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• W/o IDS: peak-width dependent peak 
detection is limited to < 104 m/z
• Constant IDS reduces peak point density 
to “low-mass” minimum (----)
• Quadratic IDS [2] recovers constant 
point density per peak over 105 m/z (----)
• Integration rate/window TIDS ~ FWHM

ANALYSIS WORKFLOW  OPTIMIZATION

INTEGRATIVE DOWN-SAMPLING (IDS)

BASELINE MODELS

ENHANCED DETECTION SENSITIVITY

• LOESS model is  insufficient for 
overlapping peaks and high m/z

• RC model [2] is insufficient for the early m/z
• EBD [1] is adequate over the broad m/z range
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Vibe-MS framework 
enables:
� Meta-data tracking: 

systematic errors
� Tool optimization: 

parameter choices
� Integrated workflow: 

algorithm choices

Broad range sensitivity

Precise location and amplitude

EXPERIMENTAL DESIGN

OLF enhances SNR ~3-
fold without over-
broadening (~0.1 FWHM)

BROAD-MS ACQUISITION

OPTIMAL LINEAR FILTERING (OLF)

MAGNETIC BEAD CHOICE

REPLICATE VARIABILITY

Year 1: Optimization of 
signal processing for broad-
range enhancement of 
sensitivity and resolution by 
minimizing uncertainties in 
peak location and intensity of 
the data sets generated by 
linear TOF-MS for protein 
mixtures (Aim 1)

70 prostate cancer and non-
cancer serum samples were 
selected in the PSA range 
from 2 to 10 ng/ml with 
diagnoses confirmed by 
biopsy.  Pair-wise pools of 
samples with matched PSA 
levels were prepared as a 
control group. 

The ADC offset and filter parameters were optimized to 
avoid signal-base clipping in 2-100 kDa range. The default 
settings lead to a loss of sensitivity [1].
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IMAC and C3 were identified as two 
complimentary affinity surfaces with 
substantial (~30%) differences in signal 
patterns over a broad m/z range.

The m/z range above 15,000 was dominated
by 1+ through 4+ through charges of serum 
albumin protein for both affinity beads.

A major source of intensity variation for QC 
samples was determined to be the bioprocessor
replicates (rather than instrumental spot 
replicates). Patient sample aliquots were 
chosen as true experimental replicates (3 per 
sample)

• Lower DTOF – higher precision of peak alignment
• Lower Ds – higher stability of  statistical analysis

� ADC parameter file
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More than 10-fold increase 
in SNR for m/z > 20,000:
• 1/10*Ds peak amplitude 
uncertainties and 1/5 DTOF
• 10-fold broader detection 
range

By combination of constant 
and quadratic integrative 
down-sampling [1]: 

• SNR (per point) is 
enhanced ~ (Tc*Tq)0.5

• Signal detection range is 
increased to m/z > 104

• Data is compressed from   
~ 100 Mb to ~ 100 Kb
• Downstream analysis time 
is reduced
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Optimal linear filter 
is a convolution 
shaping/smoothing 
filter [2] that 
maximizes filtered 
SNRf/FWHMf

OLF

Hardware meta-data was mapped from 
8 instrumental parameter files using 
data-base parsers for Vibe-MS 
(INCOGEN). Signal processing 
algorithms were integrated into Vibe-
MS analysis workflow with the DB.
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Introduction: The goal of the 
project is to develop 
computational tools that 
improve the reliability and the 
effectiveness of molecular 
biomarker screening by 
integration of optimized data 
acquisition, enhanced signal 
processing and robust variable 
selection.
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data file tree

analysis pipeline
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SUMMARY

Y1 progress:
� 70x3 PSA matched PCA sera samples
� optimized ADC offset and filter
� TOF focusing in three mass-ranges
� C3 & IMAC beads for broad mass
� 3 aliquot replicates
� 8 instrumental meta-data files & db parsers
� workflow integration: algorithms & parameters
� EDT, IDS, OLF signal processing
� 10-fold SNR and m/z precision
� 20-fold data compression and faster analysis
� amplitude and location uncertainty minimization

Y2-Y3 plans:
� amplitude and error statistics analysis
� automated detection of ionization satellites 
� full data set processing
� diagnostic variable selection
� integrated tool package

NEW STATISTICAL PERFORMANCE METRICS

AUTOMATED FEATURE SELECTION

One-variable t-test
selects features with 
significantly different 
group means. p-
value threshold is 
needed to exclude 
statistical noise.
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PS-5 mixture: ~25 observed 
features. IDS-OLF preprocessing 
enhances SNR and signal 
detection sensitivity

For close peaks (e.g., in a 
doublet), norm of residuals for 
a scatter plot is smaller for 
doubly charged satellite versus 
independent species 

Long-range:
multiple charges

Short-range:
adducts, losses

Year 3: Characterization of amplitude 
statistics for data normalization, automated 
discovery of diagnostic variables using 
classification, complete workflow integration 
and testing of caBIG compliance, TOF/TOF 
identification and longitudinal TOF verification 
of molecular markers (Aim 4)
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Year 2: Development of automated 
computational tools for discrimination of 
ionization byproducts, more accurate self-
calibration of MS (Aim 2), reconstruction of 
molecular signatures and incorporation of the 
tools into Vibe-MS, and verification of the 
computational assignments by tandem 
TOF/TOF (Aim 3)

Ambiguity is an entropy-like measure of 
confidence for classification of a data 
point, given the mean classification of the 
ensemble

Instability is a measure of pair-wise 
agreement in group assignment of a data 
point among the ensemble of classifiers

A classifier assigns to each point in data 
space a probability for it to be in a group. 
Ensemble of classifiers is generated 
through 5-fold cross-validation with 10 
times (random) data resampling.

This performance metrics allows more 
confident prediction (than just the error 
rate) of the classifier performance on new 
data (under resampling): e.g., the plots for 
RPART suggest it will not generalize as 
well as LDA and QDA

Example [4]: Leukemia 2002 study (x –
normal), 11.7 vs 5.9 kDa log-intensities

TIME-OF-FLIGHT ALIGNMENT

Systematic instrumental errors 
introduce  shifts in peak locations:
� a-offset: trigger error
� b-scale: voltage fluctuation

60ns

one TOF parameter fit
three m/z parameters

Model

Multi-lab QC alignment by  
linear scaling in TOF [3]:
� random errors 
� 10-fold precision

7.7kDa peak displacements, 
4ns counts

broad MS range,
week 1 vs week 2: 60 ns offset
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INTERNAL BROAD m/z CALIBRATION

Internal calibration using 1+ through 4+

albumin ionization satellites leads to more 
than 10-fold improvement in m/z accuracy 
for m/z > 15000

IONIZATION SATELLITE DETECTION

Multiply-charged satellites 
detected with scaled TOF 
correlation slider
and uncertainty-based 
thresholds

POC: ~25 satellite signals 
deconvoluted into 5 (parent) 
protein standards and re-
calibrated.
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For a group of samples, ionization 
satellites exhibit high correlation
coefficients (group average), 
periodic on characteristic m/z scales
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Bayesian Network
algorithm examines 
conditional probabilities to 
build a connected structure 
based on data. Completely 
independent features are 
shown disconnected;  
correlated/diagnostic 
features are connected in 
arcs  that show possible 
causality (picture generated 
with B-course package).

BN is capable of directly 
translating a feature’s 
uncertainty into a 
classification probability
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selection frequency
Forward selection
by minimizing cross-
validation error rate using 
naïve Bayesian classifier : 
P(Peak|Disease) estimated 
by frequency in given data.

# of variables


