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Abstract

“The study of age at onset anticipation and parent-oforigin effects on age at onsel. in

Although

A parent-of-
orign effcts on ago at onset of LS, the question remin as to whetler this evidence
relcts ascetai

ment bins rather than the ph

smernon nder study. The aim of this

crations as

wel as parent-of-orgin effcts on age at diagnosis of LS based on the data provided
by the Colon Cancer Fanily Registry. We first demonstrate that the variable age at

ple i right truncated by the closing date of the sudy an

 result, the variable wge . diagnis s a biased sample of the target populations.
To s docrease in age at diagnosis of the disease over successive generations, we

s the symmetzy st proposed by T ot al. (2005) which accounts for the bias

of both the parent’s and chikd's ages ot dingnosis. To
st parent-of-origin effoct, we examine and improve the method wsed by Lindor
al. (2010). Baset on our p

evidence from this

inary analyxis, we did not find

ple to claim that there exists & parent-oforii

foct on age
at dingnois of LS relating to either the gender of the parent or the gender of the
offpring fter accounting for the sampling bias. The results given by th
st suggest that th

symmetry

exists . dectease in age at dingnosis of LS over succomive
enerations. This result should be fre of the
I

pling bins caused by the right
runcation. What remuais wncertain s whether true gonetic anticipation contributes
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Chapter 1

Introduction

1.1 Lynch Syndrome and Age at Onset Anticipa-
tion

Lymch Syndrome (LS) is an autosomal, d

wantly inherited, colorectal cancer pre-
disposition syndrome, exhibiting high penetrance (0% - 85%) and accounting for
2% - 10% of the total colorectal cancer burden [Lynch and de In Chapele (1999))

LS patients typically develop colorectal cancer (CRC) at an early age (mean age 45

years). T addition to colorectal cancer, the tumor speetrum ineludes cancers of the

 small bowel, ovary, uoter/renal pelvis, brain, hepatobiliary

and skin, LS s caused by go
(MMR) genies MSH2, MLHI, MSH6, and PMS2, with MLHI wnd MSH2 accounting
for more than 0% of all geraline mutations dentifed [Westphalen et al. (2005)}

tations in the DNA mismatch repair

Genetic anticipation is a term that relees to a tendency for the onset of a genetic

disense o occur at progressively earler ages oF with progressively greater severity

That i, if the offspring of patients develop the discase,

Uhey will tend 1o do so at an carler age than ther parents. Whether anticipation




actually exists for any discase has becn a controversial subject for some time. How-
ever, for some diseases, genetic anticipation i a wellrecogaized clinical feature with
 completely characterized molecular mechanism, but LS is not ane of these discases
[Gruber et al. (2009), although genetic anticpation (that is, earier age at onset
of colorectal cancer in ofipring) has been pastulated to occur in LS. It remains de-
batable whether succesive generations are truly affected at earlir ages than their
‘ancestors andor whether the severity of the discase is more pronounced. Thus fa,

only limited and controversial data are available on this issue, ranging from single

case reports to a few systematic nvestigations in LS families [Menko et al. (1993),
Rodrigues-Bigas et al (1996); Tsai et al. (1997); Vasen et al. (1994); aud Nilbert et
al (2000)]

Another related topic s parent-of-origi ffects on age at onset of LS. A parent-of-

Mendelian fashion, thir expression and, consequently, ther efect on the trait under
study (parent-of-orign effect on age at onset of LS) depends on whether the allele
was inherited from mother o father. Parent-oforigin efects relate to the gender of
the parent, and in wtosomes, are not expected (o be associated with the gender of
the offspring. Lindor et al. (2010) report that their study of parent-child pairs
which both A child were afecte by showed
that the affeced offpring of affected fathers were younger on average than ofispring
of affoctd mothers (53.7 v. 5.8 years; p = 0.0003). When the data was divided into
sons and daughters, the difference was driven by younger age at diagnosis in davgh-
e ofaffecte fathers compared t0sons (523 years vs. 5.1 years; p = 0.0004). That
s, an carlier age at diagnosis of colorectal cancer in female offspring appeared 10 be.
more pronounced when the discase alele was transmited from the father compared

sated with the X than with e




“The study of age at onset anticipation, that s, tendency for the onset of a genetic
disease to occur at progressively earler ages,
st both in the
important implications for genetic co
[Westphalen et al. (2005)]. Individusls with LS are at a high lifetime risk o coloree-

i parent-oforigin efects are ofinter-

al and research settings. 1f confirmed, these results may have

tal cancer. Appropriate surveillance 10 detect tumours before they progress 1o late
stage colorectal cancer i very important for the welfare of the patient and for cost
e health care system. The existence of age at onset an

1t should

whether the genetic instabilty that characterizes LS can be linked t0 anticipation’
[Nibert et al. (2009)]

1.2 Statistical Issues on Assessment of Age at On-
set Anticipation and the Related Statistical
Methods

Apparent antiipation is  problem arising in the statistical sscssment of age at. dic
‘agnosis (onset) anticpation. Apparct changes in age at dinguosis (onset) of discase
between generations, which could suggest genetic anticipation ( true biological oc-
currence), may simply be  statistical arifnct of inadoquate statitical analyss based
o ages a dingnosis in coborts that have not been ollowed or o suffciently long time
[Picco et al. (2001)]. Although several studies have suggested the presence of antci-

pation in
bias rather than genetic anticipat




Statisicaly, decreased age at onset over successive generations could result from -
‘appropriate sampling of family data, that i, sampling bias. Sampling bias s defned
a5 a sampling anomaly that causes some mermbers of the poplation to be les like-
Iy to be included than others. It resls in  departure from random sampling of
 population casing that all participants are not equally balanced or objoctively
represented in the sample. 1F his is not acconted for, results can be erroncously
attributed t0 the phenomenon wnder study rather than to the metbod of sampling
It s also referred to as ascertainment biss. This type of bi
loction of both pareatal Two
iy of the age at onset.

involves systematic se-

sources of sampling bias may be particulary relevant 0 the

anticipation. s . where

have not completed the risk period for a discase are included with thase who have

When parents who have passet through most of the period of risk for the disease are
par who have not period,

unaffected at the time of analysis but £0 on to manifest the disease at later ages are

not c y, some late-onset

cases in younger generations may be missed at the time of ascertainment, which can.

‘mimic anticipation. This makes the average age of discase onset in chidren appear
younger than it would be f this group were followed for a longer time, which in tura.
produices a falso impression of genetic anticipation. The socond source of sampling
bias i feetility bias, where cases with an carlier onset e less ikely to have children,

earlir onset. The resulting data may appear to refiect decreased age at onset over

bias. For a sample subjected to the above mentioned sampling biss, appropriate sta-
tistical analysis methods should be employed t0 take the bias into account

for example, increased smok-




spurious evidence of age at diagnosis (onset) anticipation

Finally, though not per se a source of spurious evidence of antiipation, both family-
clustered structured data, that s, intea-failial correlation due to shared genotype
andor environment and information in censored abservations representing undias-
nosed faily members can dstort the results of an analysis, and therefore must be
taken into account when analyzing data.

In summary, when investigating anticipation, a distinction between biological and
statistically artificial anticipation mst be wade. 1t is possible that appaent genet-
ic anticipation can be explained by sampling bias without invoking any additional
genetic nfluences. Thus, claims for genetic antiipation must be based on methods
that properly take into account study design and the duration of observation for all
individual in the study.

Several statistical methads are commonly wed 10 asess g at dingnosis (omset) an-
icipation. Ench method targets specifc isues with the data.

1f one confines an analysis to affocted individunls only, standard statistical methods
nclude the paired i-test for age at onset of affcted parent-ofipring paies and 1
t onset of all affcted on the prodictor generation

paramnetric ANOVA of age

o diffrences in the length of fllowup “at risk” duration betwoen gen-
erations, one can introduce information on age at nterview o develop a test which
incorporates right truncation of the age at onset by assuming that the ages at onset
of afectee parent-child pairs may be modeled as b right truncated by the age at
interview. Huang and Vieland (1997) use this approach and consider that the age at
it truncated by the

To aceon




distibution. They used maximumn ikelibood methods for truncated data to perform
the test. Rabinowitz and Yang (1999) proposed a nonparametic approach for right
truncated age at onset data, and their tests represent generalizations of the sign test
an the Wilcowon rank-sum test. Tsai et al. (2005) proposet a simple generalized
paired t-test and & Wilcoxon signod-ank test. o adjust for the bias caused by the.
It truneation of both the paren's s Al
prolon the follow-up period to identify multple generations with comparable years
of follow-up for comparison or use methods that properly account fo the duration of
bervation in all individuals being studid

To handle the effect of secular trends, the paired -test may be appliod 10 diffrent

birth cohorts

To deal ructured data, ., intra-famillal corrlation due to
that

family-clustered

shared
the generalized paire ttest s been proposed by Tsai et al. (2005).

1 one extends an analysis to includ
the log ank test

Mocted individuals as ight cenvored data,

e at disease onvet betweeen two generations. ‘To handle family-clustered structured
data, several mothods have boen developed, for example, the non-parametric paied
st by Hs et al. (2000), which i a generalization of the log:rank test, Co propor-
tonal hazards models with the so-callod robust sandwich estimate of the covaris

watrix by Binder (1902) and Haynatzki et ol (2007), and the gamima fraity model
by Haynatzki et al. (2007) and Klein (1992). To handle birth cobort effects/secular
trends, the ffct of
analyss as in Daugherty et al. (2005),




1.3 Objectives of the Thesis

Although the objective may be 1o study age at onset, this variable cannot be mea-
sured under the present study design. Tnstead age at. dinguosis is used bocanso it i
senerally rocordod and s considered to be an ncceptable proxy for age ot onset,

work i to asess the e i LS over

age at dinguosis of LS over succesive generations basee on the data provided by the
Iy Registry. The how h
in age at diagnosi of the discase betwoen generations, which could suggest genetic

anticipation, can be an artefact of inadequate analysis based on age at diagnoss in
cohorts that have not been followed for a suffciently long time.

