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Chapter 4

Limited value of serum protein profiling for

discrimination of patients suffering from Fabry

disease†

Fabry disease is an X-linked lysosomal storage disorder, due to a deficiency
in α-Galactosidase A. Accumulation of globotriaosylceramide in the endothe-
lium is thought to cause onset and manifestations of Fabry disease. Cur-
rently no blood biomarker is available that reflects the clinical manifestation.
Directed searches in plasma or serum of Fabry patients for markers of en-
dothelial cell activation have given negative results. To find a biomarker, we
compared serum of controls and Fabry patients using SELDI-TOF-MS, an ap-
proach that earlier allowed classification of patients suffering from Gaucher
disease, another lysosomal storage disorder. SELDI-TOF-MS serumprofiles of
symptomatic Fabry patients and control subjects were classified using Princi-
pal Component Discriminant Analysis (PCDA) and Support Vector Machines
(SVM). Distinction between Fabry patients and controls using PCDA showed
high error rates, also after variable selection. With SVM, the prediction er-
ror was lower. The permutation test showed that the classification result is
significant, but the misclassification rate is still 16%. Of note, healthy family
members from Fabry patients were misclassified, suggesting that not a true
disease-specific classification is made. In conclusion, our study failed to detect
useful discriminatory differences between Fabry and control SELDI-TOF-MS
serum profiles.

†M.J. van Breemen, S. Smit, A.C. Vedder, H.C.J. Hoefsloot, A.K. Smilde, C.G. de Koster,
C.E.M. Hollak, J.M.F.G. Aerts
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4.1 Introduction

Fabry disease is an X-linked lysosomal storage disorder. Deficient activity
of α-Galactosidase A leads to accumulation of glycosphingolipids (mainly
globotriaosylceramide, Gb-3) in lysosomes.115,116 Extensive storage occurs
in arterial walls, in particular in endothelial cells. This accumulation is be-
lieved to underlie the clinical manifestations in Fabry disease: progressive
renal insufficiency, cardiac infarction or hypertrophy, arrhythmias and cere-
bral infarctions.117 Clinical observations reveal a high incidence of thrombo-
sis in Fabry disease patients118 and in mouse models.119,120 In addition, based
upon case histories121,122 and a study in mice,123 an association between α-
Galactosidase A deficiency and the early development of atherosclerosis has
been suggested, though a more recent study revealed an increased carotid
intima-media thickness in the absence of atherosclerosis in Fabry disease pa-
tients.124 Laboratory investigations that have been performed to assess de-
terminants of coagulation or activation of the endothelium are not always in
accordance. Elevated levels of soluble sICAM-1, sVCAM-1, P-selectin, plas-
minogen activator inhibitor (PAI) and decreased thrombomodulin125 suggest
a prothrombotic profile in patients with Fabry disease, although only an el-
evated level of sVCAM-1 could be confirmed by Demuth et al.126 In a very
recent study conducted with a large cohort of Fabry patients in the Academic
Medical Center in Amsterdam, only minimal abnormalities in indicators of
coagulation, fibrinolysis and platelet activation as well as endothelial acti-
vation were detected.127 Severely affected patients with renal impairment
formed an exception in this respect. The noted plasma abnormalities in these
individuals might be ascribed to their renal insufficiency rather than the un-
derlying disorder itself. Unfortunately, it has to be concluded that at present
no single plasma protein biomarker is available that reflects unambiguously
and reliably the clinical manifestation of Fabry disease. Gaucher disease, an-
other lysosomal storage disorder caused by deficiency of glucocerebrosidase,
can be effectively treated by enzyme replacement therapy. This therapeutic
approach has been copied for Fabry disease. The recent availability of therapy
based on chronic intravenous administration of recombinant α-Galactosidase
A preparations128,129 has stimulated the search for surrogate markers of dis-
ease in serum of Fabry patients. It is envisioned that such markers can be ex-
ploited tomonitor diseasemanifestation and the response to therapeutic inter-
vention. Given the present lack of a single serum protein biomarker for Fabry
disease, attention has been paid to the discovery of discriminative serum pro-
tein profiles. Profiling of serum proteins by means of SELDI-TOF-MS (surface
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enhanced laser desorption/ionization time-of-flight mass spectrometry) has
become a popular approach to obtain a disease-specific protein profile. In-
deed, we have demonstrated that Principal Component Discriminant Analy-
sis of SELDI-TOF-MS data obtained from serum specimens allowed classifi-
cation of Gaucher disease patients in Chapter 3. Cross validation showed that
the sensitivity of the discriminatory model was 89% and the specificity 90%.
We have next studied in a similar fashion the value of SELDI-TOF-MS serum
profiling for discrimination of symptomatic Fabry disease. The outcome of
this investigation is here reported and discussed.

