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Example: A label-free experiment 
Question: which proteins change in abundance?
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Figure 1: Study of breast cancer cell lines. Two cultures from two breast cancer cell lines (MCF7, Hs578T)
were observed under an oxygen treatment (normoxia, hypoxia) for two periods of time (6 and 24 hours). We
refer to each combination of these treatments as condition. Separate cultures were grown in each condition,
therefore the experiment had a 3-way factorial experimental design.
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Figure 2: Study of subjects with osteosarcoma. Chemotherapy treatment was administered at weeks 1, 4, 5,
6, 9, 10, 13, 14, 16, and 17 according to the COG protocol 9754. Sample collection time points are indicated
by colored boxes. The study had a combination of a time course and a group comparison design.
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Figure 3: Exploratory data analysis in MSstats. Y-axis: Log-intensities, lines link log-intensities of LC-MS
features, averaged over all replicates. (a) Quality control: profile plot of the protein SLC44A2 in the study
of breast cancer cell lines. X-axis: all conditions. (b) Feature-level comparisons: trellis display of the protein
SLC44A2 in the study of breast cancer cell lines. X-axis: one factor (time). Each panel: a combination
of the remaining factors. (c) Feature-level comparisons for time course experiments: trellis display of the
Entrez ID 28299 of the study of subjects with osteosarcoma. Each panel: a subject. X axis: time.
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Figure 2: Study of subjects with osteosarcoma. Chemotherapy treatment was administered at weeks 1, 4, 5,
6, 9, 10, 13, 14, 16, and 17 according to the COG protocol 9754. Sample collection time points are indicated
by colored boxes. The study had a combination of a time course and a group comparison design.
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Figure 3: Exploratory data analysis in MSstats. Y-axis: Log-intensities, lines link log-intensities of LC-MS
features, averaged over all replicates. (a) Quality control: profile plot of the protein SLC44A2 in the study
of breast cancer cell lines. X-axis: all conditions. (b) Feature-level comparisons: trellis display of the protein
SLC44A2 in the study of breast cancer cell lines. X-axis: one factor (time). Each panel: a combination
of the remaining factors. (c) Feature-level comparisons for time course experiments: trellis display of the
Entrez ID 28299 of the study of subjects with osteosarcoma. Each panel: a subject. X axis: time.
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A typical analysis workflow (also in MSstats) 
3

QC and normalization

Statistical modeling

Model-based 
conclusions

Experimental design

Experimental design Stresses or conditions

Problem statement
✦ Screening experiment 
✦  Confirmation experiment

✦ Time course 
✦  Multiple groups 
✦  Paired design
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Figure 1: Study of breast cancer cell lines. Two cultures from two breast cancer cell lines (MCF7, Hs578T)
were observed under an oxygen treatment (normoxia, hypoxia) for two periods of time (6 and 24 hours). We
refer to each combination of these treatments as condition. Separate cultures were grown in each condition,
therefore the experiment had a 3-way factorial experimental design.
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Figure 2: Study of subjects with osteosarcoma. Chemotherapy treatment was administered at weeks 1, 4, 5,
6, 9, 10, 13, 14, 16, and 17 according to the COG protocol 9754. Sample collection time points are indicated
by colored boxes. The study had a combination of a time course and a group comparison design.
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Figure 3: Exploratory data analysis in MSstats. Y-axis: Log-intensities, lines link log-intensities of LC-MS
features, averaged over all replicates. (a) Quality control: profile plot of the protein SLC44A2 in the study
of breast cancer cell lines. X-axis: all conditions. (b) Feature-level comparisons: trellis display of the protein
SLC44A2 in the study of breast cancer cell lines. X-axis: one factor (time). Each panel: a combination
of the remaining factors. (c) Feature-level comparisons for time course experiments: trellis display of the
Entrez ID 28299 of the study of subjects with osteosarcoma. Each panel: a subject. X axis: time.
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were observed under an oxygen treatment (normoxia, hypoxia) for two periods of time (6 and 24 hours). We
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Figure 2: Study of subjects with osteosarcoma. Chemotherapy treatment was administered at weeks 1, 4, 5,
6, 9, 10, 13, 14, 16, and 17 according to the COG protocol 9754. Sample collection time points are indicated
by colored boxes. The study had a combination of a time course and a group comparison design.
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Figure 3: Exploratory data analysis in MSstats. Y-axis: Log-intensities, lines link log-intensities of LC-MS
features, averaged over all replicates. (a) Quality control: profile plot of the protein SLC44A2 in the study
of breast cancer cell lines. X-axis: all conditions. (b) Feature-level comparisons: trellis display of the protein
SLC44A2 in the study of breast cancer cell lines. X-axis: one factor (time). Each panel: a combination
of the remaining factors. (c) Feature-level comparisons for time course experiments: trellis display of the
Entrez ID 28299 of the study of subjects with osteosarcoma. Each panel: a subject. X axis: time.
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A typical analysis workflow (also in MSstats) 
8

