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Abstract

Purpose Previous work has investigated whethesignificant regression slope in the first two
years for the summary index Mean Deviation (MD) is predictive of rapiddB/year)
glaucomatousvisual field progression. This waskumed six visual fields were obtained as per
management guidelines, buatclinical practicecommonlyonly two or three fields are measured.
We used simulation methods to investigate how reduesigrequencynfluences the prediction
of rapid visual field progressioalong with the influence of includingiteriabased on

regression’slope.

Methods: WeSimulated visual field series (N=100,000) spaced annually in the first two years
and then bienniallywWe calculated positive and negative predictive values (PPV & NPV) for
detecting rapid progression, based on a criterion of a significant negative mystsge of any
magnitudesor0f amagnitude less than a particular limlie performed a second simulation
using test frequency and disease prevalence pararfretara dataset of 255 glaucoma patients
from The University of Tokyo Hospital, tacheckthe validity of our method.

Results'Predictionvaluesat twoyearswereslightly less tharthose obtained using six visual
fields. An addition of an appropriate slope based criterion materially imnghfeR¥, with little
detrimental &ect on NPV.Simulated predictionalues for thé okyo dataset were similao
those determined empirically.

Conclusiort Infrequent visual field testindoes notiramaticallyalter predictive valueattwo

years but doesubstantially delaywhen significant progression may first be detected.
Introduction

Regular examination of thesual fieldwith automated perimetiig an essential tool for

monitoring glaucoma patientdt has been suggested that six visual fields are required in the first
two years after diagnosis order to have an adequate power to detect rapid visual field
progression<{—2dB/year, using a lineaegressiorover time of the summary index Mean
Deviation, or MDY This finding has been influential in shaping glaucoma management
guidelines for how frequentlyisual field assessments are perforthéadlthoughmultiple

visual field assessments proviggpropriate statistical power, it hasentlybeensuggestedhat
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afinding of a significant sloperhen regressing a patient’'s MD values over tdoes not have a
high positive predictive value (PP\r detecting rapid progressidit two years, the PPV for
rapid progression was around QtHat is,around one in 10 people showing a significant
regression slope in the first two years had underlying true rates of progressibtBifear or
worse? Thissack of a strong prediction reflects, in large part, that the prevalenegidfisual
field progression.is low in glaucoma.The positive predictive values was also less tharficd.a

lower —But still troubling— rate of progression efl dB/year or worsé.

However, there arsomelimitations with this recent studyf the PPV of a significant regression
slope? The simulation in the studyssumed visual fields were tested at fmanthly intervals in
the first two years, in keeping witleveral currenguidelines: * However, patients commonly
perform oAl tWo or three visual field examinationghe first two yearén practice® The
simulation‘alse demonstrated thistngan additional criterion based on the slope of the
regressiorthat is, using a criterion of a significant slope that was&t&uB/year, rather than
simply a significant slope alongjcreased th®PV. However, only one slopeiterionwas
investigated. It is unknown how the PPV alters as the slope criterion is systematically changed,
and whetherthe PPV might betherimproved if a different sloperiterionwere usedPrevious
work using pemntwise linear regression to detect progregsiomd a non-monotonic relationship
between slope criterion and the area utlkdereceiver operating characteristiarve

distinguishing progressing from non-progressing fiélds.

Finally, it would\be useful if the general findings of the simulation could be cordfirmaestudy
using empirical data. In keeping with previousrks > ***? the simulation assumed Gaussian
noise in the index MDAs MD represents an average, the central limits theorem would predict it
variabilityshould be approximdieGaussiart* even though the pointwise sensitivities from
which this"average is derived are themselves skétathilst there is empirical evidence to
suggest this"is"a reasonable assumption in reliable obseiittetsealthy fields- outlying data
points can‘occur in clinical patierffsFurthermore, the simulation assumed that the underlying
change in the visual field was linearer time. Although this is commonly assumed to be the

case in the literature® ®some authors have argued that visual field chammebe norlinear!’
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In this paper we perform simulations to examine how the PPV for rapid progressismdien