The dy, rather methods
. ly cumrent-
Iy used for this purpose to the sample provided by the Colon Cancer Fanily Registy.

“The organization of the thesis is a follows. In Chapter 2, » description of the data.
set provided by the Colon Cancer Faily Registry is given. This is followed by an
exploration of the data. The exploration demonsirates that the data i subject 1o the

sampling. cnerat
In Chapter 3, an analysis of parent-oforigin efects on age at diagaoss of LS over
Successive generations s presented. In Chapter 4, an analysis of age at diagnosis
anticipation of LS over successive generations is presented. Finall, in Chapter 5, we.
‘conclude and briefy preseat possible future work.




Chapter 2

Description and Exploration of the
Data Set

2.1 Description of the Data Set

2.1 The source of the data
The data was provided by the Colon Cancer Funily Regisry [Http://epigrants. can
cergov/ CFR/), Fuilis were ascertained through the Colon Cancer Fanily Registry
from both population-basesd and clinic-based saurees. Details about the data can be

found in Subsection 2.1 and Soction 2.2,



212 Variables

[Variable e[ Deliion Vel
Centreno
Fanily1D.
FSRC 1=population-based, 2:
rionlD
PROBAND FLAG probiand
D
FatherlD
Sex
GENE mismatch repair (MMR) gene types | MLLH1, MSHZ,
st Pyise
MUTSTATUS ndicates whethe the person was
dntified s MM mtant. (Missing, <.}
Oguue e=abligate carrier (Mising, <]
ot Description of the mutation
B e of birth: /s /vyyy

Age Deatl o Lust Known. Age
coloretal.CA Coloeetal cancer dingnosis

. 0=n0)

ageatcoloroctalCA age afst dingnesisof primary
colorectal cancer

endomerrial CA , 0o

ageatendometrialCA o s of iy
endon

Prostate.CA

gt ProstaeCA g A —
prostate cancer

othertyneh Otber Lynch cancer (1=yes, Do)

ageatotherlynch o s of Lynch cancer

nonlynch

ageatnonlynch acs o ot diagnod of non Lynch

Note: Non Lynch = ol aers except colorocal, cnformetral, prosiaie,
and other Lynech cancers.
Note, Other Lynch = stomach, smallinestine, Kidvey, et brain, and ovaey cancer,

Table 2.1: Explanation of variables



2.2 Data Preparation

“The data sets A and UA wl

are relevant. to our analysis in later chapters can be

as follows.

Data st provided by the CCFR. Obs=2542. Vars

‘Mutation or obligate mutation carrier. Obs=T78.

315 parentoffsprin pairs

315 offpring.

Note: 'Age at dingnosis was not available for some individuals, o these individuals
were not included in the study. Since some parent-offspring pairs share the same.
parent, there are only 182 unique parents amon 315 parents.



2.3 Exploration of the Data

Figure 2.1 is based on data set. A described in the last subsection. Parents are
o

representd by epresents age at dinguosis, and “DOB"

offpring by

represents date of birth

Figure 2.1: Plot of age at diagaosis vs. date of birth

2.3.1 Findings and discussions

From Figare 2.1, we observe that parcats (p = 1) tend to have later age ot diagnosis
than offpring (p — 0). The average age at. dingaosis for parents is approximately 50



years o, while the average age at dingnasis for ofspring i approximately 40 years
old. We also observed the following

1. For the discase afected patients born before 1930, thus having completed the

sk pes y ageat
30 and 70, which provides a eference for the risk period for the discas.

2. For the discase affected paticnts born in and afer 1090, the ages at dingoosis
ave mainly larger than 30 but les than the age given by the formula

AGER

2009 — thei birth year. @y

For example, a disease affcted patient born i 1060 has an age at dinguosis
s than 49 wherens an afected patient born in 1970 has

age at dingnosis
g the mutation

s than 30, This phenomenon is due to the fact that an
carriers born aftr 1930, who have not completed the risk period for the disease
by the year 2009, only carly-onset patients, whose age at. dingnosis lics wit
the abservational window (0, AGER), are observed and thus are inchuded in
data set A, Late-onset pati

s, whose age at diagnosis are later than AGER,
are not observed due to having not been ollowed up as long as the previous

generation and thus are

included in data set A. That is, the variable age
. dingnosis is right truncated by the closing date of the study bein the year
2000, By defnition, right truncation of survival dat oceurs when ouly those.

individunls whose ovent tin

lies within a cortain observational window (0,
YR) are observed.  An individual whose event time i not in this interval s
o abserved and no information on this subject is avalable o the investigator
This is in contrast to censoring where there i at least partial information on

cach subject. Because we e only aware of individuals with event times in the

sicte to conditional
estimation. Since the age at diagnosis distribution
right study
Jy individuals with age ot diagnoss prio to thei

ago are ligible for




nclusion. As a esult, the observed variablo age a¢ dingnosis is n base] sanple

ofthe target
J relative to others in the target population. The obtained sample

actunly represents a population other than the target one.
3. Most parents (p=1) were born before 1946 (which also can be seen from Figure

23) and thus have a relatively long follow-up time. Therefore, the data are

o better representation of the parental generation. However, mast offpring

(p=0) were born afer 1946 and thus have a shorter follow-up time, the data

areap with

of individuals with an easly age at dingnosis cases T short, snce children arc

ounger than parents, the truncation effct s more pronounced in the children

tha i the parents

Since we are only aware of paticnts with age at diagnss lss than AGER due to the

ight truncation, the inference for truncated data should be restricted to conditional

estimation. Otherwise, tho nference based on the observed decrease n age at dingno-

that the sample actualy represents but not 1o the target popultion. Failing 10 take

this into account, age at diagnosi anticipation could be erroneowsly clime. Since

nividuals with early ago at dingnosis in the sample are over-represented, especially

for the ofspring, relativ to the target population, an apparent. age ot diagnosi -

Hicipation could be due to wnderestimating the age at dingaosis for offspring in the

Larget population, which could be crroneonsly attributed to antiipation rather

wethod of sanpling

Figure 2.1 demonstrates that.the vasiable uge ot dingnosis s tight truncated. Top

panel represents the offpring: bottom panel represents the parents.
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Chapter 3

Analysis: Parent-of-Origin Effects

on Age at Diagnosis of LS

T this chapter, we seck statistical evidences for a parentof-origin effect on age at

diagosis of LS by studying decrease in age at diagnosis over successive generations

for . parent-offpring pair in which both the parent and child were affcted by the

disease, Specificall, wo seck statistical evidence tha

transuitting-parent influences age a disgnosis of the disease in offpr

the discase-alee transiiting-parent’s influnce on age at dingnoss o the discase n

offspring depends upon the gender of the offpring

3.1 Methods

To asess parent-of-origin efects on age at diagnosis of LS, we can formulate the

problom s follows:

For an affcted parentoffsprin pai. et

dage = age at diagnosis for the parent — age at diagnosis for the offpring,



dage is  random viable and the mean of dage can be written as

mean(dage) = p+a 4ot B0y +7 0o Gy + J(ga- T, 9 7) H 7

where g, and g, are the gender of ofipring and the gender of pareat, respectively,
an 2 s an amount due to the sampling bias. From Section 2.3, we know that the.
of birth, especialy, the

sampling bias, thus 7, is associated with an individual's da

ofspring’s dte o birth. 1fwe code the nominal variables g and g5 a follows:
_f o oo 5 0 for father;
L 1 for daughter. . 1 for mother.

then testing whether phenotypic efect of the parental allles on daughters depends
on their pateraal or maternal origin i cquivalent to testing §+7 = 0. Testing

of the parental allele on their paternal or
Testing whether mother's lleles have

mate

N orgin is equivalent Lo testing /
a diferent phenotypic cfect on ofipring in a gender-specific manner i cquivalent to
testing a + = 0. Testing whether fther's alleles have a diferent phenotypic efect
on offpring in a gender-specific manner is oquivalent to testing o = 0. Under the.
0. that i, there exists no iteraction between g,

assumption that f(g, 7, g%

gy a7, the tests mentianed above are equivalent 10 two-sample tests given below,
s wsed in Lindor et al. (2010)

1. Test 1 tests whether phenotypic effot of parental alleles on ofspring depends

on thei paternal or maternal origin. Here, the phenotypic effects on offspring

fer o the parent. Two samples are involved

are reated to the go
sanple test reated to Test 1
Sunple 1is

{ dage, = (a6 — 280y) or ith mother-ofispring pai | ¢ 58),
and sample 215
(oo — o80y)  for ith father-offspring paie [ = 1,40},




2

‘where gy s the mother's age ot diaguosis, agey is the father’s age at diagnosis,
age, i the ofipring's age at dingnosis, and dage is the decrease in age ol
dingnosis over suceessive generations,

Statistcal est: two-sample t-test

Mo mean (sample 1) = mean (sample 2)

Hat o

s (saample 1) # mean (sample 2)
e if dage follows a normal
ample Wileaxon sigaed-tank test

for a large smple size or for a small size

distrbution; and the two-s

Mo medion (sample 1) = wedian (sample 2)

Mo median (sample 1) # median (sample 2)

for sl size sample if dage does not follow a normal distribution

Test 2 tests whether pasental alleles” phenotypic effct on daughter depends on

test related to Test 2
Sumple 115

{ dage, = (08 — vcay) for ith mother-daughter pair |

and sample 2 s

{ dag

(g — oeyy)  for ith father-daughter pair | i

where agey i the dughier’s ago ot diagnosis,
Statistcal test: fwo samplo lest

Mot mean (sample 1) = mean (sa




Mot mean (ssmple 1) # mean (sample 2),

and for the two-sample Wilcoxon signed-rank test

Ho: median (sample 1) = median (sample 2)

Ho: median (sample 1) # median (sample 2)

Test 3 tests whether phenotypic efect of parental allees on sons depends on

their paternal or maternal orgin. The phenotypic effcts on male offpring are

st relted to Test 3,
Sumple 1is
),

{ dage, = (agesq ~ veeyy) for ith mother-son pair | ¢

and sampl 2
(dage, = oty — o) T it fberson paie | = 1, 22),

where age, i tho son's age at. diaguoss.