Experimental design

QC and normalization

Model-based 
conclusions

Experimental design

Statistical modeling

Summarize all protein features 
in a statistical model 
• Systematic variation 
• Random variation
Verify the assumptions!

Deviation from the reference due to

log( Expected Random

peak = reference + LC-MS + condition + feature ⇥ condition + biol. + meas.

intensity) abundance feature interaction replicate error

y
ijkl

= µ111 + F
i

+ C
j

+ (F ⇥ C)

ij

+ S(C)

k(j) + "
ijkl

where F1 = C1 = (F ⇥ C)

i1 = (F ⇥ C)1j = 0 "
ijkl

iid⇠ N
�
0,�2

Error, ijk

�

and

(a) reduced scope of biological replication: S(C)1(1) = 0

(b) expanded scope of biological replication: S(C)

k(j)
iid⇠ N

�
0,�2

S

�

Figure 4: Linear mixed e↵ects model for a factorial experiment. i = 1, . . . , I is the index of a feature,
j = 1, . . . , J the index of a condition, k = 1, . . . ,K the index of a biological replicate, and l = 1, . . . , L of a
technical replicate. Notation S(C)

k(j)

is read as “biological replicate within a condition”, and is the unique
identifier of each biological replicate. �2

Error, ijk

is the variance of the measurement error and �2

S

the between-
subject variance in the underlying population. µ

111

is the expected log-intensity of the arbitrary chosen first
feature, first condition, and first biological replicate. (a) and (b) are two alternative interpretations of the
term subject, which distinguish reduced and expanded scopes of biological replication. A separate such model
is specified for each protein.
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Figure 5: Residual plots for protein CDH13 in the study of breast cancer cell lines. Residuals from the same
feature have the same color. (a) Residuals versus predicted peak log-abundance. (b) Absolute residuals
versus predicted mean peak abundance are modeled by a loess curve. Values on the curve predicted for each
LC-MS peak are used as weights in the iterative least squares model fit.
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Figure 1: Study of breast cancer cell lines. Two cultures from two breast cancer cell lines (MCF7, Hs578T)
were observed under an oxygen treatment (normoxia, hypoxia) for two periods of time (6 and 24 hours). We
refer to each combination of these treatments as condition. Separate cultures were grown in each condition,
therefore the experiment had a 3-way factorial experimental design.
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Figure 2: Study of subjects with osteosarcoma. Chemotherapy treatment was administered at weeks 1, 4, 5,
6, 9, 10, 13, 14, 16, and 17 according to the COG protocol 9754. Sample collection time points are indicated
by colored boxes. The study had a combination of a time course and a group comparison design.
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Figure 3: Exploratory data analysis in MSstats. Y-axis: Log-intensities, lines link log-intensities of LC-MS
features, averaged over all replicates. (a) Quality control: profile plot of the protein SLC44A2 in the study
of breast cancer cell lines. X-axis: all conditions. (b) Feature-level comparisons: trellis display of the protein
SLC44A2 in the study of breast cancer cell lines. X-axis: one factor (time). Each panel: a combination
of the remaining factors. (c) Feature-level comparisons for time course experiments: trellis display of the
Entrez ID 28299 of the study of subjects with osteosarcoma. Each panel: a subject. X axis: time.
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Simple example: one protein, one feature per protein, label-free