the frequency of visual field testing is reduced from the recommended six vistdsiifi¢he first

two years to the more typical frequencies seaiiical settings We also determinthe

relationship between the PPV and additional criteria based on the slope of the regression line, to
test the hypethesis thBPV canbe improved by using a slope criterion ottiemn that explored
previously, Finally, we use a subset of data derived from a recently published®sindyalso

used in"darge-elinical cohort to test whether the principalationships seen in our simulations

are also seen‘empirically

Methods

Smulation.Details

Except where otherwise stated, simulation details were as described pretiouslief, we

created dongitudinal series of MD values for 100,08inulated patiesstwhose underlying true
progressionrates were drawn from a modified hyperbolic secant whose parameters were the
average of'those fitted to large datasets f@anada, Sweden and the USAhe proportion of
people with.slopekess than or equal te2dB/year, —1dB/yearand-0.5dByearwere2.3%,

15.8% and™40.4%espectively Each MD value was jittered from its nominal value by applying
Gaussian noise with a standard deviatioth.0fdB, as previously assumed for moderate
variability fields? > *'We then appliedrdinary least squares linear regressimthese MD
valuesoveritime b estimatéoththe visual field progression rate and the significance of the

regressiorslope.The aiterion for significance waB <0.05.

For oursprimary:simulation, we assumed visual fields were perfoamedally in the first two
yearsand then biennially after this. Fuetal 2 showed thatacross severdinglish hospitals,
visual fields were most commonly performed two or threegiméhe first two yearsThese
valuesareconsistent with patients undergoing approximately annual review initially, wit
scheduling, variabilitcausingsome patientghird visits tofall just after, and others just before,
the initialtwo-yearwindow (therefore giving two or three fields in the window, respectively).
Assuming biennial review of visual fielddter this tweyear window(for example, performing

perimetry only on every other annual review visigans that visual fields are perfoed on
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average 0.7 times a year over ayarwindow in our simulation. Thimatches the average 0.7
visual fields per year found in the average 7.2 year follow-up period reported bytfahfigror

each simulated patient we created a visual field series of 16 years duration, and performed linear
regressions on truncategdrsions of this seriestarting from a minimum of the first three fields.

It is clear that.slopestimatesre highly variable with small visual field serf@gndso in a

research setting it is advisable to obtain an extended visual field seoes jpefforming
regressionranalysedowever, a has been argued previouSigjnicianswill likely examine a

patient’s visualfield series at egghtientvisit, and so examining the performance of regression

analyses from the first point they can be perforntledt (s,three or more fields) is appropriate.

Analyses

Positive and.Negative Predictive Values. We calculated positive and negative predictive values
(PPV & NPV)intwo ways.For our main analyses (represented by symbols in the appropriate
figures),a'visual field series was judged as having progressed at a particularthsdriferia of

slope significance and slope magnitwgere mefat that visit and/or at any visit prior to that

(from visit.three onwards)his was done to be more consistent with what might be done
clinically (assessing for progression at each visit) ratiem in a controlled studyof example,
assessingforprogression only after a predetermined time). As a secondarg analysi

calculated predictive values based on an assessment of progression made only at the specified

Visit.
Empirical Investigation

We obtained 31glaucoma patients/isual field reportg24-2 or 30-2, Humphrey Field Analyzer
Il (HFA) (wwwizeiss.compfrom The University of TokyoClassification of patients, and ethical
approval forthe study was identical to that reported fod#panese Archive of Multicentral

Databases’in GlaucomaVe commenced witt7,861 visual field reports, to which the following

eligibility criteria were applied:
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1. Fixation loss<20% and false positive <15% (excluded 550 repdfadse negative was not

used as an exclusion criteridonllowing the manufacturer's recommendation.

2. Only one eye per subject, selected at random if both eyes were gleibleded 2,797

reports.of other eye).
3. Minimum.of sixyears follow up period (excluded 39 Subjects, 417 reports).
4.  Minimumef 11 visual field reports per patieeix€luded 20 subjects, 200 reports).