4.2 Data set

The data set contains serum protein profiles of 20 Fabry patients (14males and
6 females; 18-57 years old at the initiation of therapy), 17 controls (6 male and
11 female healthy volunteers, 23-54 years old), and 3 relatives of Fabry pa-
tients in this study. All patients with Fabry disease in this study were known
by referral to the Academic Medical Centre (Amsterdam, The Netherlands).
Table 4.1 shows their clinical characteristics. Overall severity of disease was
assessed using the Mainz Severity Score Index (MSSI).130 In brief, the MSSI
is composed of four sections that cover the general, neurological, cardiovas-
cular, and renal signs and symptoms of the disease. The total scores are re-
ported to represent mild (<20), moderate (20-40), or severe (>40) Fabry dis-
ease. None of the healthy relatives carried the α-Galactosidase A mutation.
Serum samples were obtained before initiation of therapy. Approval was ob-
tained from the local Ethics Committee. Informed consent was provided ac-
cording to the Declaration of Helsinki. Serum samples were surveyed for ba-
sic proteins with SELDI-TOF-MS making use of the anionic surface of CM10
ProteinChip R© [Ciphergen Biosystems Inc.]. The resulting protein profiles are
mass spectra composed of the mass to charge ratios (m/z) and the intensities
of the desorbed (poly)peptide ions. The control and Gaucher samples were
randomly assigned to different spots and different chips. Spot-to-spot cali-
bration, baseline subtraction, and peak detection of the SELDI-TOF-MS data
was performed using Ciphergen software. The preprocessed profiles each
consisted of 590 m/z values between 1000 en 10,000.
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Table 4.1: Patient characteristics of 20 Fabry patients, median and (range).

Females Males

N 6 14
Age 46 (44-57) 42 (18-54)
MSSIa 24 (22-32) 27 (12-59)

a. Mainz Severity Score Index

Data analysis

Classification
To find differences between the SELDI-TOF-MS serum protein profiles of con-
trols and Fabry patients we used two classification methods: Principal Com-
ponent Discriminant Analysis (PCDA) and Support Vector Machines (SVM).
These two methods construct classification rules in different ways, thus we
have the opportunity to draw classifier independent conclusions. PCDA is
a combination of Principal Component Analysis (PCA) and Linear Discrim-
inant Analysis (LDA). First, PCA is applied to the data to reduce the di-
mensionality. The PCA scores are then used in LDA to find a direction that
discriminates between the two groups, by maximizing the ratio of the vari-
ance between the groups to the variance within the groups.30 PCDA was
used exactly as described previously.33 The rank products variable selec-
tion method79 can be conveniently combined with PCDA.33 As a by-product,
the PCDA training procedure generates several discrimination models, all of
which describe the difference between cases and controls, albeit with slightly
different discriminant vectors. The loading of a variable in a discriminant
vector can be regarded as a measure of its importance. In each of the mod-
els obtained with cross validation, the variables can be ranked by their ab-
solute loading in the discriminant vector. Then, if p-fold cross validation is
used, where the data were divided in p parts and in every fold a different
part forms the test set and the remaining p-1 parts form the training set, each
variable is ranked p-times. The p ranks of a variable are multiplied to obtain
the variable’s rank product, which is a measure of its overall importance. A
Support Vector Machine (SVM)13,39 with linear kernel was used to find a hy-
perplane that separates the Fabry profiles from the controls. When the classes
are linearly separable, the optimal hyperplane maximizes the distance from
the closest objects to the hyperplane. The class assignment of new samples
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depends on which side of the hyperplane they are. All data analyses were
performed in Matlab (Mathworks). The SVM algorithm is a routine in the
Bioinformatics Toolbox (Mathworks).

Normalization and scaling
The data were normalized by dividing each spectrum by its median intensity,
making the intensities of the peaks comparable. Thereafter, the data are auto
scaled: all variables have zero mean and unit variance. In auto scaled data,
the contribution of a variable to the classification model is not dependent on
the intensity of the signal, but on the relative difference in signal intensity
between the classes. For cross validation, auto scaling was always performed
on the training data before modelling and then the test data were scaled prior
to prediction with the scaling parameters of the training set. By doing this, it
is ensured that the prediction of the test data is truly independent.

Statistical validation

Prediction error
The prediction error is used as a measure of the performance of the PCDA
and SVM classification rules. We calculate the prediction error as the misclas-
sification rate in a tenfold cross validation scheme. In this scheme, a model
is constructed on a training set after which an independent set of samples is
used to test the model.

Permutation test
The significance of the prediction error is determined using permutation tests.
In a permutation test, the class labels are repeatedly removed and randomly
reassigned to samples to create an uninformative data set of the same size
as the data under study. Building and testing a classifier on many permuta-
tions of the data gives a distribution of the performance found by chance, to
which the performance of the classifier on the original data can be compared.
The same classifier building protocol that is applied to the data is applied to
the permutations, including any filtering or other selection of variables and
parameter tuning.88
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4.3 Results

Fabry patients vs Controls

Amongst the 20 controls, 3 were relatives of Fabry patients included in this
study. These mass spectra were removed from the control group. The re-
maining 20 Fabry and 17 control samples were used to construct classification
models with PCDA and SVM. The models were tested with 100 cross valida-
tions, repeatedly leaving a small set of samples completely out of the model
training phase. The class labels for the test samples are then predicted. Ta-
ble 4.2 shows how often each sample is misclassified with both methods. On
average, PCDA misclassifies 9.3 samples, or 25%. Although the misclassifi-
cation rate is high, the p-value obtained from 10,000 permutations is 0.004,
suggesting that the differences found are significant. Figure 4.1 shows how
the misclassification rate of the PCDA classifier depends on the number of
variables selected with rank products. The variables included in the models
are best discriminating m/z values. The performance of PCDA can be im-
proved; using a selection of 100 m/z values, the misclassification rate is de-
creased to 21% (7.6 misclassifications). The five m/z values (>1500 Da) that
rate highest in the rank products selection are given in Table 4.3. Analysis
of the individual m/z values did not reveal a clear relationship with Fabry
status of individuals.

The SVM classifier performs somewhat better than PCDA; on average 5.9
samples are misclassified (16%). The p-value for the SVM result is 0.0001.

Fabry relatives

SELDI-TOF-MS protein profiles of three relatives of Fabry patients were pre-
dicted with a PCDA and with a SVM model, which are both constructed us-
ing all 20 Fabry patients and 17 controls. Interestingly, in all cases the subjects
were misclassified as being most likely Fabry patients.
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Figure 4.1: 100 different cross validations on data with varying numbers of variables
selected with Rank Products.

Table 4.2: Percentage misclassified in 100 predictions with PCDA and with SVM.

ID PCDA SVM ID PCDA SVM

F1 59 2 C1 0 0
F2 4 0 C2 1 0
F3 0 0 C3 100 100
F4 75 2 C4 0 0
F5 0 0 C5 1 0
F6 100 100 C6 0 0
F7 0 0 C7 0 0
F8 0 0 C8 90 65
F9 5 0 C9 3 0
F10 2 0 C10 100 100
F11 0 0 C11 83 1
F12 0 0 C12 63 8
F13 14 1 C13 87 98
F14 100 98 C14 0 0
F15 23 5 C15 6 1
F16 7 0 C16 0 0
F17 0 0 C17 0 4
F18 5 3
F19 0 0
F20 0 0
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Table 4.3: The best discriminating variables were selected with Rank Products. The
lower the Rank Product (RP), the better discriminating the m/z value is.

m/z RP

2057.0 2.22·105

1785.1 4.06·109

1755.8 2.00·1010

1828.1 1.02·1012

3439.2 1.25·1012

4.4 Discussion

In sharp contrast to the earlier positive findings with serum specimens of
Gaucher disease patients, comparable SELDI-TOF-MS profiling and PCDA
analysis rendered no reliable discrimination between symptomatic Fabry pa-
tients and normal subjects. Six out of 17 control subjects were misclassified as
patients. Four out of 20 Fabry patients were misclassified as normal. It should
be noted that the three of the four misclassified patients were mildly to mod-
erately affected (MSSI: F1(16), F4(24), and F6(23)), However, one misclassified
patient, F14 (MSSI: 46), showed characteristic severe Fabry disease manifesta-
tions. SVM analysis of the profiles rendered slightly better results; four control
subjects and two patients, F6 and F14, being misclassified. PCDA and SVM
analysis were both used to exclude the possibility that the obtained results
are the consequence of the used classification method. It seems thus unlikely
that the poor discrimination that was obtained both with the PCDA and SVM
analysis can be contributed to a particular classification method. It might be
argued that the procedure used for protein profiling is not sensitive enough
to detect early manifestations of Fabry disease. However, concomitant with
misclassification of Fabry patients as being normal, some control subjects are
classified as diseased Fabry patients. Strikingly, all three unaffected relatives
of Fabry patients (R1, R2 and R3) that were tested were classified as being pa-
tient, either using SVM or PCDA. This suggests that the discrimination may
not be primarily based on the underlying disorder but rather on other charac-
teristics shared by families. This illustrates the importance to use very closely
matched control subjects in these types of studies. In conclusion, the outcome
of our investigation is negative. SELDI-TOF-MS protein profiling rendered no
reliable discrimination between diseased Fabry patients and healthy control
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subjects. In hindsight, the result of our investigation is not so surprising since
no single serum biomarkers for Fabry disease have been detected so far.131

It appears that in contrast to the earlier common believe,117 lipid-laden en-
dothelial cells of Fabry patients are not grossly abnormal in behaviour and
function, and are not releasing specific proteins into the circulation that are
detectable by serumprotein profilingwith the currently available SELDI-TOF-
MS methodology.