Statistieal test: o sample st

Mo mean (sample 1) = mean (sumple 2)

Mot mean (sample 1) # mean (sample 2),

and for the two-sample Wilcaxon signeck-rank test

Ha: median (sample 1) = median (sample 2)

.+ modian (sample 1) # median (sample 2),




5. Test 5 tests whether fath

4. Tost 4 tests whether the mother's alleles have a diflorent phenotypie offct on

0 the gender of the offpring, Two samples are involved in the two-sample test
reated to Tost 4,
Sample 1is

{ dage,

(0~ a8y for it motber-daughier paie |
and sanple 2 s

for ith

Mt mean (sa

e 1) # mean (sample 2),

an for the two-sample Wilcovon sgred-rank test

Mot medion (s

o 1) = medion (snnple 2)

Mo+ median (sl 1) # median (sample 2)

“wallees have adiferent phenotypic offecton offpring
i ender-specifc manmer, Tho phenotypie ffcts on offpring elate to the
ender of the parent, Two samples are nvolvee i the two-sample st related
o Tost. 5,

Sumple 1 i

{ doge, =

w1 = 8) o ith e ghter poie = 1,+-18)

and sample 2 is

{ dage, =

ost ~ agy) o it ftherson pie | = 1,---,2).



Statistcal test: twosample st

Mot mean (sample 1) = mean (sample 2)

Mot mean (sample 1) > mean (sample 2)

and for the two-sample Wilcaxon signec-rank test

Mot median (ssmple 1) = median (sample 2)

Mot median (sample 1) > median (sample 2).

Remark: when we test the efcts listd in Test 1 to Tost 5 by comparing means
and medians ofthe two ndependent samples (sampl 1 and somple 2, though each
ample i subject 10 the sampling biss, the comprison would ok be binsed
sompling bias if the assumption /(3 -7, g, ) = 0 holds. Since this condition
ocs not necessaly hold, the method should be s with cantion. 1f the assun
tion (g, 9p-7) = 0 docs no A

the




3.2 Data Preparation
Al indivduals considord i this analyss iy he olowing;

 Mutation carier (MUT STATUS is ) or obligate mutation carrier (Obigate
Carrieris )

 Affcted with coloectal cancer
« Population-based (FSRC i 1) o cliic-basd (FSRC i 2)

“The data sets relevant 10 Test 1 10 Test 5 in Soction 3.1 can be obtained from the

1w data st provided by the Colon Cancer Fuaily Registry as follows,

Data st provided by the CCFR. Obs=2812. Vars

tation carrier, Obw=T78

Mutation or oblgate n

Colorectal cancer(CRC) affected. Obs=152

0 father-offspring pairs
1 onrduplicated mothers || 38 non-duplicated fathers

T
motberdanghter pir | | tathr-dusghter pins

Note: A at diaguosis was ot available for some individunbs, 5o these
wore ot included in the study.

58 motler-ofisring pains

dividuals




3.3 Results of Two-Sample Tests

A y lysis, based on the
s in Lindor ct al. (2010),is gven in Table 3.1. We also present some summary
statistis for ) ‘parental age at disgnosis (mothers vs. fathers); i) ofipring
age at dinguosis (mothers vs. fathers); i) female offpring age at diagnosis (others
. fathers); and i) male ofipring age at dingnosis (mothers vs. fathers).

Parent’s observed mean age at diagnosis (mother = 52.88 and father = 4821, paren-
s observed median age at dingnosis (mother = 5200 and father = 0.50), a wellas.
the rm‘cﬁwmn 26 s (e 50 and father: 24-70) can provide.

ofLs s age at diagnosis
s right truncated, though much les severe than for the ofipring, the real fiur
shoud be at. least of this magaitude. These figures can provide us with a reference
of the extent of the sampling bias in the offspring data. “The resuls also show that
age at dingnosis islater on average than the father's. We will come back to

i topic ater

For both mother and father, their offspring’s age at diagnosis is much earlier (by.
abont 13 years) on average than theirs. These phenomena are at least partally duc
o the sampling biss

“The age at diagnoss for the ofipring of the fathers was earier on average than those.
for the offpring of the mothers (observed mean for fathers, 36, vs. observes mean for
mothers, 30, years old). When divided into sons and daughters, this difference was.
being driven by the earlier age at diagnoss for daughters (observed mean 335 and
median 35) of affeted fathers compared to the age at dingnoss for sons (observed
mean 35 and median 39) of affected fathers. The age at diagnosis or daughters of
affcted
of affecte mothers (observed mean 40 and median 39) and the age at o or




“Table 3.1: Statistica analysis of the age at dingnosis
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Figure 3.1: Comparison of dage among fatber-daughter () group, father-son (£)
roup, mother-danghter (1-d) group and mother-son (m-s) group

Both the ttest and the Wilcaxon signect-rauk test show that the mean and median
3 oup.
s signifcantly larger than for the father-son group (p < 0.05, Test 5) while the mean

‘and median decreases in age at disgnosis over successive generations are not sigaif-
fcantly different either between the father-daughter geoup and the mother-daughter
roup (Test 2), between the fther-son group and the mother-son group (Test 3) or
between the mother-daughter group and the mother-son group (Test 4) with p-value.



04,02, and 0.9, respectively:. Pleasesce Figure 3.1 and Table 3.1. These reslts conld
further suggest that decrense in age at diagnosi over successive generations depends
ot only o the gender of the parent but also on the gender of his/her ofipring if the

assumption f(ga 7, g,-7) = 0 holds. However, imprinting, the most common form
of parent-oforigin efects, rlates to the gender of the parent, but not the gender of
the ofipring, that i, imprinting effects are not. expected to be affected by the gender
of the offsp

ate statisical analysis.

“Thus, it remains to be seen whether this res

s merely an astifict

of inadeq

3.4 Discussion

In this section, we will ook closer at. the resulis presented in the previous section,
especally the results selating to Test 5. Recall that for those born after 1935, the

later an individual was born the more severe was the right truncation. Thus eaclier

g at dingnosis contributes o the moan and median age at diagnosis (sce Figure 2.1
an the summary statstis fo the patient’s age at diagnosis in Table 3.1).

Regarding the observation that father’s age at diagnosis i carlie on average than
mother's (4821 v 5258 for mean and 405 vs. 52 or wedian), Figure 3.2 shows that

1 193 s group,

‘s group. Therelore,

that age at dingnosis »
average than for the mother's ofipring (35.85 vs. 39060 for mean and 36 vs. 30 for
‘median), Figure 3.3 shows that compared to the DOB distibution of the mother's

offpring, the DO distribution of the father's ofspring s weighted towards a later

DO thus more cases o carly age at dingnosis are included i the fathers ofispring




Figure 32 The distributions of date of birth (DOB): fathers vs mothers

data set. Therefore, sampling bias is a fctor that causes an observed earlier age at
dingnosis for the father's offspring than for the mother's ofspring. Figure 33 also
shows that compared to the three other DOB distributions of fathers sons, moth-
er's sons, and mother's daughters, the DOB distribution of the father's daughters s
weighted towards  ater DOB. Therefore, the sampling bias can explain, at least
10 a certain exteat, the observed earlier age at diagnosi on average for the father's

il ‘s daughter (33.50
V. 3177, 30.96 and 39,88 for the mean and 35 vs. 39, 39, and 39 for the median).

Regarding Test 5, recall that the resls obtained from the twos-sample est. (two ob-
served dage samples) in Table 3.1 are valid for Test 1 to Test 5 in section 3.1 only



Figure 33 The distributions of date of bisth (DOB): parents v, offspring

bets a
H

that there exists interaction between gy, 3, and date of birth (that is, 7) for the data,
nder imvestigation. Therefore, it may be questionable for the results given by the
two-saample tests (two observed dage samples) to be valid for Test 1 10 Test 5, thus
an alternative analysis is equired.

