionaroundfc isprovidedin S1Appendix.)Theintroduction of
subtractiveinhibition shiftstherangeof approximatelyexponentiallossto slightlyhigherfre-
quenciesandslightlyreducestheexponentialslopeof thedecline,seeS1Appendix.

In conclusion,our analysisshowsthat theresponseof systemsof LP-stagesapproximates
anexponentialfunction overmuchof themid-frequencyrange.At higherfrequencies,asindi-
catedby theredregionsin Fig12,responseswouldmorecloselyapproximateapowerlaw,but
thesefrequenciesareabovetheflicker fusionlimit andarethereforeinvisibleÐflicker cannot
beseen,andflicker sensitivitycannotbedirectlymeasured.

Theexponentialdeclinein sensitivitywith frequencydemonstratedbyour modelisconsis-
tentwith theempiricaldata,but it isnot afeaturethat isuniqueto our model.Any modelbuilt
from cascadesof severalLP-stagesproducesapproximatelyexponentialfunctionsoverfre-
quencyrangesthatdependon thenumberof stagesandtheir speeds.Another,andmathemat-
icallysimpler,wayof ensuringanexponentialdeclinewouldbefit afrequencyresponsethat
truly is,or tendstowards,anexponentialfunction athigh frequencies[24,38,85],but weare
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unawareof anyphysically-plausiblemotivationfor suchamodel.Indeed,Kellyhaspointed
out thatastrict adherenceto anexponentialfrequencyresponsewouldproduceanon-causal
impulseresponse[86]. Oneothersignificant,physicallymotivated,classof modelsthathas
beenproposedto accountfor TCSFdataisbasedon solutionsto diffusionequations[43,86,
87].Predictionsof thesemodels,whenlog10sensitivityisplottedagainstlinearfrequency,do
not producestraightlinesbut alsohavealargenegativeacceleration,whichis inconsistent
with mostTCSFdata.

Relation between corner frequency and the high-frequency slope

ForeachTCSF,wecarriedout two fits.First,wefound theslopes,givenin TableA, thatbest
fit theexponentiallyfallinghigh-frequencysensitivitiesateachlight level.Second,weapplied
thenewmodelandfound thebest-fittingcornerfrequenciesandoverallgainsgivenin TableB
in S1Appendix.In thissection,weconsidertherelationbetweenthehigh-frequencyslopes
andthecornerfrequenciesfor thosemeanintensitylevelsthatcanbeassumedto becone-
mediated.Fig13showsthebest-fittinghigh-frequencyslopes(in Hz perlog10unit of sensitiv-
ity) againstthebest-fittingcornerfrequency(Hz). Theerror barsshow±1 standarderror of
thefitted parameter.Thediscrepantvaluesfor DHK werenot included.Theblueline shows
thelinearregressionandthe95%confidenceintervalof thefit liesbetweenthedashedred
lines.Thebestfitting line hasaslopeof -1.03±0.07.

It is immediatelyobviousin Fig13that theexponentialhigh-frequencyslopesandcorner
frequenciesarealmostexactlylinearlyrelated.Thissimplerelationmeansthataquickandeffi-
cientestimateof thespeedof thevisualsystematanymeanretinal illuminancecanbedeter-
minedfrom thehigh-frequencyslopeof theTCSFbymeasuringtwo or threecontrast
thresholds(atmid to high frequencies)andusingFig13to estimatethecorrespondingcorner
frequencyandhencethetime constantτ. Suchanabbreviatedmethodis likely to beespecially
usefulin clinicalor screeningcontextswheretime is limited.

Summary

Weproposeasimplemodelof humanlight adaptationthatcombinesafrequency-indepen-
dentgaincontrol,acascadeof LP-filtersandtwo stagesof subtractiveinhibition with just two
intensity-dependentparameters:onethatcontrolstogetherthecornerfrequencies(or time
constants)of sixof theeightLP-filters,andasecondthatcontrolsthefrequency-independent
gainathigherlight levels.Themodelaccountsfor TCSFdatacollectedoverthepast65years,
including low-frequencyattenuation,theexponentialfall in high-frequencysensitivity,and
theadaptation-dependentsensitivitychangesatboth low andhigh frequencies.

