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In its basic form the Will Rogers phenomenon takes place when an increase in the average value of each of
two sets is achieved by moving an element from one set to another. This leads to the conclusion that there has
been an improvement, when in fact essentially nothing has changed. Extended versions of this phenomenon
can occur in epidemiological studies, rendering their results unreliable. After describing epidemiological
and clinical studies that have been affected by the Will Rogers phenomenon, this paper presents a simple
method to correct for it. The method involves introducing a transition matrix between the two sets and taking
probability weighted expectations. Two real-world biometrical examples, based on migration economics
and breast cancer epidemiology, are given and improvements against a naive analysis are demonstrated. In
the cancer epidemiology example we take account of estimation uncertainty. We also discuss briefly some
limitations associated with our method.
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1 Introduction

The Will Rogers phenomenon takes its name from the following quotation, attributed to the Oklahoma
actor and personality Will Rogers:

When the Okies left Oklahoma and moved to
California, they raised the average intelligence
level in both states.

Will Rogers

In this tongue in cheek quotation, Will Rogers is effectively suggesting that the Okies family are of
below average intelligence in Oklahoma, but of above average intelligence in California. So, when they
move from Oklahoma to California, Oklahoma loses a below average intelligence family and hence its av-
erage intelligence increases, while California gains an above average intelligence family and so its average
intelligence also increases. If the average state intelligence were reported before and after the Okies’ move,
there is an increased intelligence level in both states, possibly suggesting that over this time period intelli-
gence has increased overall. However, the reality is that there has been no increase in overall intelligence.
What is reported is essentially an artefact of the Okies” move.

The example that we have just discussed is, of course, not a serious one. However, there is a range of se-
rious biometrical situations in which the Will Rogers phenomenon is observed including those concerning
migration economics and cancer epidemiology. We motivate our work in Section by outlining exam-
ples of where the Will Rogers phenomenon has had an effect on the results of epidemiological studies. In
Sections[I.2] and [I.3] we present some mathematical notation and a simple example. We discuss a general
method to correct for the Will Rogers phenomenon in Section 2] We then describe two worked examples
of our method based on the real-world scenarios of migration economics and medicine in Section[3] In our
medical example we also show how to take into account the uncertainty associated with estimated survival
rates. We conclude with a brief discussion in Section[d] We separately provide R code to reproduce some of
the key calculations. We now motivate our work by showing that the Will Rogers phenomenon is actually
a problem that needs to be corrected in a range of epidemiological studies.

1.1 Motivation for the need to correct for the Will Rogers phenomenon in epidemiological
studies

In medicine, the Will Rogers phenomenon is well recognised and refers to the apparent ‘improved’ survival
of patients with cancer (Tan et al., 2015 |Albertsen et al.,2005; |[Feinstein et al., | 1985; |Gofrit et al.| 2008 Q1
and Moul, 2017) or other diseases including multiple sclerosis (Sormani, 2009) due to reclassifying them
into different prognostic groups that recognise more subtle disease manifestations, or to using different
diagnostic modalities that allow the disease to be identified earlier. The Will Rogers phenomenon results
in a ‘zero-time shift’ and improved prognosis without affecting actual survival (Segen| 2012). The ‘zero-
time’ of a disease in prognosis studies is a well-defined point in time, such as the onset of symptoms or
the beginning of treatment, which is set as a starting point. Changes in zero-time therefore can result
in different prognosis, even if every patient had the same disease course (Fletcher and Fletcher, [2005).
The Will Rogers phenomenon in oncology is also known as ‘stage migration’. Stage migration is due to
different methods of cancer staging which can artefactually alter some or all stage specific survival statistics
by shifting patients with a marginal prognosis out of a better into a worse prognosis group (Blesch, [2005).
It should be noted that staging is often used as an element of assigning a treatment regime. Also, if there
has been no improvement in treatment or change in population structure, then the overall survival rate
usually remains unchanged.

More sensitive diagnostic procedure can also lead to stage migration. For example, the use of CAT
scanning and MRIs has resulted in the diagnosis of metastatic disease that would have been undetectable

(© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.biometrical-journal.com



Biometrical Journal 52 (2010) 61 3

some years ago. The patients who “move” due to this improvement in diagnostic procedure typically have
worse survival than those with truly localized disease but better survival than those patients with obvious
metastatic disease. The effect of reclassifying patients from the localized to the metastatic group will
therefore result in apparent improvements in patient survival in both groups even when there has been no
overall change in survival (Dickman and Adamil 2006).