Figure 3.4 provides nsigh Test 5.
shows that there is an interaction betwoen g, and DOB of father’s offsprings, and
please see page 16),




Figure 3.4; dage for o father-ofispring pair vs. the offspring’s date of birth (DOB),
it Tnther som pir, " fakherdaughte pai.

fathers) were born before 1053 and were ks subjected to the sampling bias, thus
o the mean and . while more

affcted danghters (of affcted fathers) were born after 1953 and were more subjected

10 sampling bias, ths contributing larger values of dage o the mean and median of

sample 1. Tn both the ttest and Wilcaxon signed-rank test, only one dimensional
e .

the sampling bias related to dage, is ignored. As a result, the -test and Wilcaxon

signed-rank test lead to the conclusion that the mean and median decresse in age




e 351 dage for & mother-ofipring pair v
" mother-son paie. T mother-daughter pai
at dingnoss over succesivo gencrations for t
larger than for the father-son group. After ace

be seen from

PRSP e

vean(dage) - f(go- 7. 9-7) ~

thecfsprings dte of bisth (DOB)

father-daughter group is sigificantly

inting for the sampling bias, it can




that the difference in
mean(dage) — (50 . 95 ) =2,

and thus the diffrence.

B gt Begy ey oF cquiviently, a-g
between the father-danghter group and the father-son group is less than the diffr-
ence in dage between the two groups. Thus, the apparent parent-oforigin elfcts
related to the gender of the offspring due to fuling to account for the bias partally
o completely disappears. Combinin this observation with the results given in Table:
3.1 and Figure 3.1, we can infe that the difference i - g, between the two groups

may ot be significant any more or equivalently, a is not significantly different from
seto. Recall that testing whether father's allles have  diffrent phenotypic efiect
on offspring in a gender.specific manner is equivalent t0 testing o = 0 (page 16)
Alternativey, this infetence can also be drawn rom a direct inspection of Figure 3.4
“This figure shows that for pairs whose ffspring were born i the same year thus
whose dage subjected to similar sampling bins, the two distrbutions of dage corre-

pains and father-son paies do ot
from each oth that evidence from this

sample (0 claim Chat father's allees have a different. phenotyple effect on offpring

Ofcourse,

Regarding Test 4, Figure 3.5 shows that the interaction between g, and DOB of the
mothers offpring s not siguificant for offspring who were bor after 1046, Since
the assumption (g, 7. g, ) = 0 holds for this subset, the results of the t-test
‘and Wilcoxon signed-tank test are not affcted by the sampling bins. Though there

s an interaction b a pring for offsp

1016, disteb for
cither mother-son pairs or mother-danghter pais after 1046 as & whole, suggesting
the inclusion of the former (before 1946) into the latter (after 1946) will ot affect




the mean and median of the latter. Therefore, the results of two-sample t-est and
Wilcowon signed-rank test in Table 3.1 for Test 4 are wot distorted by the sampling

bias and are vald. Alternatively, this inference can also be drawn from  direct in-

spection of Figure 3.5. This fiure shows that for pairs whose offspring were bora

in the same year thus whose dage subjected o similar sampling bias, the two dis-

tibutions of dage corresponding to mother-daughter pairs and mother-son pairs do

ot systematically separate from each other. This observation is consistent with the
2 testin Table 3.1

Having gained insight into the data, we ext use an appropriate quantitative method
to adapt 1o the cireumstances.
3.5 An Alternative Analysis - Regression Analysis

To get » quantitative inference about the effet of gender o either the pareat or the
thod to repeat We chose.

n model which appropristely 6t the data according to R-Square (adj-R-Square) and

it dingnastis for inference.

Corresponing 1o the two-sample ttest for Test 2 (3), we regress dage on gender of
the parent and test 3 in

dage = ot 3 gender, + @)
0 test for sgnificant difference from 2o for parent-daughter (son) pairs. For Test 4
(5), we segress dage on gende of ofipring and test  in

dage = a+ - gender, + ¢ 32

to test for significant differenco from zeco for mother (father)-offsring pairs. The
inferences from Models 3.1 and 3.2 which are it to the data used in the two-sample
1 obscrvations, are the s

tsts without excluding inf s the corresponding




ones obtaines by the two-sample tests in Table 3.1 (for parameter estimates and re-

uls from model fiting, please see Figures A.1-A8).

To aceou der of

of birth, we regress dage on gender of the parent or gender o the ofispring, adjusting
for DOB of the paeat and DOB of the ofspring. For Test 2(3) we test 3 in

dage =+ 8- gender, + - plob + §-odob + (3)

for sgnificant difference from zero for parent-daughter (son) pairs. For Test 4(5), we.
st fin

dage = o+ 3 gender, + - plob + 8- odob + ¢ @4

for siguificant diference from 7ero for mother ({ather)-ofispring pair.

We find that Models 3.1 and 32 do not it the data wel, nd therefore the inferences.
based on these models aze not reliable. By dropping infuential observations from

the data, we obtain Models 3.3 wud 3.4 which fit the data appropriately according to
ReSquare (adj-R-Square) and ft dingnostics (ploaso see Figures A.9-A.16). For
abont. identifying and handling infuentinl observations, plense sec Bawerman et al
(1993) Chapter 5. The inforences based on the best it Models 33 an 3.4 are ited
i Tuble 3:2. We ind that after adjusting to DOB of the parent and of the offpring
the effect of gender, cither of the parent or of the offpring, on dage i not sigificant
vl 0,05,

ates of 8 i are consstent with our expectation.

3.6 Conclusions

In conclusion, based on the analyss presented in this chapter, we found no enough
t

oo of

o age at dingnosis of the discase related to either the gender of the parent or the




Table 3.2: Inferences based on the best it models

offcts on age at onset of LS.

Our analysis also shows that n arder to account for the sampling biss caused by the
birth of the ofispring
an of the parents which rlates o the magitude of the effect of ight truncati

dage. Otherwise, wrong conclusions may be draw



Chapter 4

Analysis: Age at Diagnosis

Anticipation

We are interested in testing for decrease in age at diagnosi of LS over successive.

generations. As we have seen from Figuro 2.1 in Chapter 2, the data under study i

subject to sampling bias, that i, the parental generation has passed through mast of

the ris period for the disease while the offspring generation has ot yet completed

the risk period. As a resl, ofspring who are unaffcted at the time of analysis but

g0 on to manifest the disease ot ater ages are ot included in this sample. In this
situation, standard statistical methods, such as the paired Gtest, are inapproprinte

because these

s do ot adequately adjust for sampling bias. Hore, we will use

 test method propased by T et al. (2005). They model the age at diagiosis of

affcted parent-child pairs s being right-truncated by age at interview and formulate.

the problen i terms of symmetry tests. They propose a simple generalized paired

test and  Wilkoson signed-rank test to adjust for the bias caused by the right
truncation of both the parent’s and chid’s age at diagnosi. For the advantage of
Teai's method over other methods used in the ircumstance of the age at diagnosis of
affcted parent-chill pais being right-truncatesd by the age at interview, please see

the paper by Tsai et al. (2005).




4.1 The Symmetry Tests

4.1.1 Methods

In this subsection, we give a summary of the symmetry tests proposed by T et al

(2005), which will be wsed n this section, for the reader's convenience.

et o) and

the Wilcoxon signed-rank test (for small sample szes) t0 adjust for he bias caused

by the right truneation of both the parent’s and childs age at dingnoss. Also,
ot al.(2005) extends the generalized paired ttest 10 a random effects model that

from mclear -

1o lrger fily structues, This approach circumvents some of the sampling bias
that plagus antiepation testing, specifcal the sampling bins caused by the right
truncation of both parental and child's age at dingnosis. However, some power islost
are discarded, but simplicty and lack of bias

because some of the parent-child pai

e gained

Recall that for right-trunentest data, only individuals for whom the event has oc-

o by  given date are includod i the study. ‘The main fmpact on the analysi

stigator st wse a conditional distibution

when data are truncated i that the

in constructing the lkelibood.

For a given affected parent-child pai, let Gy and . denote the age at interview

nt nd child, respectively, and let T, and 7, denote their respective age

the ordered pains (T, 1) and (Gy, C.) ave

dependant, given

at dingnosis, Aw

that both parent.

period. Hore, “parent-child pair” always denotes a paie in which both the pareat and
the child are affted. Lot n desote tho number of parent-child pairs inchuded in

Cp Caly = 1., denote the ages

the sty and let. the quadruple (T,




dingosis and ages at interviow of the ith parent-child pair. For a parent-child pair to
e included in the study, the diagnosis nge must be lower than the interview age for
each person. Ifthis is ot true, then the diagnosis age is truncated by the
age. Therefore, it is reasonably assumed that the (T, Ty G C) quadruples
o, accordin to the conditional probabilty

are independent and identicaly distrib
density function of (T Tz, Gy, C.), iven that T, < C and that T, < C.. Moreover,
this conditional probabiliy density function s given by

Syt Jalep ) Py
AL recy Bt TsC)

where 1(A) equals 1 if A is true and 0 otherwise, and f and g are the probability
density functions of (T, T.) and (Gy, C.), respectively. Let F and G denote the cu-

7 and svely. The goal i to
e the observed data (Ty, T, G, Ce) = 1,1, 10 test the mull hypothesis that

7 i symumetric,that i, that the age at diagnosis of parent and child are exchangesble
1 1 is symmetric (equivalent to F'is symmetric), then there is 10 age at diagnosis
anticipation. 1F f is not symmetric, then age a¢ dingnosis anticpation provides one
reasonable explanation, thorgh not.the only ore. 1 the onset ages Ty and T are
truncation effct, then one can compate them directly because

subject to the sa
they have an identical bias efect,

A parent-child paie, (T, C) e (T,
min( G, Co). That i, the child's age at diagnosis must be lawer than the parent’s
age at interview, and the pazeat’s age at dingnosis must be lower than the chill's
age at interview. The first condition is usually met in typical studies, but the second.

some pairs.
5 1 when that condition is met,

is calle] comparable if ma(Ty, Te) <

condition s not. met by all parent-<hild paies and necessitates discardis

Tuai ot al. (2005) define an indicator & as cqual

and 0 otherwise

Let
sorved data, and et (T3 T3 GCa). £ = 1., ", denote the abserved quadruple of

denote the mumber of comparable parent-child pairs in the ob-




Under

Lot F(s,1) denote the marginal cumultive distribution funetion of (75
o

Pt = Prfy<sT<ti=1)
Lol (09)G" (& V ).
PP e V o)yl

where oV b = mas(a,b) and

@)=PriG2C20=

~G(t,00) = Gloo,1) +G{t,1)

The independence assumption is cssential in deriving the above oqualiy. If (7, T2)
the

e abave oquality that. P s symumetric f and only if £ is

and (G, C.) are depend iy f commot be nonparametsically iden-

ifed. 1t follows from

ry of . Then they

Wilcaxon

To test symumetry of F, Taal et al. (2005) now test for sy

ek s he

signed-rank est satistic, to the data (75, 7 1 for testin the symmetry

o B

“The Paired t-test

1t is known that the paired t-test statistic ¢ = d/y/var(d), where
(T3 =13) _ Sl =Tl

nd

Even when the ot 1,) is bivariate normal, the s-

tistc 1 does ot follow o £ distribution. However, it can be approximated by a



normal distribution fo large n°

Wilcoxon Signed-Rank Test

The Wilcoxon signed-rask test is a nonparametric alternative to the paired t-test.

“This test assumes that there i information in the magnitude of the diffeences be-

the differences, and rank them from smallest t largest by absolute value. Add al the

ranks asociated with positive diferences, giving the T, statisic. Finall, the p-value.

asociated with this staistc i found from an appropriate table.

The Wikcoxon sgne-rank tes i used when there aze two nominal variabies and one

measurement vriable. One of the nominal vasiables has only two values, such as “be-

fore” and “afer”, and the other nominal variable often represents individuals. This s
inlo to the paired t-test, and should be used ifthe ditribution

of diferences between pairs is not morually distributed.

the non parametric

Tho mll hypothesis : The il hypoth betsicen paies

of abservations is sero. Note that this is diferent. from the mill hypothesis of the
paired ttest, which is that the mean difierence between pais is zero, or the mll
ypothesisof the sign test, which i that the mumbers of diffeences in each direction

are equal.

“The test statistic : The absolute value of the diflerences between observations are
ranked from smallest to largest, with the smallest diffrence getting a rank of 1,
then next largor difforence geting a rank of 2, otc. Ties ae given average ranks. The

the other dircti Thess w




“The sign test i lss effcent than the Wikoxon signect-rank test when the underlying
distibution i symmetric. The Wileaxon rank sum test is also lss efcient than the

Wilcoxon signod-rank test when data are paired

T etal.

paired tetest way to,
i ; and to adjust
the data set

One can apply it only to the comparable pai

Let (T3, Tz,) denote the jth comparable parent-chid pairin theith pedigrec and ket
& = Ty, ~ T 1t i clear that o, avd i, are not independent for j # k. A random

Specifically,

they assume d; follows
dy=at+hitey

where the 4 are independent and identically distributed random variables with
mean zer0 and variance o3, the ¢,'s ae random ervors with mean zero and variance.

i that 4, and e, are independent. That s, there are uncb-

2. They further s
served actors represented by the f that are common t0 all d;, for a given pedigree j
i i cquivalr




4.1.2 Data preparation

To get the relevant data set (comparable parent-ofispring pairs) from the original
data set, we scroen the data set s folows.

Data st provided by the CCFR. Obs=2842 Vars =24

I —

Note: ! Age.Deathor Last.Known. A P )

10 father-offs

g pairs

non-duplicated fathers

abio were ot included n the analysis,

Gotting Comparable Parent-Child Pairs

As mentioned before we know that & parent-child pair, (T, C) aned (T, Cu), i
parable if

maz(Ty, T) €

in(CprC)
Here G isthe age at interview of a parent, which is p. Age.Death.or Last Known. Age,
at interview of child, which is 0. Age. Death.or Last Known. Age in the.

Cuis



urrent study, T is the age at diagnosis of a parent, which is p.oge.at coloectalCA,
and T, is the age at diagnosis of a chikd, which is .ageatcolorectalCA. The ages at
interview, that s, Age.Death.or.Last Known. Age, are lss than AGER (For AGE!

please see definition 2.1 on page 12).

‘We use the following method to obtain comparable parent-child pairs in R package.

Getting Compaable Pasent-Child Pairs

WiFSain <~ xep(0,9m)
for (11 1191

MNFSin(s] <- sin(AFSo_Age_Deach.or.Last.Known.Age(i],

AHFSp_Age_Desth.or Last Kaoun. Age(11)}

& page.

413 Results

The paired data : (T3, T3), i = L. 32
The correlation of T3 and T3+ corr(T3, T3) = 050,

“Table 4.1: Summary of (75 = 3)

For this comparable pareat-child pairs sample, the ofspring’s age at diagnosi i car-
ler docrease.

of the paired age amount

werage than their parent’s age at diagnosis with an observed me:
t0 269 years and an observed median decrease of the




Table 42 The paired t-test - one-sample t-test: one side

T v moan of (15—

Tocation of (T3~ T5)
true location of (7% B0
38, prvalue = 0,030

Signod-rank test with continuity correction: two sides

FHor e Tocation of (T T3]
Ho: e oo of (1 - Bro
=318, poaly




Table 4.7: Bootstrap test for medinn

t0 2 years, which is much lss than the correspor
withont adjusting for the sampling bias in Table 3.1. The test for the null hypothesis
M true mean of (T, — T3) = O against the alternative hypothesis Hy: true mean
Of (T3 = T3) > 0 yiekds a pvalue of 0.0370 by the paire ttest and 0.03108 by the
baotsteap test. The test fo the 3
against the alternative hypothesis M true median of (75 — Ty)llylrlxknpvﬂv
o 0.0309 by the Wilcoxon signect-rank test and 002311 by the bootstrap test. These

lts imply that e existence of antic-
ipation for age at diagnosis in LS.

A1 hypothesis Ho: true median of (17, ~ T3

‘We could extend the generalized paired t-test t0 a random effects model that enables
analyss of correlate data from nuclear faniles. However, due to the limited data.
for comparable parent-child pais and the observation from the following tables, we.
do not analyze the data furcher with the random ffocts model i his thesis.

“The distribution of Family ID of the comparable parent-child pairs




Figure 4.1: Fumily 1D froquency distsibution, Note: the two individuals of a parent
offpring pair have saune fuily 1D, Eacl Paaily 1D is counted once for each parent-
llping i, the oot of nch Py 1D = il 1D rdandancy + 1

We can see from the distribution of fanily 1D of the comparable parent-chikd pair,
the munber of multple affected parent-child pairs within the same fanily ac few and

fanmily clustering s not. serions

4.1.4  Conclusion

Bsed on the symmetry test, there i evidence n the data suggesting the existence of

anticipation for age at. dingnosis in LS.

4.2 Survival Analysis

i the above analysis, wo only used the comparable parent-offspring paies data. How:
ever, the comparable parent-offsprng pairsonly account for a mal part ofthe aval
s vot. efficiently utlized. Can we use more

bl data, thus tho available informati

avnlable data at hand 1o et a more reliable result?



It is tempting o analyze age at dingnosis data with survival analysis. This way,

we can conduet an analysis based on more available data by including the mutation
carrier, the mutation casriers who had not been affected or diagnased with the dis-
1

Among variables avilable in the data set on hand, the only candidate for censoring
Age.Death.or. Last Knoun. Age. Atthis point, et L

time for those mutation carrers not affected with LS.

Known. Age be censori

4.2.1 Exploration of the data set

Survival

o data preparat
We constructed survival tme as follows. For the disease-affcted mutation carrer
(coloreetal. CA=1), we set.the time = age at dingnosis = age.at colorctalCA, and

the event indez = 1. For the disease-uaffected mutation carser (coloretal. CA=0).

we set. the time = age at censoring = Age.Death.or.Last. Known. dge and the event
indez =0

70923 patr_pergestine < xop(0, 4180UT_0923_pair_serge) 1)

70923 pat_onrgestine 70925 pase_sexgetcoloractal.CAw-1]
MUT.0923_pai_sergesags. st colorectalCh HUT_0923.pasr_noxgeScoloractal Che-i]

170923 pat_oergestina NUT_0925_pase_sergefcoloractal.CA=-0)
JrExT— r_ouaa_pair. =

WT.0923_pas_asrge.new < subest (AT_09Z3_patr_serga, tisecs99)




Data set provided by the CCFR. Obs=2812. Vars

:

15 nou-duplicated offpring [182 non-duplicated parents|
p=0 p=1




The exhibition of the relation between age at diagnosis/age at censoring
and date of birth

between age at di "
the relation betwoen age at censoring and date of birth, respectively

Plot of Axe s Disgnesis v Dot of Birih

gure 4.2: Plot of age ot disgnosis va. date of birth, *1” represents parent and 0"
epresents offspring;




Figure 43: Plot of age ot censoring s, date of birth. “1” represents parent and 0"

sepresents offspring

422 An analysis of the survival data

From Figure 43, age at censoring, Age. Death.or.Last Known. Age, can be approi-
mated by

age = 2000 — birth year
for the mutation carriers who were born after 1040, The age at censoring can be.

predicted by birth ear. Actually, these ages at censoring are created by the closing.

date of the study and are atifacts. However, “A censored observation i one whose:



Figure 4.4: The distribution of date of bisth: “censored”

alue i incomplete due to foctors that are random for each subject” [David W Hos-
mer ct ol (2007). 1 is obvious that this definition is not met. hete, cspecially for
the second generation. 1f we use Age.Death.or. Last Knoun.Age for those mutation
carriers withont disease as censoring time (time, event index=0), what will be the
consequence?

g, Both of them

Schema 1 and Schema 2 tme to event with event idex = 1

HI21314151617 18192021 228 N W WM W W VN WD RS



Figare 45: The distribution of date of birth: affcted
36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 50 50 60
el 1 (caly censoring)  time 10 event. with event. ndes = 0

10.6 11,0 11,5 12,0 12,5 13.0 13,5 16.0 14,6 16.0 16.5 16.0 16
18.018.5 19.0 19.

10178
20.020.6 21,0 21,6 22.0 225 23.0 23.5 24.0 24.6 25.0

el 2 (It consoring) ¢ e o event with event index = 0

44,0 45.5 46.0 46,5 47.0 47.5 48.0 48.5 49.0 49.5 50.0 50.5 51.0 51.5 62.0
52,5 69.0 53,5 4.0 54.5 65.0 65.5 66,0 6.5 67,0 7.5 69.0 56.5 59.0 69.5.

We present here the sesults of the Kaplan-Meier estimators of two survival functions
st




st the diference i time to event between two samples. Specifically, it is to compare.
the survival distributions of two samples. Though the two samples have identical

distibutions of the time to event with event. index
schemas make the two survival distributions sigaificantly diflerent. The outcome of
the log-rank tst s 10 rfocts Ho and in favor of A, with p=0.000563. The outeome.
of the Kapl
of the two samples, early vs. late, being 37 vs. 50, Both are larger than 355 which
1

. the two different censoring

fer estimators of the two survival functions gives median estimates

i the mean and median of time to event with event index

test fo diffrence o

urvtit(Surv(vise, event index) ~ sasple iadex, data=x)
records n.max n.start o

smple1 s s s s 7

suple2 8 B 8 S s 4 s

sedian 0.95LCL 0.950CL

survdits(Sure(tine, ovent index)  sasple index, datars)
¥ Observed Expected (0-6)°2/E O-5)2/V
smplet 80 5 %2 Tz 1
mmple2 8 S e w78 119
Chiage 119 on 1 degross of {reedon, p= 0.000568

above example demonstrates that a censoriug scheme affects the survival fune-

ton. Returuing to the survival data set A (for the description of data set A, plesse

see page 16), since th the

survival estimates based on this data are also artfacts. 1f this group of individunls is

followed up for a longer tin
would be eut off by

say up to the year 2020, one could expect that the age

at censori

age = 2020 — birth e,

thus woulkd Bave a later censoring schemme. This late c

soring scheme alone would

result i a survival function with a smalle risk. However, the truth should not be.




Figure 46: Effet of censoring scherma on survival

alfcted by the way the data is collected. W can conclude that applying standard
urvival analysis direetly to survivl data set A (that s, MUT.0923 pair-merge-iew)
 biased rosult

withont accounting for the sampling bins wil result

‘Standard survival methods are not appropriate for the data on hand

dard survival siven

ime, which provides partalinformation about tine to event into the analysis

only if censoring time i random n nature and time to event is not subject to sam-

pling bias. 1 tme to event is subject to sampling bias, even though censoring t

s random in nature, standard survival analysis without accounting for the spling

1t n  bisse result, Censoring time only provides partial iformation




served time to event, but can ot correct the bias which exists in the

observed time to even. If censoring time is not random in nature, even though time.

to event. represents the population from the previous analysi, the reslt obtained
by standard survival analysis i questionable. From Figures 4.2 and 43, we see th

both age at dingnosis and age at censoring are subject to the sampling bias and
the sampling bias s different effcts on diflerent generations. Therefore, it is not
adequate to use

sdard survivl analyss diretly to analyze this data without ac-
counting for the sampling biss. Furthermore, even if the data are free of sampling
bias, 10 test a decrease in age at dingnoss over successive generations, it s better to

consider data nstead of -

V. offpring generation. Tests based on parent-offspring pairs are more sensitive to
the decrense in age at diagnosis over succesive generations. As a comparison with
the result obtained by the symmetry test method in section 4.1, we list resuls of a

urvival analysis with censori
Als, please compare the resuls obtained below with the corresponding ones lsted
in Table 3.1

Analyss by the Kaplan-Meier stimators of two survival functons
with age a consoring
offpring ve. parent

. the median o

eurvtit(Surv(tine, colorectalCh) © p, data-HUT 0923 pair_serge-nos)
. n.start events sedisn 0.96LCL 0.9800L

o oms ms wms w3 4@ & s

Y

Analyss by the log rank test with age at consoring
ing v parent
The o survivl Factions aresgnfantly diferot with p= 00152

vt (v (eise, colorectal CA) * p, dataeMIT0923_pasr_serge_sev)
@B 0B




pous 1 me asm w00
w2 sm 104
Chisqe 10.1 on 1 dogrees of freedon, pe 0.00152

Figure 4.7: The Kaplaa-Meler stimators of the survival function with e at censor-
ing: parents v offpring

Aualysis by the Kaplan-Meler estimators of two survival functions
ot ago at consoring
offpring . parent
“The median e . dingocss s 30 o afbprin .

SurvH1 (Bury(tine, coloractal.CA) * p, data=HUT.0023_pair_se
Pron——
wiian 0.

» W .
Pt

w




Analyss by the log-rank test without age at consoring
Offpring va. parent
The tu sl functions v sgifanly difernt with

st Surv(eine, coloractal Ch) © p, dat
.

¥ Observed Expected Q-B)°2/E @02/
.

pors i
o um mos w2 s
Cuisgr 54,1 on 1 dogrees of fresdon, pe 1.950-13

P ———

18 The Kaplan-Meier catimators of the survival function without age at
comsoring: parents v offpring

Analysis by the Kaplan-Moior estimators of the survival functions for parent
without age at consoring vs. with age at censoring

wedion age at dingposs i 56;

oo age o dingaenis i 40 1. the

age ot dingnioss incroses 7 year by including age ot consoring ko the

analnin




Figue 4: Tho Kl el timtrs of vl ot o pret: it g

at censoring vs. with age at censoring

Analysis by the Kaplan-Meier est
without age at censoring vs. wi

iators of the survival functions for offspring
b age at ce
“The mecdian uge t dingnosi s 39 v, the modian age o diagnoeis i 48:

e modian age ot dingasis fncesscs D ears by including nge at cenoring nto the

analyss
From the above survival analysis (Kaplaa-Meler estimate), we find that o survival

function corresponding 10 & smalle risk (of the discaso onset) s obtained by ncluding

e ot censoring, and thus results i a larger estimate of the median is produced.

For the parent gencration, comparee with the distribution of age at dingnosis, the

consoring scheme cortesponds 1o an early censoring scheme, while for the ofispring

generation, compared with the distribution of nge at dingnesis, the censoring schen
corresponds to a late censoring schemne, and thus the incrense in time o diagnosis

of the discase by including age at censorin s largor for ofspring than for parents



Figure 4.10: The Kaplan- Meler estimators o the survival
ot age at censoring vs. with age at cemoring.

o for offspring: with-

(0 years v, 7 years). 1f his group of individuals is folowed up for a longer time,

ation, the data set would have

o e age at

more late age at. cousoring obscrvations for the offpring

dingnosis observations

encration. Ax  result, wo woukd expoctthat the diference between the two survival

functions (offspring; vs. parcnts) woulkd decrease further, that i, the decrease of g

it dingnosis over sccossive gonerations would become smaller.

Analysis by Cox-ph Model
The rik! ratio i esch fanily is {2 = 1.503807 with p-val
The

wedian ago ot o the modian age ot
parents;

e decronse i mecian g dingnosi ove sccessve generations amounts (o 7 years

Note: 'Risk of the disease onset,

Surveine, cotorect

0 " p,

e—



cont explcont) selcont) v
o4 065 013 315 0.0
Likeibood ratio test+10 on 1 df, pe0.00I56 e 496

it Cconph(Survtine, colorectal CA) * p, data = NIT_0923.pair_serge_sew)
survtin(sse, sevdatandata. frase(pecc0, 1))

start ovents sedian 0.96LCL 0.980CL.

w o m e s

w o m s s e

The survival analysis used above implicily assumes a homogenous population for
each generation to be studied. This means that all individuals sampled from the
e,

onset). However, the data set under study has a family-clustered structure as shown

below

The distribution of family 1D




o 4.11: Fanly 1D froquency distribution. Note: two individuals of a paren-
ID. and

Yie
llping pai have
his/her offspring, 0 the count of each Fanily 1D

fuily 1D, Each Funily 1D is counted for both pare
family 1D redundaney + 2

Due to st geotype and/or environment, ndividuals from the same

but from diffrent families may be under different visk of disease omset, while individ-
als from the same goneration us well s from the same family share some con
fraily isk

bt may more appropriately bo consides

o currer iy ot be 10 be homoger

s o heterogeneous sample for ench gner

of individuals with diffrent hazards for each generation. A

ation, that s, @ mix
matural vy 10 model the dependence of (fmily) chstered event imes is theough the
introduction of  chuster-spexifi radom effets, the fraily, These random effcts ex
Dlain the dependonce in the sense that had we known the frily, the events would be.
independent. Tn other words, the survivl times are conditionaly independent given

wed for survival tanes of related individuals like

the frailty. “This appronch can
fawnily members The frailty approsch is  statistical modeling concept which aims

sured covariates, In statistcal e

1o account for heterogeneity cansed by unn
a fraily
elfects (1
Andersen et al. (1999)]

odel i random effects model for time to event. data, where the random

fraity) have & multplicative effct on the baseline hazard function fsee



To handle multiple afected parents and offsprings within the same family, and to

‘mutual dependence, we apply a fraily model,  random effects model.

adjust for th

“The result of the analysisis gven below

Analysis by Frailty Model

“The rsk! ratio in ach family is A=) = 1.980753 with pal

Note: 1 Risk of the discase onset.

coxph(formula = Surv(sise, colorectal CA) ~ p + frailty(FasilyID.

disn = “ganma®), data = MUT_0923._pair_merge.nes)

cost salcost) se2 Chisq DF ®
® 0.68 0183 013 231 1.0 15006
frasity (FanslyIo, dist 5.2 615 11004

Varisace of randon effect= 0.402  I-likelibood = -1430.8
Degracs of fresdon for terms= 0.9 64.5

Likelibood ratio tastei78 on 65.4 df, p2.520-12 e 496

Hore we do ot intend o it & model to the data. Finding the model which best fits
 binsed sample makes no sense. We just want {0 get  sense of what kind of results

can be obtained by the survival methods mentioned above.

4.2.3 Discussion and conclusion

By the Cox proportional Bazards model, the risk ratio for ofiprng to paret s
BN 4~ L0007 with pralu = 00016, By the shared iy Cax
proportional hasards model, the is ratio for ofpring o parent i ech family s

1) s = 1980732 with pvalie = 1.56-06 (Risk of the disease onset. will
doubie o “The incresed risk of ove s

cossive generations mplies  decreased age at diagnosis of the discasc over successive

generations.



To summarize, the previous various survival analyses of this biased sample indicates
there exists & more than seven year decrease in median age at diagnosis of LS over
This docrease
ch larger than the esti-

median age at dinguosis over succesive generations is
ate obtainesd Thesy

oberved median age at dingnosis over succesive generations and the decrease i
larger than zero with much lss significance. The results obtained by these survival
analyses sefect the sampling biss more than anything ebe and they should be re-
garded bow an account
for the duration of observation in ll individuals being studied will result in a biased
sk researchers to & wron concluson.

rosult, which can




Chapter 5
Conclusions

“This thess assessd the decrease in age at diagnosis of LS over successive generations.

s well g Ls
by the Colon Cancer Family Registy. We examined the data rom parent-child paies
who are known to carry a mutation i one offour causal genes MSHZ, MLHI, MSH6,
and PAS2

Chapter 2 demonstrated that the variable age at dingasis in the sample is right

truncated by the closing date of the study. As a result, the variable age at diaguosis

was subjected to sampling bias, more specificall, persans with early age at dingnosis

ividuals born later

are over-represented, especially fo his sample.
Chapter 3 examined and improved the method used in Lindor et al. (2010) to test
parent-oforigin effcts. Our preliminary analysis does not support that anticipa-
tion for age at diagnosis is more pronouncer when the disease allle was transmitted
he disease allle was transmit-

through the father than through the mother or wh
e from the father to daughter tha father to son after accounting fr the sampling.

bias. T summary, we found no evidence for pareni-of-oigin efects o age at dingno-

sisof LS in this sample.




Chapter 4 asessed diagnosis of |
To account. by the right

age at diagnosis, we employed the symimetry test proposel by Teai et al. (2005) to
detct the decrease i age at dingnosis of LS over successive generations. We found
that the observed e i aga s o the
observed median dectense of the paired age at diagnosis is 2 years for comparable

parent-child pairs. For the null hypothesis that the true mean decrease of paired age
at dis
of paired age at diagnosis is arger th
32 comparable parent-child pairs gave a 003405, respectivel

For the nul hypothesis that the true median decrease of paired age at diagosis s
equal 10 0 vs. the altermative hypothesis that the true median decrease of puired
e at dingnosis is larger than 0, the Wikcoxon sgned-rank test and bootstrap test
applied t0 32 e
respectively. In sumn

sosis i equal 10,0 vs. the alternative hypothesis that the true mean decrease

. the tetest and bootstrap test appled to

parable parent-chid pars gase a p-values of 0.03091 and 0.02311,

. the outcome of the symmetsy test suggested that there

e fo s LS case. This et
hould be vald and free of ascertainment bias cause by the right truncation if the
el smption ofthe symmetry est that the ordered pirs (73, 7) and (G

C2) are independent is satisied by this sample,
W Survival methods for be s t0 -
Iyze data subject to the sampling bias in Chapter 1. Our analysis demonsirated that

the standard survival metlods yiekd biased resuls i this case e 10 these methods
ot accounting for the different duration of observation in all persons being studied

which was causee by the closing date of the study

“The evidence for anticipation for age at diagnosis presented here, however, could (1)
resuilt.from selection bias other than that caused by the right truncation, for exam-

ple, wnder-roprescntation of “younger parent-older child” pairs in which the parent



ad died before producing a “complete” family, (2) refloct changes in environmental
factors such as dietary and life style habits, and (3) be attributable, at lesst in part,
to earlier and better dingnosis progressivly over time and greater avareness in de-
scendants. Therefore, whether and how much true genetic anticipation contributes to

the decrease in age at dingnosis over successive generations observed in this discase:

Our results are preliminary and more work on further developing both the database
and the statistical methods wsed are called for. As large data sets which are free of
sampling bias become available in the future, more reliable results of assessment of

both for age at d ' a
of LS can be obtained. With such data, we can also refine the analysis by incorpo-
sicipation in

ating other risk factors into the analysis so that the issue of genetic
LS can be clarified.



Appendix A

R code and Output

A Match Parent-Offspring Pair
Wo s the fllowing methor © obtin the 315 parent-ofspring pairin Secton 22
aind r 0029

e 2

MUT.0923 <= subaot (UT_0923, Nothor D
anT.0923)
w rer 2

achHUT_0925)
0.0

1

e c0,0
o.Personld <= ¢(0,0)
.

onlD <- €(0,0)




o_PROBAND_FLIG < (0,0)
P_PROBAID_FLAG < <(0,0)

for (4 4 1: A1=0WT0923)(11)
for (3 4n 1 : dim0WT.0829) (1))
{4t ( ParsonID (3] ==KotherID (1) PersontD(j]=+Father 0(1))

3 < 3

o_PersonD(s] = as.character (PersonlD(i))
p_PaxsonIDls] = 5. character (PersontD(3))
o MotherID(s) = NotherDo(s)

herD(s) = FatherID(i]

oSexts) < Sexl)

posexta) < Sexls)

0.008(s) <- as.character (08 (1))

P00B(s) <~ as.character (DOB(3))

ey (6] <~ Age.t "

0w

Agola) <~ Ago.t

go.!
o_coloractal_CAls) <= coloroctal.Ch (1]
pcoloractal CAls] <-colorectal.CA (3)

_colorectalChls) <- age.at_colorectalCAls)
_colorectalCAls] < age.at_colorectalCAL])
ononlyachls] <~ noalynch(s)

pononlyachls) <= nontynchl)

o.age.st_nonlynchle] <~ age
pago.at_nonlynchla] < age.at_nonlynch(s)
GENE(s) <- as.charactor (GENE(A))

PGRNE(S) <~ as.charactor (GENE(S))

character (UT_STATUS(1))
character (WT_STATUS(S))

atnonlyach (1)




o.ObigataCarrier(s] <- as.character (ObligateCarrior(i))
p_ObligataCarrier(s] <- as.character ObligateCarrior (1)
osut_descripls] < as.character (sut_doscrip(i))
t_doscripls] <- sa.character( sut_descrip(j])

.
ocentre_nols) < contre._noli]
pcentre_nole) < centre_solj]
o_FasilyIDls] < Familymo(s)
poFasilyID(e) <- FamslyIos)
o.FSRCLs] <= FSACLA]

poFSRCIs) < FSRCL3)
_PROBAND_FLAG[s] <~ PROBAND_FLAG(1]
P_PROBAND_FLAGIS] <~ PACBAYD_FLAGI(S]
>

o_ParsonlD <- as.factor (o_Persond)

D08 < as. character (p_D0S)
o UT_STATUS <~ as. factor (o_MVT_STATUS)
PMUT_STATUS < as. factor(p_MT_STATUS)
factor (o_obLgateCarrion)

factor(p_ontigatacarrier)

st doscrip < 3s.factor(o_sut_desceip)

st _dascrip <-as factor (p_nut_doscrip)

dotachOuT_0923)




MIT 0823 paire- data.frama(o_Parecaid, p_PersonlD, o_NotherlD, o.F
o.Sex, p.Sex, o.00B, p.00B, o_Age_Death.or.Last Known.Ags,
pAge.Death.or Last. kaoun.Ags, o_colorectal CA, p_colorectal CA,
o.age_at_colorectalCh, p.age.at_colorectalCh, o_nonlynch, p_nonlynch,
o.age_at_nonlynch, p.age.at_nonlyach, o_GENE, p_GEVE, o WUT_STATUS,
PMUT_STATUS, o_ObligateCarrier, p-ObligatoCarrior, o_mut_descrip,
pvut_descrip, o_centre.no, p_centre_no, o_FasilyID, p_FailyID,
0.FSAC, p_FSAC, o_PROBAYD.FLAG, ~p.PROBAID_FLAG)

a1n007_0923_pate)
[EETEY

A.2 Match Mother-Offspring Pair
We e the fllowing method t gt the 58 mother-ffringpaie i Section 3.2

attach(calorectal CA.0923)
seo

1 <e0,0)

3 <00

o.Persontd <- €(0,00
n_ParsonId <= ¢(0,0)

o PROBAND_FLAG < €(0,0)
_PROBAID_FLAG < €(0,0)

for(s 1n 1:478)
or(s 1n 11 470)

{4# (PorsonIDf] == MorharID(1))
R




10 < 1
361 < 3
oPersonIdls] + as.character (PorsonID (i)
mPersonId(s) = as.character (Porsont0(3])
o MotherID(s] = HotherIo(i]
B_NotherID(s) » HotherI0(s]

oSexte] < Sex(s]

nsex(s] < Sex(j)

0.008(6] <- as.characar (00 (1))
2.008(6] <- as.characor GOB(3))

ot Agels) <- Age.

Last.k (o) < X

(5] < coloractal CALI)
[6) < coloractal CALS)
cealchls) < ag

_coloractalchli)
cealChls) < ago_at.colorectalCALj]
onenlynchls) <~ nonynch(i)

mnonlynchls) <= nonlynch(3)
hle) <= ago.at_nonlyachls]
hls) <= ago.at.nonlynch(s]

charactor (GRUEL1))
chaxactor (GHIE(S))

Character (UT_STATUS(4))

character (UT_STATUS()))
o.ObligataCarrior(s] <- aa.charactor (GbLigateCarrior (1))

o.nut._descripls) < s, character (aut_ dascrip(i))
n_nut_doscriple) <~ as.charactor (nut.descrip(j))
ocontro_nols] <= centre.noli]

a_contro_nols) < contre_no(})

oFani1yID(s) <~ Fani1yIo(s)



B_FanilyIDs] < Fastlymo()
o.FSRCIs) <= FSRCLL]
Fsact) < FsRc(j)
o_PROBAND_FLAG[#] <- PAOBAID_FLAGI)
PROBAYD_FLAG[s) <~ PACBAID_FLAG(]]

o_Parsontd <= s factor (o_Porsoni)

=_Persond <- as.factor(a_PorsoniD)

o008 <

eharactar(o.008)

200 <- as.chacacter (2 008)
0.GENE < as.factor(o_GENE)
BGENE < as.factor s GEIE)
o MUT_STATUS <~ a3, factor(o_HUT_STATUS)
BMUT_STATUS <~ as. factor(a_MUT_STATUS)

oObligateCarrier <- sa.factor(o_ObligateCarrier)
5.0bdsgataCarrier <- ss.factor(a.ObligateCarrier)

onut_dascrip < s factor(o_aut.

nnut_doserip <

dotach(eotoractal CA_0923)

01_CA_¥O_paire- data. framo(o_PersonlD, =_PersonlD, o MotherID, o MotherID,

o.5ex, n_Sex, 0008,

D05, o_Aga_Death. o Last Knoun.Age,

Age_Death.or.Last Knova Age, o-colorectal CA, n_celoractal G,

o.age_at_colorectalch,

. age_st_coloractalCh,o_nonlynch, =_nonlynch,
o.oge.st_nonlynch, =_sge.at._nonlyach, o_GENE, _GEE, o MIT_STATUS,
B MUT_STATUS, o_ObligateCarrier, _ObligateCarrier, o_mt_dsscrip,

n_sut _descrip, o_centre_uo, n_centre_uo, o FasilyID, n_FaailyDD,



.FSRC, 5_FSAC, o_PRAOBAND_FLAG, =_PAOBAID_FLAG)

dtn(cal CAND_pai)
s

A3 Match Father-Offspring Pair
We s th Fllwing methor o gt the 40 ftberofsprin pai in Socton 3.2

attach(colorectal CA.0923)

‘ e
1 <e0,0)
3 <e0,0
ot Parsond <- €(0,0)
£ Parscnd <= <(0,0)

of PROBAVD_FLIG <= <(0,0)
£PROBAND_FLAG <= ¢(0,0)

for (4 4n 1:478)
tror ¢ n 1 ¢ aT9)
{4t (Parsonl0(g) == FatherID(s))

e < &
306 <y

of_ParsonIDle] = as.character (Parsonid(1))
£ Porsontdls) = as.character (PersonID(s])
of FatheriD(s] = FatharID(s)

£ FathorIDls) = FatherID(s)



of_Sex(s) <- Sexli]
£ sexe) <- sexts)
of_D0BIs) <~ as.character (GOBi])
‘ £.008(8] <- as.character (G08131)
ot_ige. Agels] < Ago.t Lase.k o
e Kaown.Agals) <- Ags.Death. )

ot colorectal CAls) <- colorectal CAL1]

£_colarectal_CAls] <~ colerctal CAL)
of age.at_colorectalChls] < age.at_colorectalCAli]

£ _age_at_colorectalCAls) < age_at_colorectalCAL)

as:
of _nonlynehle] <~ noalynchls)
£_nenlynchls) <- noxiyneh(3]

‘ of_sge_at_nonlynchls] < ag

£_age.s¢_nonlynehls] <- ago_at_sonlynch()
of GENEIs] <~ as.character (GENEL31)

£ GENE(s) < az.character GEIECS))

of_WUT_STATUSIs) <~ a5.character (UIT_STATUS (1]

T _STATUS (8] <~ as.character (WT_STATUS(}))
of_OblsgataCarriorls] < ss.character(ObligateCarriar (1))
£_ObtigateCarriere] < as.charactor (ObligaceCarrior ()
sscrspla) < as.chacactor (sut_doscrip(il)
eharactar (st doscrip(3])

of contro_nola] < contre_noli]

£ cantr
of FarilyIDle] < FanilymD(i)

£ FamilyIDle) <~ FaailyDoL))

ot FSRCIs) <= FSRCLS)

FRCls) < PSRl

of PROBAND_FLAGLs) <~ PROBAID_FLAGLS]
_PROBAND_FLAG[<] < PROBAID_FLAGL]
3

_nole] < contre_nols]




of PersonID <- ss.factor (of Personld)
£ PersonlD <~ as.factor(1_Personld)

£.GBIE <= as.factor(¢_GENE)
G HUT_STATUS <~ as. factor (of JMUT_STATUS)
£HUT_STATUS <= as. actor (£_WUT_STATUS)
ot ObligataCarrier < as.factor (of_ObligateCarrier)

£ ObligataCarrier < as.factor(1_OhligateCarrier)
of mut_doscrip <~ as.factor(of_mut_doscrip)
£ out_descrip < sa.factor(s_sut_descrip)

detach (colorectal Ch.0923)

01_CA_FO_pair <- data. frase(of_PersonID, 1_PorsonID, of FatherlD, f FathesID,

of.Sex, 1.Sex, of DOB, £.D0B, of AgeDesth.or.Last Kaoun.Ag
£ _Age_Daath.or Last. Known Age, of colorsctal CA, _colorectal CA,
of age.at_colorectalCh, £_ago.at colorectalCh, of nonlyach, f_aoalyach,
of_age_at_nonlynch, £_age_at_sonlynch, of GEVE, _GRNE, of MUT_STATUS,
£WUT_STATUS, of_ObligateCarrior, £.ObligateCarrier, of mut.de

5o, of_FaailylD, ¢ FaatlylD, of FSRC,

£nue_doscrip, of contre
£FSRC, of PROBAND_FLAG, 1_PROBAND_FLAG)

atn(col CAFO_pas)
w0



A.4 Bootstrap Test

“The code for the bootstrap test in Table 4.6 and Table 47

_coloractalch

xé-ant $p_ago.at_colorectalCh - antSo._ago.

oot <= 10405
462612221630 222104

67 8518 14-16 -415-16 12 24 0 0

ar < double(aboot)

B < longah()
for (4 1n timboot)
Kestar <= samploCa, xeplaco = THUE)
oan star(1] <= noan(x(k.star))

oan(aoun. star)
1] 2.689320
Loser-tatled test of mewn = 0

Ly < moan(man.star <= 0)

(1) 0.28128
ot nean. star (3108)
wo

nodian.star <- doublo(aboot)



for (4 in 1imboot)

Kstar < sasplo(a, replace = THE)

sedian.star(i) < sedtan(x(x.star))
B

sesn(aedian.star)

) 2376738

Love

tailod tost of sedian = 0
s (sedian. starc=0)
1 0.011

sort. sedisn. star<-sort (sedian.star)
sort sedian.star (5000)

w1

sort sedisn.star (2311)

mo

A5 Output of Model Fitting
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Figure A3 Test 3 Effct of the parent on son's age at diagnosis depends on the
gender of the parent: parameter estimates and significance
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Figure A.6: Test 4 : Effet of the mother on ofspring’s age at diagnosis depends on
the gender of the offpring: fit dingnostics



AT: Test 5 Effet of the father on offspring’s age at dinguosis depends on
the gender of the offspring: parameter estimates and significanice
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Figure A9: Test 2: Effct of the parent on daughter’s age at diagnosis depends on
the gender of the parent: parameter etimates and significance
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Figure A-10: Test 2: Eflect of the parent on daughter's age at dingnosis depends on

the gender of the parent: it dingnostics
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Figure A.L4: Test 4 : Effct ofthe mother on ofipring’s age a diagnosis depends on
the gender of the offpring: fit diaguostics
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