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1 Introduction

The analyses in this note are based on a dataset with gene expression in blood before
diagnosis of breast cancer. The dataset consists of case-control pairs that are matched on birth
year and time of blood sampling, and the data for a pair is the log, difference in gene
expression between the case and control. For each case-control pair the gene expression is
measured once before diagnosis. As the blood samples of the different case-controls pairs are
measured at different points in time before diagnosis, we can use the dataset for examining
whether the gene expression profile varies with time. We will also use the dataset for
examining whether the gene expression profile varies between cases and controls, or between
cases with and without spread (metastases), and for predicting whether a case has breast
cancer with or without spread.

In Section 2 we present the dataset. Methods are described in Section 3, while results are
summarized in Section 4.

2 Datasets

The available dataset consists of data from 546 case-control pairs with time to diagnosis
varying between 1 and 2920 days (year 1-8 before diagnosis). The dataset consists of two
subdatasets, one where the cases participated in the screening program (the screening group)
and one where the cases did not participate in the screening program (the clinical group). All
analyses have been performed separately for these two subdatasets. Each case belongs to one
of the two strata with spread and without spread. More details about the dataset, like the
number of case-control pairs in each stratum and the distribution of the case-controls pairs in
time, are given in Table 1 and Figure 1. The data used in all analyses are the log, differences in
gene expression between cases and controls.

In addition three validation datasets are available. These datasets are denoted CC1, CC2 and
CC3, respectively, and the blood sampling was done at the time of the diagnostic biopsy, i.e.
time to diagnosis is 0 days for each case-control pair in these datasets. After quality control of
the data as described in [1], the three datasets CC1, CC2 and CC3 consisted of 55, 49 and 59
case-control pairs, and 39 426, 48 802 and 47 323 probes, respectively. (In [1], the number of
probes were 48 803, 48 803 and 47 323, thus for CC1 we have not used the complete set of
probes used in [1].) Some details about the three datasets, like the number of case-control
pairs in each stratum, are given in Table 2 a). For more details, see [1].

For all case-control pairs included in the validation datasets CC1, CC2 and CC3, the cases have
been diagnosed with cancer. Four small validation datasets, CCOsmall, CC1small, CC2small and
CC3small, where the cases do not have cancer (benign tumors) are also available. Details about
these datasets are given in Table 2 b).
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Table 1 Details about the available prospective dataset for the screening (upper panel) and clinical
group (lower panel).

a) Number of case-control pairs in the screening group (includes interval group that consists of
cases that are diagnosed with cancer between two screening visits)
Year before diagnosis 8|7 |6 5 4 3 2 1 Sum
With spread 0|16 15 30 24 20 12 108
Stratum Without spread 1|3 |10| 36 53 59 57 53 272
Insitu 0] 01O 7 19 15 9 16 66
Sum 1|4 |16 | 58 | 102 | 98 86 81 446
b) Number of case-control pairs in the clinical group
Year before diagnosis 8|7 |6 5 4 3 2 1 Sum
With spread 0| 0|1 4 5 2 8 10 30
Stratum Without spread 0|13 6 14 8 12 13 57
Insitu 0|0 1 1 1 3 2 5 13
Sum 0| 1|5 11 20 13 22 28 100
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Figure 1 The distribution of the case-controls pairs in time for the screening (upper panel) and clinical
(lower panel) group. Each short vertical line represents a case-control pair. A circle is plotted above every
fifth case-control pair. Long vertical lines are plotted to indicate the years. On the y-axis “with” means
cases with spread and “without” means cases without spread.

The dataset has been preprocessed using a procedure that consists of the following steps:

1.
2.

Background correct the data using negative control probes.
Remove non-present probes, i.e. only probes with detection p-value less than 0.05 in

more than 70% of the 546 x 2 = 1092 samples remain in the dataset.

expression of the probes is used as expression value for the gene.
A more detailed description of each step is given in [3].

Transform the data using the variance stabilizing technique described in [2].
Quantile normalized the data.
Map probes to genes. When several probes map to the same gene, the average
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After preprocessing the prospective dataset consists of 8155 genes. The data are from three
different runs and there are batch effects between runs®. We therefore estimate these batch
effects (see Section 10 - Appendix) and include the estimates in the methods that will be used
for analyzing the data. Note that some batch effects disappear when we compute log,
differences in gene expression between cases and controls, while other batch effects do not
disappear. See Section 10 (Appendix) for more details.

Table 2 a) Details about the validation datasets CC1, CC2 and CC3 for the screening and clinical group
where the cases are diagnosed with cancer. b) Details about the four small validation datasets,
CCOsmall, CC1small, CC2small and CC3small, where the cases do not have cancer (benign tumors).

Number of case-control pairs for
Stratum - —
Screening group Clinical group

ccl W!th Spread 8 4

a) Without spread 28 11
cc2 With Spread 7 4
Without spread 22 11
cc3 W!th Spread 5 7
Without spread 23 18

Number of case-control pairs in
b) CCOsmall CClsmall CC2small CC3small

7 4 1 6

After preprocessing the validation datasets CC1, CC2 and CC3 consisted of 10 260, 8 430 and
9 936 genes, respectively. The CCOsmall, CC1small, CC2small and CC3small datasets are
preprocessed so that they contain exactly the same genes as CC3, CC1, CC2 and CC3,
respectively.

3 Methods

The method described here is explained in more detail in [4].

Let X, ¢ be the log,-expression difference for case-control pair ¢ and gene g. Let p 5+ and
ay,s,c be the expectation and standard deviation of X, ., respectively, where s is the stratum
and t is the time to diagnosis for X .. If the distribution of X, - does not vary in time or
between strata, the expectation and variance of X, . are independent of time and stratum, i.e.
Kgst = Hand ag 5. = o for all strata s and time before diagnosis t. Also, if there is no

difference between cases and controls, the expectation of X . is zero, i.e. pg s+ = 0.

3.1 Hypothesis tests for finding signal in the data

For examining whether there are differences between cases and controls, between strata or in
time, we will test different hypotheses. For each hypothesis the statistic will be based on
either expectation or standard deviation or both. The null distribution of the statistic will be
estimated by randomizing the data, and we compute p-values by comparing the statistic for
the data to the estimated null distribution.

! The obtained estimated for the batch effects are more different than expected by chance. We demonstrated this by randomizing data
between the batches/runs.
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Let m,, 4, be the sample mean and s, ; be the sample standard deviations for the gene
expression for gene g in time period p. Let my, 4 1(m,, 4 o) be the sample mean and s, 4 4
(Sp,g,0) be the sample standard deviations for the gene expression for gene g in time period p
for stratum 1 (0).

We define the statistics Sp,(9) m;'(g), mzz,'(g) and w,, ) as follows?:

Sp.(g) 1s the g’'th smallest of s, ; for period p.
m;'(g) is the g’th largest of |mp,g| for period p.

Mp.g
Sp.g

mzz,’(g) is the g’th largest of for period p.

_ Mgp1—Mgpo

W), (g) is the g’th largest of |Wp_g| for period p, where w,, ;, = is the
J5621%SGp0

weight for gene g in time period p.

These four statistics are used for testing the following three null hypotheses:

HO1: The distribution of Xg . does not depend on the time to diagnosis.

This means that the expectation and standard deviation of X, . are the same in all time
periods.

If the null hypothesis is false, the standard deviation for some periods will be lower
than the standard deviations for the entire time period for some genes. Also, the
absolute value of the expectation for some periods will be higher than the absolute
value of the expectation for the entire time period for some genes.

We test the hypothesis first by using the statistic s, (), and then by using the statistic
My (g):

The null distributions of the statistics are estimated by randomizing the case-control
pairs between the periods.

HO2: The expectation of Xg - IS zero.

This means that there is no difference between the expectations of the gene
expression values for the cases and controls.

If the null hypothesis is false, the expectation will be different from zero for some
periods and genes.

We test the hypothesis first by using the statistic m
M (g):

The null distributions of the statistics are estimated by randomizing the case and
control in each case-control pair. In practice this is done by keeping the absolute value
of all gene expression differences, but simulating their signs.

1

,(9)’ and then by using the statistic

HO3: The expectation of Xg . does not depend on stratum.

This means that (5 1+ = lg o, i.€. the expectations for the two strata are equal for all
genes g and time to diagnosis t.

If the null hypothesis is false, the difference in expectation will be different from zero
for some periods and genes.

We test the hypothesis by using the statistic wy, (4.

2 Note that the second and third statistic were not defined in [4].
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e The null distribution of the statistic is estimated by randomizing between the two
strata within the time period.
¢ Note that we compute wy, (4 only if there are at least three case-control pairs in

period p for each stratum. If this is not the case, we set the p-value to 1 for this period
for all genes.

3.2 Predicting metastasis status

Let my, g1, j(Mp g,0,—j) be the sample mean and s, 4 1 _j (Sp,g,0,-j) be the sample standard
deviations for the gene expression for gene g in period p for stratum 1 (0) when sample j is
not included.

We define the weights for the genes, W g,—js @S:

_Mpg1-j ~— Mpg,o,-j

Wpg-j = » A
\/ Sp.gi—j T Sp.g0-j

and compute
n
ZJ = Z Wpl(g)l_Jx(g)vJ'
g=1

where (g) is the gene with the g’th largest |wp,g,_]-|. Large values of z;indicates that case j
belongs to group 1. If z;>c we conclude that case j belongs to group 1, otherwise we conclude
that case j belongs to group 0. We may set c=0 if it is not more important to avoid false
classification in one group relative to the other and if

n
m _itm —j
p,(9).1,—] p,(9).0—j _
E Wp.(9).—j ~0,

2
g=1

where my, (5)1—j and my, () 0, —j are the sample means that are used when computing

Wp,(9),~j-

4 Results

Before testing the hypotheses described above and predicting metastasis status, we need to
decide how to divide into time periods. We want as short time periods as possible (as the
distribution may vary with time), but at the same time we want as many case-control pairs as
possible within each time period. As there is a trade-off between these two wishes we have
tested with some different time periods where the length depends on the number of cases
without spread. For the clinical group, periods that contain 25 cases without spread seems to
be reasonable both with respect to the number of case-control pairs (25 without spread, 9-17
with spread), and with respect to the length of the time periods (605-971 days, except for the
four periods that include the case-control pairs in year 6 and 7 before diagnosis). For the
screening group periods that contain 50 cases without spread seems to be a reasonable choice
(50 case-control pairs without spread, 11-32 with spread) (256-796 days in the each time
period except for the period that includes the case-control pair in year 8 before diagnosis). We
have therefore selected time periods that contain 25 cases without spread for the clinical
group and 50 cases without spread for the screening group. In analyses that only include cases

Statistical analysis of gene expression in blood before diagnosis of breast cancer 11
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with spread from the screening group, we select time periods that contain 50 cases with
spread. When estimating s, (4 we always includes at least 35 cases without spread as more
data are needed to obtain reliable estimates of the standard deviation than the mean. We
have defined one time period for each set of 25, 35 or 50 cases with or without spread, that
are consecutive in time. The number of periods and number of case-control pairs per period
for each subset of data that will be analyzed are summarized in the table below:

Number of case-control pairs per period
(Number of periods)

Subdatasets Finding signal in the data
Statistic based on L Prediction
. Other statistics
standard deviation
Screening with spread (108) 50 (59) 50 (59)
Screening without spread (272) 50 (223) 50 (223)
Screening with or without spread (380) 50 (223) 50 (223) 50 (223)
Clinical without spread (57) 35 (23) 25 (33)
Clinical with or without spread (87) 35(23) 25 (33) 25 (33)

Note that we include no analyses for the case “Clinical with spread” as this subdataset is too
small. In all hypothesis tests described in this section the estimated null distribution consists of
1000 samples.

4.1 Comparing periods close to and far from time of diagnosis

We show results for two variants of the dataset, one where we have standardized the data to
expectation zero and standard deviation one for each gene, and one without standardizing the
data. Figure 2 (screening group) and Figure 3 (clinical group) show plots of the three statistics
for both standardized and not standardized data, while Figure 4 shows plots of the statistic
Wy, (g) that does not depend on whether the dataset has been standardized. In these plots we
focus on the difference between data close to and far from diagnosis. In Figure 3 we show
results from data without spread and all data, instead of with and without spread as in

Figure 2, since there are so few case-control pairs with spread in the clinical group.

In Figure 2 and Figure 3 we observe that the shape of the curves in the two plots with standard
deviation (Figure 2 a) and Figure 3 a)) are quite different. In the plot with not standardized
data there are many small, and few large standard deviations, while the standard deviations,
as expected, are around 1 for the standardized data. Note that for both the screening and the
clinical group we also observe that sy, (4 is larger far from diagnosis (H01). For the clinical
group sp, (g is larger for all cases both close and far from diagnosis (H03), while s, gy is
smaller with spread close to diagnosis for the screening group. The difference between the
two types of cases (with and without spread) also implies a difference between cases and
controls (H02).

1 2
p.(g9 p.(9)’

screening group (Figure 2 b) and c)). Independent of whether the data have been standardized
or whether the expectations have been divided by the standard deviation, the statistic is
largest for the case with spread (H03) and close to diagnosis (H01) . For the clinical group, the
statistic is quite similar for the two periods and the two datasets in all four plots (Figure 3 b)
and c)).

All four plots that are based on the expectation, m ) and m are very similar for the
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Figure 2 Plots of the three statistics that depend on whether the dataset has been standardized for data
from the screening group. The time period closest to diagnosis is 1-338 days before diagnosis (year 1),
while the time period furthest from diagnosis is 1470-2736 days before diagnosis (five months of year 5,
year 6, year 7, six months of year 8). The two periods contain 50 case-control pairs where the case is
without spread.
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Figure 3 Plots of the three statistics that depend on whether the dataset has been standardized for data
from the clinical group. The time period closest to diagnosis is 1-612 days before diagnosis (year 1, eight
months of year 2), while the time period furthest from diagnosis is 1090-2274 days before diagnosis
(vear 4, year 5, year 6, three months of year 7). The two periods contain 25 (m;(g) and m;(g) )or 35
(Sp,(g)) case-control pairs where the case is without spread. All cases means cases with or without

spread (i.e. not insitu).

14 m% Statistical analysis of gene expression in blood before diagnosis of breast cancer

=



Figure 4 shows results for the statistic wy, () that measures the difference between the gene
expression of the cases with and without spread relative to their standard deviations. For the
screening group, the statistic wy, (4 is largest close to diagnosis, while for the clinical group
the difference is smaller and in the opposite direction, i.e. largest far from diagnosis (HO1,
HO03). The difference in the screening group between without and with spread may be due to
the difference in expectation shown in Figure 2 b) and c).

a) Screening b) Clinical
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Figure 4 Plot of the statistic wy, 4 that does not depend on whether the data are standardized. a) The
dataset consists of case-control pairs where the case belongs to the screening group. b) The dataset
consists of case-control pairs where the case belongs to the clinical group. The two periods contain 50 (a)
or 25 (b) case-control pairs where the case is without spread.

Figure 5 — Figure 10 show plots of p-values for all hypothesis tests described in Section 3.1.
Note that in all the plots, the curves with p-values have been smoothed using a median-filter
with window size 11.
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Figure 5 Plots of p-values for the hypothesis tests based on the statistic w,, (5, where the expectations of
the two strata in the dataset, with and without spread, are compared. The null distribution is estimated
by randomizing the case-control pairs between the strata within the period. a) P-values for the screening
group. b) P-values for the clinical group. In each plot there is one curve for every half year with a time
period with 25 (clinical group) or 50 (screening group) case-control pairs sufficiently close. The p-value is
0.05 at the black horizontal line.
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Figure 6 Plots of p-values for the hypothesis tests based on the statistic s, ) where the following
datasets with cases from the screening group are used: a) Cases with or without spread; b) Cases
without spread; and c) Cases with spread. The null distribution is estimated by randomizing the case-
control pairs between the periods. In each plot there is one curve for every half year with a time period
with 50 case-control pairs sufficiently close. The p-value is 0.05 at the black horizontal line.

16 m-'% Statistical analysis of gene expression in blood before diagnosis of breast cancer




Sp,(9) Not standardized data Standardized data
o a4
- — yearis . \ — year1s
My year @ year 2
1y year 25 year 2.5
- '] year 3 . year 3
=1 year 3.5 = year 3.5
a) 3 2 1
2 2
2 2
& &
-+ -
(Ho1) | '| 3
g | 3
i)
W
- e a | =— E——
= =
T T T T T T T T T T T T
o 2000 4000 6000 8000 10000 o 2000 4000 6000 8000 10000
genes ordered with respact to standard deviation genes ardered with respact to standard deviation
o a4
. — yearis - W — yearis
” year @ year @
J year 25 year 25
@ 15 year 3 @ year 3
= 1 n year 3.5 s | year 3.5
\
¥
!
o | o |
= =
b) 5 | ]
2 2
& | &
-+ -
=] ] =]
] o~ |
o o
{
1
- t
e I, ¥ 4 e | _ et
= =
T T T T T T T T T T T T
o 2000 4000 6000 8000 10000 o 2000 4000 6000 8000 10000
genes ofdered with respact to standard deviation genes ardered with respect to standard deviation

Figure 7 Plots of p-values for the hypothesis tests based on the statistic s, ) where the following

datasets with cases from the clinical group are used: a) cases with or without spread; b) cases without

spread. The null distribution is estimated by randomizing the case-control pairs between the periods. In

each plot there is one curve for every half year with a time period with 35 case-control pairs sufficiently

close. The p-value is 0.05 at the black horizontal line.

Statistical analysis of gene expression in blood before diagnosis of breast cancer

i

17




Not standardized data Standardized data

o | o |
— year0.5 J,,,-" \ — year0.5
—— year1 M.\v{ —— year1
b year 1.5 _— yf_‘,%_,.w ( year 1.5
© T year2 © year 2
o |k - p_—,‘\\". year 2.5 o 7 year25
1 T year 3 year 3
d year 3.5 year 35
“ l year 4 year 4
a) o _| year4.5 o _| year 4.5
o I year 5 e year 5
3 3
L] 2
m = .
p.(9) 3 2
(HO1) o o
=] o
o _| o
=] =
T T T T T T T T T T T T
0 2000 4000 8000 8000 10000 0 2000 4000 6000 8000 10000
genes ordered with respect to absolute value of expectation genes ordered with respect to absolute value of expectation
o _] o |
- —— year0.5 - o i, — year05
— yearl . W é"@fﬂim w“lfyeam
year 1.5 f:" year15
year 2 year 2
2 7 N\ year 2.5 g n year 2.5
¥ %{v—\‘\_ & | year 3 year 3
W Pty 0 "-\--\,,ﬁﬁ(: K year3.5 year 3.5
b W\m\/ '\\ year 4 year 4
) < | J . year45 o | year45
e year S e year 5
£} s
L | 2
m = =
p.(9) 3 A
(HO2) o o
o =
o _| o |
=] =}
T T T T T T T T T T T T
0 2000 4000 8000 8000 10000 0 2000 4000 6000 8000 10000
genes ordered with respect to absolute value of expectation genes ordered with respect to absolute value of expectation
e < 4
— year05 | i —— year 0.5
year 1 s o \ year 1
year15 . | year15
© [ year 2 © year 2
o 7| year 2.5 o 7 year 2.5
- ! year 3 year 3
kmmi ' year 35 year 35
) r year 4 year 4
C) o | A year 45 o | year 45
o | year 5 o year 5
o @
5 3
T ©
2 & &
m |
p.(9) 3 31
{
(HO2) o | o
o o
2 < 4
= =i
T T T T T T T T T T T T
o] 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
genes ordered with respect to absolute value of expectation/standard deviation genes ordered with respect to absolute value of expectation/standard deviation

Figure 8 Plots of p-values for three of the hypothesis tests where the dataset with cases with and
without spread in the screening group is used. a) The hypothesis test is based on the statistic mzl,,(g) and
the null distribution is estimated by randomizing the case-control pairs between the periods. b) The

y and the null distribution is estimated by randomizing the

hypothesis test is based on the statistic m;(g
case and control in each case-control pair. c) The hypothesis test is based on the statistic mf)_(g) and the
null distribution is estimated by randomizing the case and control in each case-control pair. In each plot
there is one curve for every half year with a time period with 50 case-control pairs sufficiently close. The

p-value is 0.05 at the black horizontal line.
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Figure 9 Plots of p-values for three of the hypothesis tests where the dataset with cases without spread

in the screening group is used. a) The hypothesis test is based on the statistic m;(g) and the null
distribution is estimated by randomizing the case-control pairs between the periods. b) The hypothesis

test is based on the statistic m

1
p.(9

y and the null distribution is estimated by randomizing the case and

control in each case-control pair. c) The hypothesis test is based on the statistic mf)_(g) and the null
distribution is estimated by randomizing the case and control in each case-control pair. In each plot there
is one curve for every half year with a time period with 50 case-control pairs sufficiently close. The p-
value is 0.05 at the black horizontal line.
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Figure 10 Plots of p-values for three of the hypothesis tests where the dataset with cases with spread in
the screening group is used. a) The hypothesis test is based on the statistic m;(g) and the null

distribution is estimated by randomizing the case-control pairs between the periods. b) The hypothesis
test is based on the statistic m

},‘(g) and the null distribution is estimated by randomizing the case and

control in each case-control pair. c) The hypothesis test is based on the statistic mgl(g) and the null
distribution is estimated by randomizing the case and control in each case-control pair. In each plot there
is one curve for every half year with a time period with 50 case-control pairs sufficiently close. The p-
value is 0.05 at the black horizontal line.
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Figure 11 Plots of p-values for three of the hypothesis tests where the dataset with cases with and

without spread in the clinical group is used. a) The hypothesis test is based on the statistic mzl)_(g) and the
null distribution is estimated by randomizing the case-control pairs between the periods. b) The

hypothesis test is based on the statistic m

1
p.(9

y and the null distribution is estimated by randomizing the

case and control in each case-control pair. c) The hypothesis test is based in the statistic mf,‘(g) and the
null distribution is estimated by randomizing the case and control in each case-control pair. In each plot
there is one curve for every half year with a time period with 25 case-control pairs sufficiently close. The
p-value is 0.05 at the black horizontal line.
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Figure 12 Plots of p-values for three of the hypothesis tests where the dataset with cases without spread

in the clinical group is used. a) The hypothesis test is based on the statistic m;‘(g) and the null

distribution is estimated by randomizing the case-control pairs between the periods. b) The hypothesis
1
p.(9)

control in each case-control pair. c) The hypothesis test is based on the statistic m

test is based on the statistic m and the null distribution is estimated by randomizing the case and

f,‘(g) and the null

distribution is estimated by randomizing the case and control in each case-control pair. In each plot there

is one curve for every half year with a time period with 25 case-control pairs sufficiently close. The p-
value is 0.05 at the black horizontal line.
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Figure 5 shows results based on the statistic w, (4) that is used for comparing the expectations
of the two strata in the dataset. This statistic is closely connected to the possibility of
differentiating between cases with and without spread based on gene expression values and
time to diagnosis. The plots in Figure 5 indicate that the cases with and without spread are
differentially expressed for some genes in year 1-2 before diagnosis for the screening group
(HO3). This corresponds to the result in Figure 4 and the difference in expectation shown in
Figure 2 b) and c). There are few p-values below 0.05 for the clinical group, but the lowest p-
values are obtained around year 2-4 before diagnosis.

Figure 6 and Figure 7 show results for the hypothesis tests that are based on the statistic s, (g
that is used for testing if the standard deviation in a period is small compared to the standard
deviation for all periods. We observe that in all the tests low p-values are obtained close to
time of diagnosis. From this we may conclude that for some genes the distribution of X, .
depends on time to diagnosis (HO1).

Figure 8 — Figure 12 show results for mean values and we only observe low p-values in Figure 9
with case-controls from the screening group with spread>. This is the largest homogeneous
group implying higher power of the hypothesis tests. In this case results are significant around
two years before diagnosis for the statistic a) m;(g) when randomizing between periods (HO01),
b) mllj'(g) when randomizing between the case and control (H02) and c) mIZ),(g) when
randomizing between the case and control in each case-control pair (H02).

4.2 Development in time before diagnosis

In the previous section we observed that the p-values for the different hypotheses tested
varied between the different time periods depending on how far the time period was from
diagnosis. In this section we illustrate the same results as shown in Figure 5 — Figure 10, but
now focusing on how the p-values vary with time. This is shown in Figure 13 — Figure 15. Figure
13 shows results for the screening group with spread, Figure 14 for the screening group
without spread and Figure 15 for the clinical group without spread.

In all the tests shown in Figure 13 —Figure 15 there are significantly low s,, (4) values the last
two years before diagnosis, (H01). This corresponds to what we observed in Figure 2 a) and
Figure 3 a). In Figure 14 there are significantly high values for the two expectations m;,(g) and
mlz,'(g) around two years before diagnosis (H01) for the screening group without spread. This is
similar to what we found in Figure 9. In Figure 15 there are significantly high values for the
expectations mzl,_(g) around two-three years before diagnosis (H01) for the clinical group
without spread. This is similar to what we found in Figure 12. For the weights w), (4 there are
significantly low p-values the last year before diagnosis in the screening group and around
two-three years before diagnosis for the clinical group.

3 The other figures are for the clinical group: Figure 11 with all cases and Figure 12 with cases without spread, and for the screening group:
Figure 8 with all cases and Figure 10 with cases with spread.
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Figure 13 Plots of p-values against time for the hypothesis tests where the not standardized dataset for
the screening group is used. In panels a), b), c) and d) the dataset consists of the cases with spread, while
in panel e) the entire dataset is used. In each plot there is one curve for genes with order 50 (black), 200
(red), 500 (green), 1000 (blue) and 2000 (light blue), respectively. P-value for time point t is equal to the
p-value for the time period with middle point closest to t (after the p-values has been smoothed using a
median-filtered with window size 99). The resulting curve is then smoothed using a mean-filter with a
window size of one month. The p-value is 0.05 at the dotted horizontal line. Panel a) corresponds to
Figure 4b), panels b), c) and d) correspond to Figure 5 a), b) and c), respectively, and panel e)
corresponds to Figure 5a).
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Figure 14 Plots of p-values against time for the hypothesis tests where the not standardized dataset for
the screening group is used. In panels a), b), c) and d) the dataset consists of the cases without spread,
while in panel e) the entire dataset is used. In each plot there is one curve for genes with order 50 (black),
200 (red), 500 (green), 1000 (blue) and 2000 (light blue), respectively. P-value for time point t is equal to
the p-value for the time period with middle point closest to t (after the p-values has been smoothed using
a median-filtered with window size 99). The resulting curve is then smoothed using a mean-filter with a
window size of one month. The p-value is 0.05 at the dotted horizontal line. Panel a) corresponds to
Figure 6 b), panels b), c) and d) correspond to Figure 9 a), b) and c), respectively, and panel e)
corresponds to Figure 5a). Note that panel e) in this figure is the same as panel e) in Figure 13.
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Figure 15 Plots of p-values against time for the hypothesis tests where the not standardized dataset for
the clinical group is used. In panels a), b), c) and d) the dataset consists of the cases without spread,
while in panel e) the entire dataset is used. In each plot there is one curve for genes with order 50 (black),
200 (red), 500 (green), 1000 (blue) and 2000 (light blue), respectively. P-value for time point t is equal to
the p-value for the time period with middle point closest to t (after the p-values has been smoothed using
a median-filtered with window size 99). The resulting curve is then smoothed using a mean-filter with a
window size of one month. The p-value is 0.05 at the dotted horizontal line. Panel a) corresponds to
Figure 7 b), panels b), c) and d) correspond to Figure 12a), b) and c), respectively, and panel e)
corresponds to Figure 5b).

26 m-'% Statistical analysis of gene expression in blood before diagnosis of breast cancer




4.3 Predicting metastasis status of the cases

For predicting the metastasis status of the case in case-control pair j, we used the prediction
method described in Section 3.2 with n = 1000, i.e. the 1000 genes with highest absolute
value of the weights are used for computing the score that is used for prediction. The period
selected for predicting the status of the case in case-control pair j is chosen among the periods
that contain 50 (25) case-control pairs from the screening (clinical) group where the case is
without spread, and it is chosen such that case-control pair j is as close to the middle of the
time period as possible.

The results of the prediction are shown is Table 3 and Figure 16. For the screening (clinical)
group we observe that 44% (67%) of the cases with spread are correctly classified, while 56%
(54%) of the cases without spread are correctly classified. For the screening group the
numbers of correctly classifies cases is not significantly higher than what is expected by chance
(p-value 0.56, Fisher’s test) (H03), while for the clinical group the numbers of correctly
classifies cases is significantly higher than expected (p-value 0.049, Fisher’s test).

Table 3 Number of correctly and wrongly classified cases. a) Results for the screening group. b) Results
for the clinical group. c) Results for the screening group when insitu cases are included amongst the
cases without spread.

Number of correctly and wrongly classified cases
With spread | Without spread
FN TP FP TN P-value (Fisher’s test)
a) Screening group All years 61 47 119 153 0.561
Year 1l 2 10 26 27 0.030
. Allyears | 10 20 26 31 0.049
b) Clinical group
Year 3-4 2 5 6 16 0.051
c) Screening group, | Allyears | 61 47 | 119+37 | 153+29 0.722
including insitu Year 1 2 10 26+13 27+3 0.072

To examine whether the probability of correctly classifying the status of the cases varies with
time (HO1), we plotted the prediction results against time in Figure 16. For the screening group
we observe that the probability of correct classification is much higher in year 1 before
diagnosis. For this period the p-value obtained using Fisher’s test is equal to 0.030. This is in
accordance with the results shown in Figure 5 a), Figure 13 e) and Figure 14 e) for the statistic
Wy, (g), Where we observe that the cases with and without spread are differentially expressed
for some genes in some periods that are close to the time of diagnosis (H01, H03). For the
clinical group we observe that the probability of correct classification is much higher in year 3
before diagnosis. For year 3 and 4 the p-value obtained using Fisher’s test is equal to 0.051,
while for year 3 it is 0.00 (year 3 contains only 10 case-control pairs where two are with
spread). This is in accordance with the results shown in Figure 5 b) and Figure 15 e) for the
statistic w), (4), where we observe that the cases with and without spread are differentially
expressed for some genes in some periods that are close to year 3 before time of diagnosis
(HO1, HO3).

We also predicted the insitu cases using the weights and genes selected based on the cases
with and without spread. An insitu case is correctly classified if it is classified as without
spread. For the 13 insitu cases in the clinical group 6 were correctly classified, while 29 of the
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66 cases in the screening group were correctly classified. From Table 3 we observe that we
obtain poorer results when the insitu cases are included amongst the cases without spread.
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Figure 16 a) Correctly (green) or wrongly (red) classified cases plotted against follow up time for the
screening (upper panel) and the clinical group (lower panel). A circle is plotted above every fifth case.
Long vertical lines are plotted to indicate the years. On the y-axis “with” means cases with spread and
“without” means cases without spread. All cases in the clinical group are correctly classified in a period
around year 3 before diagnosis. b) Fraction of correctly classified cases with (red) and without (black)
spread over time for the screening (upper panel) and the clinical group (lower panel). The fraction for
each point in time is computed using a moving window of one year. The resulting curve is then smoothed
using a median-filter using a window size of one year.
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4.4 Prediction of metastasis status for the validation datasets

A set of 1000 genes with corresponding weights are selected based on data from the screening
group in a period around 6 months before diagnosis. Table 4 shows prediction results obtained
when using scores based on these 1000 genes for the case-control pairs of the CC1, CC2 and
CC3 datasets where the case belongs to the screening group. We observe that the predictive
power obtained for CC3 (p-value 0.005, Fisher test) is much better than for CC1 (p-value 0.7,
Fisher test) and CC2 (p-value 0.5, Fisher test). Figure 17 shows the scores for CC1, CC2 and CC3.
(Positive score: classified as with spread; Negative score: classified as without spread).

We used a Fisher test for testing whether the results for the cases with spread for CC1, CC2
and CC3 (left FN and TP column in Table 4) are more different than expected by chance. The p-
value obtained (0.038) indicates that CC1, CC2 and CC3 are more different than expected,
which again indicates that there are differences between the three datasets. Previous analyses
of the three datasets indicate that the quality of the CC3 dataset is clearly better than that of
the CC1 dataset, which again is clearly better than the quality of the CC2 dataset. Our results
strengthen this conclusion. Also, the CC3 dataset has been run on lllumina HumanHT-12
version 4, while the CC1 and CC2 datasets have been run on lllumina HumanAWG-6 version 3.

Table 4 Prediction results for the case-control pairs of the CC1, CC2 and CC3 datasets where the case
belongs to the screening group. The genes used for computing the scores used in the prediction rule are
selected based on case-control pairs from the prospective dataset where the case belongs to the
screening group. Case-control pairs in a period around 6 months before diagnosis were used.

Dataset FN TP FP TN p-value FN TP FP TN p-value
CC1 6 2 7 21 0.6625
cc2 4 3 8 15 0.5145 10 10 21 53 0.0618
CC3 0 5 6 17 0.0047*

*p-value<0.05.

Prediction results for the case-control pairs of the CC1, CC2 and CC3 datasets where the case
belongs to the clinical group are shown in Section 8 (Appendix). For the clinical group no p-
values obtained in Fisher tests for the prediction results were significant.

We have also predicted the metastasis status for the 18 cases in the CCOsmall, CC1small, CC2
small and CC3 small datasets, where the cases do not have cancer (benign tumors). The results
are presented in Table 5. We observe that 13 (72%) of the cases are correctly classified, a
higher number of correctly classified cases than expected by chance (p-value 0.048, binomial
test).

Table 5 Prediction results for the case-control pairs of the CCOsmall, CC1small, CC2small and CC3small
datasets where the cases do not have cancer (benign tumors). The genes used for computing the scores
used in the prediction rule are selected based on case-control pairs from the prospective dataset where
the case belongs to the screening group. Case-control pairs in a period around 6 months before diagnosis
were used.

Number of CCOsmall | CC1lsmall | CC2small | CC3small | Sum
correctly classified as without spread 6 3 1 3 13
wrongly classified as with spread 1 1 0 3 5
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Figure 17 Plots of scores for each case-control pair of the screening group against time (days to
diagnosis). The score is plotted in red (black) if the case is with (without) spread and is computed using
the weights of 1000 genes that are selected based on data around 6 months before diagnosis. For
illustrational purposes, curves have been estimated from the scores of the prospective dataset (circles)
using splines and plotted in the same color as the individual scores. Scores for case-control pairs in the
screening group of the CC1, CC2 and CC3 datasets are plotted as triangles to the right of time of
diagnosis (days to diagnosis = 0).

Note that only 826 of the 1000 genes selected for the screening group are included in all three
validation datasets (CC1, CC2, CC3)“. This means that less than 1000 genes are included in the
scores computed for the case-control pairs in CC1, CC2 and CC3. Prediction results for each of
CC1, CC2 and CC3, where cases participated in the screening program, do not change if we use
the common set of 826 genes as if we use the set of 990, 910 and 883 genes, respectively.
Figure 18 shows the scores for the case-control pairs from the screening group of the
prospective dataset. We observe that the scores computed from the set of 826 and 1000
genes, respectively, are very similar. We conclude that the prediction results do not seem to
be sensitive to exclusion of some genes from the set of genes selected for computing the
score.

In Figure 19 we examine how the score is influenced by n, i.e. the number of genes included in
the score, for the period with best prediction results for each of three different datasets. These
three datasets are the two prospective datasets (clinical and screening group), and the part of
the CC3 dataset where the cases participated in the screening program. The score for the cases
with spread should be positive, while the scores for the cases without spread should be
negative. We observe that for all datasets there is a distinct difference in the score between
cases with and without spread. The score stabilizes when the number of genes increases. It is
difficult to conclude how many genes to include in the score to optimize the power of the
predictor, but at least 50 genes seem to be needed. To find out more about how sensitive the
predictor is to the choice of n, we have repeated the analyses in Table 3 — 4 and Figure 16 — 17
with n = 50. The results of these additional analyses are shown in Section 9 (Appendix). We

“ The CC1, CC2 and CC3 datasets include 990, 910 and 883, respectively, of the 1000 genes that are selected for the screening group.

30 m% Statistical analysis of gene expression in blood before diagnosis of breast cancer



observe that we obtain results that are similar to the results obtained with n = 1000,
indicating that the predictor is not very sensitive to the number of genes included in the score
for any of the datasets.
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Figure 18 Scores for the case-control pairs from the screening group of the prospective dataset. A set of
1000 genes with corresponding weights are selected based on data in a period around 6 months before
diagnosis. The scores computed from the set of 1000 genes are plotted against scores computed from set
of 826 of the 1000 genes that are included in all three validation datasets (CC1, CC2, CC3). a) Scores for
the case-control pairs where the case is with spread. b) Scores for the case-control pairs where the case
is without spread.

Note that in Figure 19 a) the genes are selected from the screening group and applied for the
CC3 dataset. For Figure 19 b) and c), however, the genes are selected based on the same
dataset as we use when computing the scores. The purpose of Figure 19 is to examine how the
score in the predictor is influenced by the number of genes included, and this is interesting for
all three datasets independent of which dataset that was used for selecting the genes. Note
however that in Table 3 and Table 4, where we show p-values computed for prediction results
for the three different datasets used in Figure 19, we have used different data when selecting
genes and predicting metastasis status.

5 Conclusion

For examining whether there are differences between cases and controls, between strata or in
time, we have tested different hypotheses. For each hypothesis the statistic has been based on
either expectation or standard deviation or both. The null distribution of the statistic has been
estimated by randomizing the data, and we computed p-values by comparing the statistic for
the data to the estimated null distribution.

Even though the signals in the data are weak, we conclude that the gene expression profile
varies in time (HO1), between cases and controls (H02) and between cases with and without
spread (metastases) (HO3). All the tests are based on the same data and it is natural that this
results in the same conclusions. We use several tests since each test illustrates slightly
different properties of the same phenomenon.

Statistical analysis of gene expression in blood before diagnosis of breast cancer 31

i



The dataset is quite small, with only 108 (30) case-control pairs with spread and 272 (57)
without spread in the screening (clinical) group, that are distributed over a eigth year period
before diagnosis. We can therefore not draw any firm conclusion about whether the predictive
power of the method used for predicting the metastasis status of the cases is sufficiently good.
In the screening group we obtained p-value 0.5 for the entire period but 0.03 for the last year
before diagnosis. For the clinical group the p-value for the entire period was 0.05. Here the
results indicated best prediction 3-4 years before diagnosis. The p-value is equal 0.05 in this
time period but this may be due to a small data set.
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Figure 19 Boxplots illustrating how the score used in the predictor depend on the number of genes
included in the score. Note that the score has been normalized by dividing with the number of genes
included in the score. Note also that the score for the cases with spread should be positive, while the
scores for the cases without spread should be negative. a) Scores for case control pairs from the CC3
validation dataset, breast cancer, screening group. The genes are selected based on the data from the
breast cancer dataset, screening group around 6 months before diagnosis. b) Scores for case control

pairs around 6 months from the breast cancer dataset, screening group. The genes included in the score
are selected based on the same data. c) Scores for case control pairs around 2 years and 6 months from
the breast cancer dataset, clinical group. The genes included in the score are selected based on the same
data.
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7 Appendix — Interval group included in clinical group

In all analyses described so far, the case-control pairs where the case belongs to the interval
group have been included in the screening group. In this Appendix we show the results of
some analyses where the interval group instead has been included in the screening group.
Details about the dataset, like the number of case-control pairs in each stratum and the
distribution of the case-controls pairs in time, are given in Table 6. Results of predicting
metastasis status of the cases are shown in Table 7 and Figure 20. We observe that the results
are not as good as the results shown in Section 4.3.

Table 6 Details about the available dataset for the screening (upper panel) and clinical group (lower
panel).

a) Number of case-control pairs in the screening group

Year before diagnosis 8|7 |6 5 4 3 2 1 Sum
With spread 0| 1|5 9 17 15 11 6

Stratum Without spread 1 (3|5 27 48 43 42 43
Insitu 0|00 5 16 13 8 14
Sum

b) Number of case-control pairs in the clinical group (includes interval group)

Year before diagnosis 8 | 7 1|6 5 4 3 2 1 Sum
With spread 0|0 2 10 18 11 17 16
Stratum Without spread 0| 1] 8 15 19 24 27 23
Insitu 0|01 3 4 5 3 7
Sum

Table 7 Number of correctly and wrongly classified cases. a) Results for the screening group. b) Results
for the clinical group.

Number of correctly and wrongly classified cases
With spread | Without spread
FN TP FP TN P-value (Fisher’s test)
. Allyears | 34 30 93 119 0.389
a) Screening group
Year 1 1 5 22 21 0.148
b) Clinical grou All years | 38 36 63 54 0.802
BrOUP - Vear3a | 16 | 23 | 23 20 0.832
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Figure 20 a) Correctly (green) or wrongly (red) classified cases plotted against follow up time for the
screening (upper panel) and the clinical group (lower panel). A circle is plotted above every fifth case.
Long vertical lines are plotted to indicate the years. On the y-axis “with” means cases with spread and
“without” means cases without spread. b) Fraction of correctly classified cases with (red) and without
(black) spread over time for the screening (upper panel) and the clinical group (lower panel). The fraction
for each point in time is computed using a moving window of one year. The resulting curve is then
smoothed using a median-filter using a window size of one year.
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8 Appendix — Prediction results for the clinical group

Table 8 Prediction results for the case-control pairs of the CC1, CC2 and CC3 datasets where the case
belongs to the clinical group. The genes used for computing the scores used in the prediction rule are
selected based on case-control pairs from the prospective dataset where the case belongs to the clinical
group. Case-control pairs in a period around 2 years and 6 months before diagnosis were used.

Gene selected from

prospective dataset Dataset | FN | TP | FP | TN b~ FN | TP | FP | TN b~
. value value
(period)
s ing | dsi cc1 2|12 |2] 9| 027
moiﬁi”;gfoferzli‘a” n‘;':is) cc2 | 2247054 9]|6]|12]|28] 035
8 3 | 5|26 12| 075
Clinical (around two years Ccc1 3117 ]| 4| 097
and six months before cc2 0| 4] 9 2 0.52 9 | 6 |25| 15| 0.96
diagnosis) CC3 6 |19 |9 | 099
Clinical ( q ccl 2|2 |10| 1 | 0.99
nica’ laround one year e T Ty g 5 | 077 | 7 | 8 |28 12 | 0.93
before diagnosis)
Ccc3 3 4 (12| 6 0.82
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9 Appendix — Including 50 genes in score

Table 9 Number of correctly and wrongly classified cases when 50 genes are included in the score. a)
Results for the screening group. b) Results for the clinical group

Number of correctly and wrongly classified cases

With spread | Without spread
FN TP FP TN P-value (Fisher’s test)

. Allyears | 63 45 118 154 0.662

a) Screening group
Year 1 3 9 24 29 0.061
. Allyears | 10 20 25 32 0.036

b) Clinical group

Year 3-4 1 6 5 17 0.006
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Figure 21 Fraction of correctly classified cases with (red) and without (black) spread over time for the
screening (upper panel) and the clinical group (lower panel) when 50 genes are included in the score. The
fraction for each point in time is computed using a moving window of one year. The resulting curve is
then smoothed using a median-filter using a window size of one year.
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Table 10 Prediction results when 50 genes are included in the score for the case-control pairs of the CC1,
CC2 and CC3 datasets where the case belongs to the screening group. The genes used for computing the
scores used in the prediction rule are selected based on case-control pairs from the prospective dataset
where the case belongs to the screening group. Case-control pairs in a period around 6 months before
diagnosis were used.

Dataset FN TP FP TN p-value FN TP FP TN p-value
CC1 6 2 10 18 0.8384
CC2 4 3 8 15 0.5145 10 10 26 48 0.170
CC3 0 5 8 15 0.0131*

10 20 30
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0
|

-10

-20
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Figure 22 Plots of scores for each case-control pair of the screening group against time (days to
diagnosis) when 50 genes are included in the score. The score is plotted in red (black) if the case is with
(without) spread and is computed using the weights of 1000 genes that are selected based on data
around 6 months before diagnosis. For illustrational purposes, curves have been estimated from the
scores of the prospective dataset (circles) using splines and plotted in the same color as the individual
scores. Scores for case-control pairs in the screening group of the CC1, CC2 and CC3 datasets are plotted
as triangles to the right of time of diagnosis (days to diagnosis = 0).
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10 Appendix — Adjusting for the batch effect

Here we give a short description of the ComBat method developed by Johnson & Li [5] for
estimating the batch effects and how to use these estimates for adjusting for the batch effects
when computing sample means and standard deviations.

The gene expression value Y;;, for gene g and sample j from batch i is modelled as

Yiig = g + XBy +Vig + 8ig€ijg and &4~Normal(0,02),
where
* ag is the overall gene expression,
e X is a design matrix for sample conditions,
e B, is the vector of regression coefficients corresponding to X,
® Vg is the additive batch effect and
* §;4 is the multiplicative batch effect.

The batch-adjusted data Y{;-g can then be computed as

X Yijg_&g_Xfég_?ig ~ 5
Yijg = S +C¥g +Xﬂg
ig
The estimates of the parameters ag, By, ¥ig and §;4 are computed using an empirical Bayes
method®. A more detailed explanation is found in [6].

Both the expectation and the variance of a gene for the cases can vary both with time and
stratum. We can therefore not use the ComBat method described above for batch-adjusting
the dataset that consists of log, differences in gene expression between cases and controls.
Instead we will use ComBat to estimate the batch effects y;, and Sig from a dataset that
includes only the log, gene expressions for the controls.

Log, gene expression data that are adjusted for the additive batch effect y;,4, but not for the
multiplicative batch effect §;,, can then be computed as

igr
Yi'jg =Yg —Vig = teg + Sigsijg where &;;,~Normal(0, 0 2) for group G.

For case-control pair ¢ from batch i with sample j; as control (from group G1) and sample j,

as case (from group G2) we have for the log,-expression difference X
Xge=VYij,g = Vijg = Yiig = Vijg = Hg + Oig€gc Where g5 .~Normal(0,5?).
We observe that X, . is adjusted for the additive batch effect y;4, but not for the multiplicative

batch effect §;,.

We compute the estimate of g, i, as the weighted average of X, ., where the weights are

N2
1 . ~ 1 Xg,c— .
—, and we compute the estimate of 62, §2,as — Y., (M) . We will compare
aig n-1 Sig
estimated sample means and standard deviations between genes. For each gene we therefore
. . a . 1 a .
multiply the estimates of 9;, by a constant so that for this gene EZ‘?:l 0ig = 1, where B is

the number of batches / runs.

Yijg=@g-XBg _
; . . . . . Vg~ , A 5
® Note that in the implementation of the method, the batch-adjusted data Y;;4 are computed as Y;j, = — Y5+ ay + XBy,
g

where 7';; = % is the parameter that is estimated instead of 7;,.
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