# of proteins with # of proteins with Total
no detected di�erence detected di�erence

# true non-di�. proteins U V m0

# true di�. proteins T S m1 = m�m0

Total m�R R m

Table 1: Outcomes of testing m null hypotheses H0 : µH = µD simultaneously for m experimental features,
conditionally on the features detected and quantified by a signal processing procedure. R, S, T , U and V
are random quantities, but only R is observed.
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Table 1: Outcomes of testing m null hypotheses H0 : µH = µD simultaneously for m experimental features,
conditionally on the features detected and quantified by a signal processing procedure. R, S, T , U and V
are random quantities, but only R is observed.
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10Linear mixed models describe Normal distributions

Multiple conditions allow us to better 
learn the extent of variation
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Protein significance analysis in SRM measurements
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Monday, December 5, 2011

Label Feature: Transition/Peptide SubjectGroup RunLegend :

Group 1 · · · Group I
(Time 1) · · · (Time I)

Run 1 · · · · · · · · · · · · · · · Run M
Subject 1 · · · Subject J · · · Subject 1 · · · Subject J

Peptide 1 Transition 1 10.21 · · · 10.57 · · · 15.64 · · · 15.03
... · · · · · · · · ·

Endogenous: Transition L 10.52 · · · 10.92 · · · 15.29 · · · 15.68

light labeled
...

... · · · · · · · · ·
peptide Peptide K Transition 1 11.76 · · · 11.92 · · · 16.22 · · · 16.71

... · · · · · · · · ·
Transition L 11.65 · · · 11.09 · · · 16.27 · · · 16.51

Peptide 1 Transition 1 19.46 · · · 19.77 · · · 19.82 · · · 19.03
... · · · · · · · · ·

Reference: Transition L 19.13 · · · 19.25 · · · 19.67 · · · 19.80

heavy labeled
...

... · · · · · · · · ·
peptide Peptide K Transition 1 19.26 · · · 19.33 · · · 19.58 · · · 19.61

... · · · · · · · · ·
Transition L 19.73 · · · 19.09 · · · 19.84 · · · 19.55

1

Saturday, February 26, 2011

Figure 3: Data representation in SRM experiments. (A) Illustration of the scope of validity
of our conclusions with respect to the biological variation. The reduced scope of conclusions
compares the average protein abundance between conditions in the subjects selected for
the study (red lines). The expanded scope of conclusions compares the average protein
abundances in the populations (blue lines). The two conclusions can disagree when the
biological variation in the populations is large. (B) As in A, but with small biological
variation. There is little di↵erence between the two scopes of conclusions in this case. (C)
Illustration of blocking. The label-free experiment compares the averages of the endogenous
transitions (red lines). The label-based workflow considers deviations of the endogenous
transitions from their references (dashed vertical lines), and is more sensitive at detecting
the change. (D) Measurements from a protein for a group comparison or a time course
label-based SRM experiment. Entries in the table are log-intensities of transitions, they are
grouped according to shared sources of variation.
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�

Figure 4: Linear mixed e↵ects model for a factorial experiment. i = 1, . . . , I is the index of a feature,
j = 1, . . . , J the index of a condition, k = 1, . . . ,K the index of a biological replicate, and l = 1, . . . , L of a
technical replicate. Notation S(C)

k(j)

is read as “biological replicate within a condition”, and is the unique
identifier of each biological replicate. �2