We will now discuss several types of epidemiological study in which the Will Rogers phenomenon is
recognised as a source of considerable potential bias. In studies that involve retrospective comparisons of
contemporary to historical result such as|Gofrit et al.| (2008 which considers urological oncology, the Will
Rogers phenomenon can be the main source of bias. Hence, correcting for it is key, if we wish to make his-
torical comparisons of disease. Longer-term outcome studies, across which diagnostic criteria might have
changed, would also benefit from a method that can correct for the associated bias. A study of carcinoma
of the cervix (Foley et al., 2013)), which compared survival pre-1999 and post-1999, provides an exam-
ple. This study found that its results were subject to bias due to the ‘classic Will Rogers phenomenon’.
Similarly, the Will Rogers phenomenon was suggested as providing bias that accounted for ‘at least some
of the improved survival observed in consecutive trials’ aimed at assessing differences in non-small-cell
lung cancer outcomes in a French department from 1982 to 1997 (Foeglé et al.,2005). Long-term observa-
tion studies can also be affected by similar sources of bias. For example, the Will Rogers phenomenon is
highlighted as a key methodological issue connected with the measurement of long-term treatment effects
in multiple sclerosis (Sormani and Bruzzi, 2015). In addition, the Will Rogers phenomenon is one of the
three key problems that would need to be eliminated before historical controls can be used as an accept-
able method of evaluation (Feinsteinl [1979). We should therefore adjust for the effects of the Will Rogers
phenomenon, because comparison against historical controls rather than placebo can be beneficial, when,
for example, an investigator would not want to prevent patients from having access to allegedly superior
treatments (Clark and Leaverton, |1994). Other benefits of historical controls include being able to reduce
sample sizes (Quan et al., |2017) and allowing more resources to be devoted towards the novel therapy,
while retaining accurate estimates of effect (Viele et al.| 2014).

The final type of study where the Will Rogers phenomenon can provide bias is investigations in
which there is a geographical or spatial component. For example, significant bias was acknowledged
in a study that examined survival rates of non-small-cell lung cancer patients in difference geographic re-
gions (Grosclaude et al.|{1995)). The bias was due to the fact that different geographies employed differing
diagnostic criteria, so leading to an erroneous prediction of higher survival rates in certain areas. Correct-
ing for the Will Rogers phenomenon in this case would allow for better comparison to be made between
geographies. All these specific examples motivate the need for a general method for correcting for the Will
Rogers phenomenon in epidemiological studies. We discuss such a method and its limitations in the rest
of the paper.

1.2 Mathematical notation

In order to describe our method for correcting for the Will Rogers phenomenon, we need some straightfor-
ward mathematical notation. Let A and B be two disjoint sets of observations on people, for example, and
let P = AU B be the set of observations on the entire population. We observe A, B and P at two distinct
times: t = 0, and t = 1. At¢ = 0, the sets A, B and P take the form

AO = {ao’l, agp,2, .- -, ao’mo}
By = {b()yl, b()’g, ey bO,no}
Py = AgUBy={po,1,P02,--P0,n0+mo}>

where we use the general notation @ and b to denote observation values from sets A and B respectively, and
p for observation values from the entire population set P. We use the general notation m and n to indicate
the number of observations in sets A and B respectively. Later at ¢ = 1, after transitions have taken place,
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these sets become

Ay = {a11,a12,..,a1,m,}
By = {bi1,b12,..,b1n,}
o= AUB = {p1,1,p1,2, ~-~7p1,n1+m1},
where mg +ng = m1 +ny. Weusepgj,j = 1,...,n9 +mop, and p1 4, j = 1,...,n1 + my, for the

elements of the unions Ay U By and A, U By for ease of notation later.
Associated with these sets are the following arithmetic means or averages:

1 mo 1 no 1 no+mo
Ao=—S ao, Bo=— by, Py=—— :
0 oy 0,5 0 - Z 0,5 0 o + o Z Po,j
j=1 j=1 j=1
1 mi 1 ni 1 ni+mq
A= — . Bi=—S b, P=— :
P omy i T Z I Yo Z P
j=1 Jj=1 Jj=1
and differences between these arithmetic means from¢ = 0to ¢ = 1:
AA= A, — A AB =B, — By AP =P, — B,.