Themodelisagnosticasto thelocationandsequenceof its elementsin thevisualpathway.
However,followingareviewof theavailablephysiologicaldatawehavetentativelyplacedthe
modelelementsatspecificlocationswithin thepathway.

Asweshow,themodelcanbeeasilyextendedto aperiodicaswellperiodic(flickering)sti-
muli. Our nextgoalwill beto testanddevelopthemodelbyapplyingit to newperiodicand
aperiodicdatacollectedin thesameobservers.

Detailsof themodelcanbeeasilymodifiedto accommodatenewpsychophysicalandphysi-
ologicaldataastheybecomeavailable.

Supporting information

S1 Appendix. Justification for data excluded because of rod intrusion. Time-domainrepre-
sentationof themodel.Analysisof exponentialfrequencyresponse.Why leakyintegrators
might havesimilarcornerfrequencies.Effectof subtractiveinhibition on exponential

Human light adaptation

PLOS ONE | https://doi.org/10.1371/journal.pone.0220358 August 7, 2019 29 / 34

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220358.s001
https://doi.org/10.1371/journal.pone.0220358


frequencyresponse.High-frequencylinearityandlow frequencyWeber'slaw.Also,TableA:
Best-fittinghigh-frequencyexponentialslopes,andTableB:Best-fittingmodelparameters.
(PDF)

S1 Dataset. Historical datasets plotted in Figs 2–6 and used to develop the model.

(XLSX)

Acknowledgments

Thiswork wassupportedbyBBSRCgrantsBB/M01858X/1andBB/R019487/1.Wethank
RheaEskewfor commentsandananonymousreviewerwhoencouragedusto makesubstan-
tial improvementsto theoriginalmanuscript.

Author Contributions

Conceptualization: AndrewT. Rider,G.BruceHenning,AndrewStockman.

Data curation: AndrewT. Rider,AndrewStockman.

Formal analysis: AndrewT. Rider,AndrewStockman.

Funding acquisition: AndrewStockman.

Investigation: AndrewT. Rider,G.BruceHenning.

Methodology: AndrewT. Rider,G.BruceHenning,AndrewStockman.

Validation: AndrewT. Rider,G.BruceHenning,AndrewStockman.

Visualization: AndrewStockman.

Writing – original draft: AndrewStockman.

Writing – review & editing: AndrewT. Rider,G.BruceHenning,AndrewStockman.

References
1. Barlow HB, Levick WR. Threshold setting by the surround of cat retinal ganglion cells. Journal of Physi-

ology. 1976; 259(3):737–57. https://doi.org/10.1113/jphysiol.1976.sp011492 PMID: 957261; PubMed

Central PMCID: PMC1309061.

2. Shapley R, Enroth-Cugell C. Visual Adaptation and Retinal Gain Controls. In: Osborne N, Chader G,

editors. Progress in Retinal Research. 3. New York: Pergamon Press; 1984. p. 263–346.

3. Schultze M. Zur Anatomie und Physiologie der Retina. Archiv für mikroskopische Anatomie und

Entwicklungsmechanik. 1866; 2:175–286.
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85. H.E. E, Banks MS. Temporal contrast sensitivity in human infants. Vision Res. 1992; 32(6):1163–8.

https://doi.org/10.1016/0042-6989(92)90018-E PMID: 1509708

86. Kelly DH. Diffusion model of linear flicker responses. J Opt Soc Am. 1969; 59(12):1665–70. PMID:

5360496

87. Veringa F. Enige natuurkundige aspecten van het zien van gemoduleerd licht: University of Amster-

dam; 1961.

Human light adaptation

PLOS ONE | https://doi.org/10.1371/journal.pone.0220358 August 7, 2019 34 / 34

https://doi.org/10.1016/0042-6989(92)90018-E
http://www.ncbi.nlm.nih.gov/pubmed/1509708
http://www.ncbi.nlm.nih.gov/pubmed/5360496
https://doi.org/10.1371/journal.pone.0220358