Error, ijk

is the variance of the measurement error and �2

S

the between-
subject variance in the underlying population. µ

111

is the expected log-intensity of the arbitrary chosen first
feature, first condition, and first biological replicate. (a) and (b) are two alternative interpretations of the
term subject, which distinguish reduced and expanded scopes of biological replication. A separate such model
is specified for each protein.
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Figure 5: Residual plots for protein CDH13 in the study of breast cancer cell lines. Residuals from the same
feature have the same color. (a) Residuals versus predicted peak log-abundance. (b) Absolute residuals
versus predicted mean peak abundance are modeled by a loess curve. Values on the curve predicted for each
LC-MS peak are used as weights in the iterative least squares model fit.
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Analysis of heavy/light peak pairs

Labeled reference peptides help separate 
the biological and the technological variation

11

Label-based SRM workflow 

Transitions Label Feature: Transition/Peptide SubjectGroup RunLegend :

Group 1 · · · Group I
Run 1 · · · · · · · · · · · · · · · Run M

Subject 1 · · · Subject J · · · Subject 1 · · · Subject J

Peptide 1 Transition 1 10.21 · · · 10.57 · · · 15.64 · · · 15.03
... · · · · · · · · ·

Endogenous: Transition L 10.52 · · · 10.92 · · · 15.29 · · · 15.68

light labeled
...

... · · · · · · · · ·
peptide Peptide K Transition 1 11.76 · · · 11.92 · · · 16.22 · · · 16.71

... · · · · · · · · ·
Transition L 11.65 · · · 11.09 · · · 16.27 · · · 16.51

Peptide 1 Transition 1 19.46 · · · 19.77 · · · 19.82 · · · 19.03
... · · · · · · · · ·

Reference: Transition L 19.13 · · · 19.25 · · · 19.67 · · · 19.80

heavy labeled
...

... · · · · · · · · ·
peptide Peptide K Transition 1 19.26 · · · 19.33 · · · 19.58 · · · 19.61

... · · · · · · · · ·
Transition L 19.73 · · · 19.09 · · · 19.84 · · · 19.55

1

Wednesday, January 19, 2011

Table of quantified peaks



A full linear mixed model for an experiment with 
labeled reference peptides
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Example: ovarian cancer dataset

Model log2(int) instead of ratios light/heavy 
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‘Run’ pairs endogenous and reference transitions from a same run
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Check model assumptions 13