Visual field series from 255 patients met these crit&@ah patient’s true progression rate was
taken aghe.slope of the ordinary least squares linear regression of his or hevisogldield
series, including the baseline visual field. Rate estimates were calculated for truncated visual
field seried(i.e. the first two, three or four years), and the positive and negative predidties va
calculatedor a significant negative slope in this truncated regression pireglctrue

progression rate of —1dB/year. We did not determinegglictive values for rates—2dB/year
owing to.the.absence of any such rates in the gidepdetermined the variability of these
predictivevaluesby a bootstrap procedure, where PPV and NPV was calculated for each of
100,000 new-groups of 255 patients created by sampling, with replacement, from the original

255 patient group.

Results
Smulation'Results

Figure 1'shows'the influence dhe length of the visual field series on the abiidydetect
glaucomatous visual field progression of different magnitudes, using a criterion offeaigni
negative regression slope. The PPV is low for detecdpgl progression (top panel, filled
squares), peaking at 0.11 after four years. For comparison, results are also shavanfeisual
fields are done at formonthly intervalgstars) consistent witlpublished guidelinés®*and as
reported previousl{ At two years, the PPV for detecting rapid progression is slightly poorer for
infrequentfields, compared with more frequency testing (0.42sw 0.37).For allconditions,

there isa modest difference between whether predictive values were based on a significant
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regression slope either at the time in question (short dashed lines) or at that time and/or at any
precedingime (symbols). The NPV for rapid progression is high even from two years,
indicating that if a signiiantnegative regression slope is not found, rapid visual field
progressian is unlikely to be presefhese NPWalues are, however, still reduced compared to
those obtained with four-monthly testing, as publishedipusly (stars)* The PPV for a less

rapid progression rate efl dB/year (unfilled squaresas determined with infrequent testig,
reduced at'two years comparedhe PPV obtained with four-monthly testing. The PPV with
infrequenttesting does, however, peak at a slightly higher value at four years. NPV éslyeduc
however Rerunning our simulation found the cumulative PPV and NPVs reportejime 1

shifted by an@verage of 0.0014 and 0.0010, respectively, with no value shifting more than 0.011.

Figure 2 shoews:how predictive values alter as a function when an additional criteraxshdoras

the slope magnitude is used, rather than simply the significance of the regriegsadaeAt

two years (lefpanels), he PPV increases systematically as slope criterion increases, and exceeds
0.5 when an additional criterion 8f~2dB/year is used. In contrast, an additional slope criterion
has little influene on the NPV for rapid progression. A similar result is found atyfears (right
panels)palthough the rise in PPV is accelerated. This acceleration continues for longer series
(Figure 3, six.and eight years), allowing a PPV greater than 0.5 to be achieved using a lower
slope criterion ok —1.5dB/year. Althoughhere isa clear drop in the NPV for detectiegher

any (unfilled circles) orlessthan-rapid fjlled circles and unfilled squares) progression as an
additional slope criterion increases, the NPV for rapid progression reatmwus 0.9&filled
squares)To visuali® more readily how predictive values alter with the length of follgaw

Figure 4 replotssasubset of data frorigure 2 andFigure 3 for detecting either any significant

progression:(left panels) or progression2dB/year.
Empirical Results

Of our group.ef255 subjects (132 male, 123 female}38%)had primary open angle
glaucomarand 158 (62%) had normal-tension glaucéigare 5 gives the median timef each
visual field measurementesting was regularly spaced and reasgnibhjuent, with four tests
performed in the first two years. The prevalence of progressidmB/year was 7.1%gure 6,

upper panel). The lower par@lFigure 6 gives thecumulative empiricapredictive values for
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detecting progression rates-1dB/year based on a criterion of a significant negative regression
slope in the \gual field series truncated to threefour years(unfilled symbols) PPV and NPV

at twoyearsare not shown as no person with progressiohiB/year had a significant

regression slopat this time inour sample. A simulation of thempiricalresults was performed,
using the median standard deviation of the empirical MD data about the regressisf~slope
0.98) and visual field spacing based onrttezlian values reported kigure 5. The results
(cumulative"and noeumulative filled symbols and short dashed lines respectively) typically
fall within'orclose to the 95% bootstramits about the empirical data. Our simulation results

do, however, slightly overestiate negative predictive values
Discussion

Our results show thaising infrequent visual field data (annual review in the firstyears, and
then bienniallyproduced anodest reduction iRPVfor detecting rapid visual field progression
comparedosmeore frequent testingour-monthly testing), when consideredaatequivalent time

of two yearsPPV increases monotonically as thagnitude of an additional criterion on the
regression slope increas@&sdure 2 andFigure 3), and is close to 0.6 after two years when a
strict criterion,0f<—2.5dB/year is used. NPV was also reduced by infrequent field testing at two
years. ThiS resuls consistent with the idea that a visual field series with a true, underlying rate
of progression of—2dB/year may return a naignificant regression slope with only three fields
(as with infrequent testinghmportantly, our simulation produces resudisilar to those

obtained from an analysis of clinical dakagure 6), which strengthens the validity of our
simulation approach. Agreement was not perfect, however, which is not unexpected given tha
our simulation representssamplified model of how visual field progression occurs. One
potential reason for a deviation between our simulation and the Tokyo data cthed isual

field progression may not lgerfectly linear:” Nondinearities might also be expecterbe more
prominentsinelinical — rather than in study - data where patients may have ongoing alterations
madeto theirglaucoma management. The likelihood of such management changes might be
expected to inerease in those patients showing signs of rapidly progressing diseatieeless,

a recent study found that there was no nienitsing nonknear regression methodspeedict

future visual field progressian clinical data compared witHinear regressiaf¥
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It should be noted that NPVs (and, imscircumstancesPPVs)arehigherfor agiven number
of visual fields when infrequent testing is performEthre 1). As fields are more widely
spaced, visual field damage progresses more after a fixed nofflEdswith infrequent
testing and so the signal to be detected — compared to the noise inherent in persmetry -
increasedBecause of this, infrequent visual fields will typically contain more information pe
visual fieldas te whether progression is present, and the likelihood of finding a significant
regression‘slope is increased when progression is présentvill lead to the improvement of
NPV givenrits'monotonic relationshigith time (Figure 1). However,PPV may not always
increasggiven its nonmonotonic relationshipwith sufficienttime, even verglowly progressing
fields will return significantegression slopesnd so the present of a significant slope alone

becomes adlesgliable indicator that rapid progression is present.

Although wesfind that PPV at any given time after two years islrayhaticallyaltered by the

sort of inflfequent testing that may be seesdmeclinical practicesettings® there are other
disadvantagethat may ariséWith the infreqent testing modelled here, regression analysis
cannot be perfarmed until two years, thereby significantly delaying when PPV and NPV can be
first formally-assessetlVe believe this representse of the principal disadvantages of
infrequent visual field tesg. In contrast, with six fields obtained in the first year, regression
analyses cahe performed in under one year. With home monitoarigrtherimprovement in

the early detection ofpid progression of the visual field may be achieffdd. addition,
accurately determining the progression ratather than simply that statistically significant
progressian is presents challenging, antlas been estimated to take around five years given a
reasonablérequency ofvisual fieldtesting'® With infrequent testingthe confidence intervals
surroundingsslepe estimates will necessarily be laagdrthe time needed accurately quantify

rates therebyncreased

The distribution of visual field progression rates in our Tokyo datssestymmetri¢Figure 6),
with a largeftail for negative slopethatis characteristic of distributions compared elsewfiere.
Of interest is thathe median time to reach six visual fieldgroundthreeyears Figure 6). This
indicates aloser following of visual fields comparéa that seen idata fromEngland, where
the median time to achieve six visual fields was approximatelyéaes® Variability in follow-

upis alsoreduced, with the time to receive six visual fields taking between ~3.5 to 10Qryears
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England (tenth and ninetienth percentiles), compared witfo-to four years in Tokydataset
Part of this decreased variability maydee to our currerdatasebeingderived from a single
hospital setting, whereas that of Fuagal .2 was drawn from sixospitals. Of note is that both
of these wudies were drawn from clinical, rather than stug¢ordsand so presumably provide a
measure of.the frequency of visual field investigations performed by hospitaldhiasgensin

both regions.

Our analysswereperformed using a linear regression of the summary index MD, which has
been shown to'be more sensitive to change than similar regressionthagiiodpal indices
Visual Field"Index (VFI) or Pattern Standard DeviafibRurthermore, although regression of
VFI are designed to be interpretively easyegularities in VFibased metrics can occur for both
low rates of:changéand for visual fields of MD <20 dB.?% Despite these differencdsroadly
similar resultgo oursmay be anticipated used the VElven VFI progression rates and MD

rates are Closely relatéd

In summary, infrequent visual field testing doesdraimaticaly impair predictive valuesf a
significant regression slope for detecting rapid visual field progreasitwo yearscompared

with more frequent testingelecting an appropriaseditional criterion for the slope of the
regression can materially increase positive predictive values, with only limited detrimental
effects on negative predictive valubdrequent testing does, howevsignificantlydelay the

time at whichspredictivealues can bérst calculated,and delays the ability to rule out rapid

visual fieldprogression by over a year when compared to when testing frequency guidelines are
adhered toGiven that lhe identification and management of patients with rapidly progressing
glaucomarepresents a pressiatinical challenge, suchelays may nobe unacceptable

particularly in thosgatients with significant risk factors for rapid visual field loss.

Figure 1: Positive predictive values (PPV) and negative predictive values (NPV) for visual field
progression werse than, or equal to, a particular aste,function of time after diagnasis
Symbols'show whenisual fields wergudged to be progressing at a parécuime ifa
significantnegativeregression slope was found at that time, and/or at any prededanghort
dashedinesshow when progression is defined as a significant negative regression slope only at

the time in questior-or comparisonstars show PP¥nd NPVWvalues for when visual fields are
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doneatfour-month intervalsn the first two years, and then annually (filled stars—%.0dB/yr;
unfilled stars =—2.0dB/yr) aspreviously published We provide linesinking our datapoints
purelyto aid visualgrouping, and not to imply that our necessarily discrete functions are

continuous.

Figure 2: PPV and NPV fosignificantvisual field progression worse than, or equal to, a
particular rateas a function an addition criterion basedstwpe For examplein the top left
panel, thefilled square third from the right gives the PPV for deteating underlying visual
field progression o£—2.0 dB/yr, assuming a criterion of a significant regression of slope
<-1.0 dB/yrin‘this example54% of visual field series with significant regression slopes
<-1.0 dB/yr would be expected to have a true underlying progression rat@.6fdB/yr.Data
for assessmengsdter two or four years are shown in the left and right paredpgectively Othe

details aresassgiven Figure 1.

Figure 3: PPM.and NPV for visual field progression worse than, or equal to, a particulasate,
a functionsslope criterion, assessed after six or eight years (left and right panels, respectively

Other details are as givenhigure 1.

Figure 4: Replotted data froririgure 2andFigure 3, showing PPV and NPV for detecting any
progression (left pam& or progression af-2dB/year (right panelsks a function of time, for
various different slope criteria. Predictive values were calculated based on if visual fields were

judged to be progressing at a particular time, and/or at any preceding time.

Figure 5: The mediariime from baseline (= visit Xpr the first 10 follow-up visits. Error bars

give the tenth and ninetietpercentile.

Figure 6: Distribution of visual field progression rates for the Tokyo dataset (top palogly, a
with the positiveand negative predictive values for detecting progression ratesldB/year.

Table LrNumber of participants with a particular number of follow-up visits, for thethre

different truncated series used in our empirical study
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Duration of Follow-up

No of visits
2 years 3 years 4 years

1 4 1 0

2 14 0 0

3 47 10 2

4 124 29 3

5 48 71 24
>0 18 144 226
Total 255 255 255
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