1.3 A simple numerical example of the Will Rogers phenomenon based on a dummy eco-
logical example

An example of when the Will Rogers phenomenon occurs is the following: at time ¢ = 1, an element b
with the property that b < By and b > A, is moved from set B to set A. Since b is below the arithmetic
mean of set By, moving it out of this set will increase the mean of the remaining values so that B; > By
with the consequence that AB > 0. Similar, since b is above the arithmetic mean of set Ay, moving it
into this set will increase the mean of the expanded set so that A; < A, again with the consequence that
AA > 0. The reclassification of an individual from one set to another leads to an increase in the means of
both sets.

Similarly, if at time ¢+ = 1 an element b with the property b > By and b < Ay is moved from set B to
set A, then a reduction rather than an increase in the means of both sets occurs. A reduction or an increase
in the means of both sets may also be achieved by more complicated reclassification moves.

Misleading interpretations can result from changes in set membership such as those just described. Let
us consider as a simple example, a study that involves measuring the biomass of birds on an island. The
island in question has North and South populations of birds, denoted as A and B respectively, comprising
individual birds with observed biomass, at t = 0, as follows:

AO = {17273} BO = {45576}7

with arithmetic means Ay = 2 and B = 5 that represent the average biomass of a bird in North and South
parts of the island.
Att = 1 the bird with biomass value 4 migrates from B to A yielding

Ay ={1,2,3,4} B; = {5,6},

with arithmetic means A; = 2.5 and By = 5.5, sothat AA =25—-2=0.5and AB=55-5= 05
are both positive. By this move, the weights of the birds has appeared to increased in both parts of the
island. However, this apparent increase is artefactual as the biomass of the birds has not changed since
AP =P —Py=35-35=0.
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Transitions from one set to another such as the one just illustrated can have considerable impacts on
statistical summaries. A method that allows us to correct for such artefactual changes will be of use in
several biometrical fields, including migration economics and medicine.

It is important to note that changing the definitions of sets can have the same effect as moving elements
from one set to another, where that change in definition means that elements move from one classification
to another. In the example above, we can achieve the same Will Rogers phenomenon effect by changing
the definition of the sets, rather than explicitly moving elements from one set to the other. To demonstrate
this, let us think of the above sets Ay and By as being defined as containing values less than or greater
than 3.5 respectively at ¢ = 0. Att = 1 these classifications are changed so that A and B are defined as
containing values less than or greater than 4.5 respectively. Changing the definitions of sets means that
elements are classified to different sets, which is, in effect, the same as moving those elements from one
set to another. In the following sections we outline a possible method for correcting for the Will Rogers
phenomenon.
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2 Setting up a method to correct for the Will Rogers phenomenon.

Our method for correcting for the Will Rogers phenomenon is based on the following transition matrix M

which contains the probabilities of moving from state ag ;, j = 1,...,mgand by ;,j =1,...,ngatt =0
toal’j,j = 17...,m1 andblﬁj,j = 17...,’!’L1 att = 1:
a1,1,a1,2,.+-,01,mq b1,1,01,2,..,b1,n,
ap,1
Qo,2 PI'(CL()’]‘ — alyk) Pr(ao’j — bl,k)
: j:l,...,mo;k’zl,...,ml j:L...,mo;k:L...,nl
a
M = %0.mo (1)
bo,1
b0,2 Pr(bo,j — al,k) Pr(bOJ - bl,k)

j:].,...,no;kil,...,ml jil,...,no;k:].,...,nl

bO,no

As the elements of the rows of any transition matrix M are probabilities, they have to be positive or zero.
As some form of transition has to take place, the elements of M have to sum to 1 across rows. Within-set
transitions are allowed.

The correction works by applying transition probabilities set up in a matrix. When an element in one set
at time t = 0 has been moved to another set at time ¢ = 1, this transition matrix allows us to correct for this
movement by taking into accounts its probability. We can use this matrix to calculate summary statistics
that take the form of probability-weighted expected values and that are used to correct for the Will Rogers
phenomenon. We will present specific numerical examples of this in Section 3]

Based on the transition matrix M, we define the expected values of ag ;, j = 1,...,my, and b ;,
7 =1,...,ny, after transition at £ = 1 as:

mi ni

E [aoﬁj] = Z al,k PI(CLO’]‘ — alyk) + Z bl,k PI‘(CLO’]‘ — bl,k)7 7=1...,mog,
k=1 k=1
mi ni

E [boJ] = Z alyk PI‘(boJ — al,k) =+ ZbLk Pr(bod* — bl,k)a j = 1, ...,NQ.
k=1 j=1

We can now define the difference between the expected value of each element after transition at time
t = 1 and the the element itself:

Aao-j = E[a’oj} —ap,j, ] = 13"'7m07

AbO,j = E[bo,]‘} —bo,j, ]: 1,...,710.

This leads to the definition of the following three quantities that measure the average change in the
elements of Ay, By and P, after transition at time ¢ = 1:
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— 1 &
AAy = — Aag i,
j_
— 1 &
ABy = — Abg ;,
0 noz_: O
Jj=1
. 1 mo no
APy = ——— Aag 5 Abg ;
0 o ; ao,a-f—j; 0,7

In the case of the ecology example based on an island with two populations of birds, for which Ag =
{1,2,3}, By = {4,5,6}, Ay = {1,2,3,4} and B; = {5, 6}, we know from the scenario that the transition
matrix M takes the form

1 2 3 4 5 6

1|1 0 0 O 0 0

2|10 1 00 0 0
310010 0 0
M_4 0 0 01 0 0
510 0 0 0 10

6 |0 0 0 O 0 1

Itis now easy to find that E [ap 1] = 1x1 = 1,E[ag2] =2x1=2,E[ag3] =3x1=3,E[bp1] = 4x1 =
4,E[bo2] =5 x1=>5andE[by3] =6 x 1 = 6, from which Agp; =1—-1=0, Aape =2—-2=0,
Aags=3—-3=0,Abgs =4—4="0,Abgs=5-5=0and Abyz = 6—6 = 0, leading to AA, = 0,
KB\O = 0 and A/\Po = 0. These quantities tell us that the average expected change in the elements of A,

By and Py due to the transition is zero. This reflects the underlying reality! Hence, ZA\O, KB\O and A/f’o
are useful measures that correct for the Will Rogers phenomenon.
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3 Worked examples of our Will Rogers phenomenon correction method
based on real-world scenarios

This section considers two worked examples based on real-world scenarios where the Will Rogers phe-
nomenon has a potential impact on the inference made about the underlying value of two or more sets. We
supply as supplementary material R (R Core Team, 2019) code to perform our main calculations.

3.1 Will Rogers phenomenon in migration economics

Economic studies use income per capita as a primary metric. A common task is to assess the economic
impact of migration upon average income. The recent empirical literature about the effect of immigrants
on the wages of natives has provided a mixed set of results (Borjas, [2017} |(Ottaviano and Peri, [2012)). The
Will Rogers phenomenon may produce artefactual result here, as we show in the following simple example
in which migration leads to a reduction, rather than to an increase in set means.

Let us assume that we have a migration economy A from which workers move to a more developed
economy B. Let Ay = {2,2.5,2.6} be the incomes of the individuals in A and By = {3,4.5,6} be the
incomes of individuals in B at t = 0, as measured in tens of thousands of dollars. A migration takes place
att = 1, after which A; = {2,2.5} and By = {3,4,4.7,5.5}, where we assume that the unit of income
has the same value in real terms. We have A, = 2.367, By = 4.5, A; = 2.25 and By = 4.3, so that
AA = 225 — 2367 = —0.117 and AB = 4.3 — 4.5 = —0.2. These reductions are in line with the
assertion of [Felbermayr et al.|(2010) that incomes are trivially suppressed by the movement of workers, if
immigrants are on average poorer than natives. In this case, however, there has been an overall increase in
average incomes from 3.433 at t = 0 to 3.6167 at t = 1. This means that presenting AA and AB would
be misleading. As in this case there has been an increase in the overall mean, we can think of this as an
extension of the Will Rogers phenomenon.

Let us assume that we do not know exactly how incomes change for the individuals involved, but that
we have some idea from previous censuses about this. Let us also assume that it is more likely that the
people with higher incomes migrate (Docquier et al.l 2011). These assumptions allow us to construct a
transition matrix such as the following, which models that we are blind to changes in incomes inside the
two economies, after migration has been taken into account:

) 2 25 3 4 47 55 )
2 |5 35 | § 0 0 0
25 | 4 3 | $ 0 0 0
26 | ¢ 3 | 3 0 0 0
M =
3 (0 0 |0 & & &
a5 |0 0 | 0 § % 3

6 L0 0 0 &+ & 1|

The assumption of equal transition probabilities between income states within an economy for non-
migrating people can be relaxed provided the rows of M contain positive elements that sum to 1.
It follows that Aag; = 2.33—2 = 0.33, Aap,2 = 2.5—2.5 = 0and Aap 3 = 2.67—2.6 = 0.07 so that

AAdy=04/3=0.13,and Aby; = 4.73—3 = 1.73, Abg, = 4.73—4.5 = 0.23 and Aby 3 = 4.73— 6 =
—1.27 so that ABy = 0.7/3 = 0.23. These positive A4y = 0.13 and A By = 0.23 values are more in line
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with our intuition about what may have happened in the economies than the negative AA = —0.117 and
AB = -0.2.

3.2 Will Rogers phenomenon in cancer epidemiology

In this section, we use real data to show how a study can provide biased results due to the Will Rogers
phenomenon. We also illustrate how a correction for a long-term intervention study may be found using
the method that we have presented.

Cancer epidemiology is a complex field of study and survival analyses have various limitations, as ex-
amined in Dickman and Adamil (2006). Despite these issues, we have chosen this example to illustrate the
use of our method since, as discussed in Section [I.1] the Will Rogers phenomenon is particularly relevant
to studies on cancer survival, if they analyse survival trends over time. In general, cancers are classified
into different stages depending on the extent to which the tumour has progressed, and the definitions of
these cancer stages can change over time. Our example is based on the AJCC staging system which uses
methodology developed by the American Joint Committee on Cancer (AJCC| 2019).

Tan et al.| (2015]) consider a cohort of 3147 breast cancer patients, whose cancers were classified to one
of four stages. They found that changing the classification methodology from the AJCC5 (Fleming et al.|
1997) to the AJCC6 (Greene et al., 2002) system led to a seemingly higher survival rate for Stage 2 and 3
patients, as shown in Table

Cancer Five-year survival rates
Stage
AJCCS5 (confidence interval) | AJCC6
1 96.9 (94.7,98.6) 96.9
2 82.9 (80.9,84.9) 86.1
3 50.6 (46.2,54.9) 59.0
4 14.4 (11.1,18.2) 12.6

Table 1 The five-year percentage survival rates according to the AJCC5 and the AJCC6 classification
systems reported in[Tan et al.| (2015). Here we report the confidence intervals given inTan et al.|(2015)) for
the percentage of patients who survive according to the AJCCS classification system.
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An explanation for these changes in survival percentages can be found from the following matrix R of
transition counts:

] Stage 1., Stage?2, .. Stage3, .. Stage4, .
Stage 1, 706 0 0 0
R — Stage 2, .. 0 1230 323 0
~ Stage 3, 0 0 511 20 ’
Stage 4, s | 0 0 20 337

(@)

the (¢, j)-element of which is the number of patients classified in Stage ¢ by the AJCC5 system and in
Stage j by AJCC6.

From the matrix R of transition counts we see that no Stage 1 patient has been re-classified. This is
because the criteria that define Stage 1 are the same in the AJCC5 and AJCC6 systems. However, 323
out of the 1553 AJCCS5 Stage 2 patients were reclassified as Stage 3 by the AJCC6 system because these
patients had four or more axillary lymph nodes. This means that the more severely affected Stage 2 patients
have been moved out of that stage by the AJCC6 system, with the result that those patients who remain
classified as Stage 2 are the less severely affected ones and hence show a higher survival percentage.
Similar considerations may apply to Stage 3, which under the AJCC6 system gains the 323 more severely
affected Stage 2 patients, loses 20 of the more severely effected 531 AJCCS Stage 3 patients, but also gains
20 of the less severely affected 357 AJCCS5 Stage 4 patients, who had supraclavicular lymph nodes as the
only ‘metastatic’ site. The significant changes in survival seen in Table[I] are essentially due to changes in
diagnostic criteria and are examples of a more general form of the Will Rogers phenomenon. It would be
naive to conclude that survival for patients originally assigned to Stage 2, for example, has increased.

To correct for this more general form of the Will Rogers phenomenon, an extension of the transition
matrix defined in equation (I)) is required. For example, the following more general transition matrix, based
on the structure of the matrix given in (2)), extends the number of sets considered from two (A and B) to
four (A, B, C and D), by using a straightforward generalisation of notation:
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a1,1,a1,2,.-,01,mq b1,1,b1,2,---,01,nq €1,1,C1,2,-++,C1,pq di,1,d1,2,---,d1,q,
ao,1

ag,2
P(ag; — air)| Plao; — bix) Plao; — cix) Plao; — dig)

ao,mo
bo,1
bo.2

P(b(),j — al’k) P(b()’j — bl,k) P(b()’j — Cl,k) P(b()’j — dl,k)

M — b(),’no
Co,1

Co,2

P(Coﬁj — alyk.) P(Cg_j — bl,k) P(CQJ‘ — Cl,k‘) P(Cg_j — dl,k)

€0,po

do,1

)

)

P(dojj — Cll,k) P(do,j — bl,k) P(doyj — Cl,k) P(dojj — dl,k)

dO,QO L

3

If we now take sets A, B, C' and D to correspond to Stage 1, 2, 3 and 4 cancers and if we let t = 0
and ¢t = 1 correspond to the AJCC5 and AJCC6 classification systems, we can derive from the matrix R
of transition counts given in (2) a transition matrix M of the form (3):

) Stage 1,,., Stage2,,., Stage3,., Staged, .
Stage 1, 1 0 0 0
_ Stage 2, 0 0.79 0.21 0
Stage 3, 0 0 0.96 0.04
Stage 4, 0 0 0.06 0.94

The above matrix was generated by taking each element of R and dividing it by the sum of the elements
in its respective row. For example, 0.79 = 1230/(1230 + 323) = 1230/1553 and 0.21 = 323/1553, to
two decimal places. The matrix therefore represents the probability of an element being reclassified when
the AJCC6 system is used instead of the AJCCS5 system.

Let us now assume that we want to assess intervention outcomes for breast cancer over a long period of
time using a retrospective study. However, we find that the diagnostic re-classification described above has
taken place during the time period of the study, introducing Will Rogers phenomenon bias into the results.
We must therefore correct for this bias.

We use the AJCCS survival data given in Table[T]as a historical baseline, against which further compari-
son can be made. Let us say that, after an intervention, patients are assessed under the AJCC6 classification
system as being in breast cancer Stages 1, 2, 3 and 4, and that the resulting four patient groups, which for
simplicity are assumed to contain equal numbers of patients, are found to have the following five year
survival percentages:

Ay = {98}, By = {85}, C1 = {52} and D; = {14.4}. Comparing these survival percentages with those
given for the AJCCS classification in Table[I] we obtain
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AA=98-969=11,AB=85-829=21,AC =52-50.6 =14, AD = 14.4 — 14.4 = 0.0 and
AP = (98 + 85+ 52 + 14.4) /4 — (96.9 + 82.9 + 50.6 + 14.4) /4 = 62.35 — 61.2 = 1.15. The positive
figures here suggest that there has been an improvement in survival rate over time in Stages 1, 2 and 3, and
over all stages. However, as this result takes no account of the change of classification system, we may be
seeing an artefact of the Will Rogers phenomenon.

If we now apply our Will Rogers phenomenon correction method, we obtain KA\O =98-96.9=1.1,
ABy = 78.14 — 82.9 = —4.76, ACy = 50.58 — 50.6 = —0.02 and ADy = 16.51 — 14.4 = 2.11.

The results AA = 1.1, AB=21,AC =14, AD =0 erroneously suggest that the intervention has
improved survival in Stages 1, 2 and 3, while having no effect on survival in Stage 4. However, when we
correct for the Will Rogers phenomenon, we obtain a rather different result. The intervention had a positive
effect on survival in Stages 1 and 4, a negative effect on survival in Stage 2, and no effect on survival in
Stage 3. It is important to note here that the differences of value calculated are expressed in terms of the
previous AJCCS5 classification.

In the above calculations we can also take into account the uncertainty in the AJCC5 classification
system percentage survival rate represented by the confidence intervals in Table [T, One general way of
doing this is to simulate percentage survival rates from beta distributions with 0.025- and 0.975-quantiles
given by these confidence intervals. We use 100, 000 simulations. We performed these simulations us-
ing R code (R Core Teaml 2019) supplied by Blisle| (2017) that we have verified. Here in brackets are
associated 95% confidence intervals for the quantities that we compute above: AA = 1.1 (—0.6,3.3),
AB = 2.1 (0.1,4.1), AC = 1.4 (-2.9,5.8), AD = 0.0 (—3.8,3.3) and Ady = 1.1 (—0.6,3.3),
ABy = —4.76 (—6.76,—2.76), ACy = —0.02 (—4.32,4.38) and AD, = 2.11 (—1.69,5.04). These
intervals are consistent with the different conclusion obtained when we correct for the Will Rogers phe-
nomenon that we discussed above, especially for Stage 2.

We have therefore described a method to correct for the artefactual changes that the Will Rogers phe-
nomenon has introduced into our intervention study that has led to a less biased estimate of the effect of
the intervention. There are, however, some important caveats associated with the analysis that we have
presented above. Reducing the bias associated with the Will Rogers phenomenon is, for example, only one
aspect of estimating cancer patient survival, meaning that the tool that we present may have associated with
it a number of complex limitations. In general, in addition to statistical and mathematical techniques, a
range of advanced clinical and biological insights are required to make use of cancer patient survival data;
see |[Dickman and Adami| (2006) and also [Cox and Oakes|(1984), Venables and Ripley| (2002)) Chapter 12,
and |Klein and Moeschberger | (2003), the last of which discusses data from medicine, public health and
epidemiology. In addition, it has been recognised for some time that a range of actions, including reducing
delays in diagnosis and treatment through effective screening programmes, managing better older people
with cancer, lifestyle interventions and collecting high quality data about treatment initiatives can lead to
improvements in cancer survival rates; see [Foot and Harrison|(2011), for example.
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4 Discussion

In this paper, we described the Will Rogers phenomenon and provided motivation for the need to correct
for it from a range of epidemiological studies. We then outlined a method to correct for the Will Rogers
phenomenon that depends on a specially constructed transition matrix. We provided worked biometrical
examples of our method based on a dummy ecological study, migration economics and breast cancer
epidemiology.

The Will Rogers phenomenon is recognised as one of the most important biases limiting the use of
historical controls groups in experimental treatment trials (Miller et al.,|2001;|Sormani, 2009). Our method
allows sensible inference about the effect of an intervention to be obtained in the presence of changes in
diagnostic procedures. Avoiding the bias due to the Will Rogers phenomenon is also beneficial where
historical control trials are preferred to placebo control trials, for example when non-treatment of a patient
is unethical. Our method also allows for bias correction in long-term intervention studies and observational
studies across changing diagnostic criteria. It may be especially appropriate in investigations in which there
is a geographical or spatial component.

The calculations involved in our proposed method to correct for the Will Rogers phenomenon are only
possible if all the information needed to classify new cases with reference to the previous classification
systems is available. The cancer epidemiology example we discussed above provides a model for the sort
of information that would be required. Without this information it may not be possible to find exactly the
transition matrices that are fundamental to the calculations. [Tan et al.| (2015) is therefore an exemplar of
the sort of study needed to provide the required information. In the absence of information about how
classification definitions have changed, the transition matrix can be estimated from data (see Section @]
and also, for example, Bishop et al.[| (2007) and [Stander et al.| (1989) ) or defined using expert medical
opinions, if they are available. Our methodology allows the user to specify a range of transition matrices
and to assess their effect on the assessment of interventions.

In future work we plan to extend our methodology to correct for the Will Rogers phenomenon in the
presence of covariates.
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