Deviations from 
independence 

or from 
constant 

variance are 
often mistaken 
for deviations 
from Normality

(a) Residual plot (b) Normal quantile-quantile plot
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(c) Normal Q-Q plot with reference intensities (d) Normal Q-Q plot with endogenous intensities
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Figure 8: Plots for checking the assumption of constant variance of the measurement errors for protein
PMG2. (a) Residual plot. X-axis: predicted log-intensity of the feature, on average over all the runs. Y-
axis: observed minus predicted log-intensity. The features have unequal variance. The variance can also
be viewed as function of mean intensity of the feature. (b)-(d): Normal quantile-quantile plots. X-axis:
theoretical quantiles of the Normal(0,1) distribution. Y-axis: quantiles of the observed minus predicted
log-intensities. Deviations from the straight line indicate deviations from the model assumptions. (b)
All the features combined. (c) Separately for each feature, reference intensities only. (d) Separately for
each feature, endogenous intensities only. Panels (c) and (d) indicate that for this protein the pattern
is due to deviations from the assumption of constant variance, and not necessarily from the assumption
of Normality. The features with lower intensities have a larger variance, and are more likely to deviate
from the Normality assumption.
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(a) Residual plot (b) Normal quantile-quantile plot
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(c) Normal Q-Q plot with reference intensities (d) Normal Q-Q plot with endogenous intensities
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Figure 8: Plots for checking the assumption of constant variance of the measurement errors for protein
PMG2. (a) Residual plot. X-axis: predicted log-intensity of the feature, on average over all the runs. Y-
axis: observed minus predicted log-intensity. The features have unequal variance. The variance can also
be viewed as function of mean intensity of the feature. (b)-(d): Normal quantile-quantile plots. X-axis:
theoretical quantiles of the Normal(0,1) distribution. Y-axis: quantiles of the observed minus predicted
log-intensities. Deviations from the straight line indicate deviations from the model assumptions. (b)
All the features combined. (c) Separately for each feature, reference intensities only. (d) Separately for
each feature, endogenous intensities only. Panels (c) and (d) indicate that for this protein the pattern
is due to deviations from the assumption of constant variance, and not necessarily from the assumption
of Normality. The features with lower intensities have a larger variance, and are more likely to deviate
from the Normality assumption.
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(a) Residual plot (b) Normal quantile-quantile plot
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(c) Normal Q-Q plot with reference intensities (d) Normal Q-Q plot with endogenous intensities
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Figure 8: Plots for checking the assumption of constant variance of the measurement errors for protein
PMG2. (a) Residual plot. X-axis: predicted log-intensity of the feature, on average over all the runs. Y-
axis: observed minus predicted log-intensity. The features have unequal variance. The variance can also
be viewed as function of mean intensity of the feature. (b)-(d): Normal quantile-quantile plots. X-axis:
theoretical quantiles of the Normal(0,1) distribution. Y-axis: quantiles of the observed minus predicted
log-intensities. Deviations from the straight line indicate deviations from the model assumptions. (b)
All the features combined. (c) Separately for each feature, reference intensities only. (d) Separately for
each feature, endogenous intensities only. Panels (c) and (d) indicate that for this protein the pattern
is due to deviations from the assumption of constant variance, and not necessarily from the assumption
of Normality. The features with lower intensities have a larger variance, and are more likely to deviate
from the Normality assumption.
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(c) Normal Q-Q plot with reference intensities (d) Normal Q-Q plot with endogenous intensities
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Figure 8: Plots for checking the assumption of constant variance of the measurement errors for protein
PMG2. (a) Residual plot. X-axis: predicted log-intensity of the feature, on average over all the runs. Y-
axis: observed minus predicted log-intensity. The features have unequal variance. The variance can also
be viewed as function of mean intensity of the feature. (b)-(d): Normal quantile-quantile plots. X-axis:
theoretical quantiles of the Normal(0,1) distribution. Y-axis: quantiles of the observed minus predicted
log-intensities. Deviations from the straight line indicate deviations from the model assumptions. (b)
All the features combined. (c) Separately for each feature, reference intensities only. (d) Separately for
each feature, endogenous intensities only. Panels (c) and (d) indicate that for this protein the pattern
is due to deviations from the assumption of constant variance, and not necessarily from the assumption
of Normality. The features with lower intensities have a larger variance, and are more likely to deviate
from the Normality assumption.
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Figure 10: Heatmap of results of testing proteins for di↵erential abundance in three pairwise com-
parisons of conditions. Columns: comparisons; rows: proteins. Red: significant up-regulation; blue:
significant down-regulation; black: no significant change in abundance. Brighter colors indicate stronger
evidence in favor of di↵erential abundance. (a)-(b) Two proteins in the entire dataset. (a) FDR cuto↵
of 0.05, and no fold change cuto↵. (b) FDR cuto↵ of 0.05 and fold change cuto↵ 70. (c)-(d) As in
(a)-(b), but for all the 45 proteins in the experiment. In (d), the fold change cuto↵ is FCcutoff=1.5.
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evidence in favor of di↵erential abundance. (a)-(b) Two proteins in the entire dataset. (a) FDR cuto↵
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Model-based conclusions
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Quantity of interest:

H
0

: L = µ̄
[high, nm, 6]· � µ̄

[low, nm, 6]· = 0

Model-based estimate and test statistic:

L̂ = Ĉ
[high, nm, 6]

+ 1

I

IP
i=1

( dF ⇥ C)i, [high, nm, 6]

+ 1

K

KP
k=1

dS(C)k([high, nm, 6])

-
✓

Ĉ
[low, nm, 6]

+ 1

I

IP
i=1

( dF ⇥ C)i, [low, nm, 6]

+ 1

K

KP
k=1

dS(C)k([low, nm, 6])

◆

t = ˆL
SE{ˆL} ⇠ Student distribution

In balanced datasets:

L̂ = Ȳ·[high, nm, 6]·· � Ȳ·[low, nm, 6]··

t = ˆLp
2

IKL

�̂2
Error

⇠ Student

IJK(L�1)+(I�1)J(K�1) distribution

6

Leads to p-values

Model-based S/N

Normoxia Hypoxia
6 hrs 24 hrs 6 hrs 24 hrs

MCF7

Culture 1 Culture 2 Culture 1 Culture 2 Culture 1 Culture 2 Culture 1 Culture 2 Culture 1 Culture 2 Culture 1 Culture 2 Culture 1 Culture 2 Culture 1 Culture 2

6 hrs 24 hrs 6 hrs 24 hrs
Normoxia Hypoxia

Hs578T

Figure 1: Study of breast cancer cell lines. Two cultures from two breast cancer cell lines (MCF7, Hs578T)
were observed under an oxygen treatment (normoxia, hypoxia) for two periods of time (6 and 24 hours). We
refer to each combination of these treatments as condition. Separate cultures were grown in each condition,
therefore the experiment had a 3-way factorial experimental design.
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Figure 2: Study of subjects with osteosarcoma. Chemotherapy treatment was administered at weeks 1, 4, 5,
6, 9, 10, 13, 14, 16, and 17 according to the COG protocol 9754. Sample collection time points are indicated
by colored boxes. The study had a combination of a time course and a group comparison design.
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Figure 3: Exploratory data analysis in MSstats. Y-axis: Log-intensities, lines link log-intensities of LC-MS
features, averaged over all replicates. (a) Quality control: profile plot of the protein SLC44A2 in the study
of breast cancer cell lines. X-axis: all conditions. (b) Feature-level comparisons: trellis display of the protein
SLC44A2 in the study of breast cancer cell lines. X-axis: one factor (time). Each panel: a combination
of the remaining factors. (c) Feature-level comparisons for time course experiments: trellis display of the
Entrez ID 28299 of the study of subjects with osteosarcoma. Each panel: a subject. X axis: time.
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Figure 4: Linear mixed e↵ects model for a factorial experiment. i = 1, . . . , I is the index of a feature,
j = 1, . . . , J the index of a condition, k = 1, . . . ,K the index of a biological replicate, and l = 1, . . . , L of a
technical replicate. Notation S(C)
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is read as “biological replicate within a condition”, and is the unique
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is the variance of the measurement error and �2

S

the between-
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111

is the expected log-intensity of the arbitrary chosen first
feature, first condition, and first biological replicate. (a) and (b) are two alternative interpretations of the
term subject, which distinguish reduced and expanded scopes of biological replication. A separate such model
is specified for each protein.
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Figure 5: Residual plots for protein CDH13 in the study of breast cancer cell lines. Residuals from the same
feature have the same color. (a) Residuals versus predicted peak log-abundance. (b) Absolute residuals
versus predicted mean peak abundance are modeled by a loess curve. Values on the curve predicted for each
LC-MS peak are used as weights in the iterative least squares model fit.
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Comparisons between conditions are estimated by 
linear combinations of model terms
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Statistical modeling

Model-based 
conclusions

Use the dataset to improve: 
• Subject selection: matching 
• Resource allocation: blocking 
• Calculation of sample size
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Linear mixed effects models are required to  
calculate the sample size and the power
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)Statistical power = P(detect change) = 0.8 Sample size = 3

# of features with # of features with Total
no detected di�erence detected di�erence

# true non-di�. features U V m0

# true di�. features T S m1 = m�m0

Total m�R R m

Table 1: Outcomes of testing m null hypotheses H0 : µH = µD simultaneously for m experimental features,
conditionally on the features detected and quantified by a signal processing procedure. R, S, T , U and V
are random quantities, but only R is observed.
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- probability of a false positive discovery

- statistical power (i.e. probability of a true positive discovery)

- anticipated (log-) fold change
- anticipated variance
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- the False Discovery Rate
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Need to know in advance:


