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Abstract. Fiber evanescent wave spectroscopy �FEWS�
explores the mid-infrared domain, providing information
on functional chemical groups represented in the sample.
Our goal is to evaluate whether spectral fingerprints ob-
tained by FEWS might orientate clinical diagnosis. Serum
samples from normal volunteers and from four groups of
patients with metabolic abnormalities are analyzed by
FEWS. These groups consist of iron overloaded genetic
hemochromatosis �GH�, iron depleted GH, cirrhosis, and
dysmetabolic hepatosiderosis �DYSH�. A partial least
squares �PLS� logistic method is used in a training group to
create a classification algorithm, thereafter applied to a
test group. Patients with cirrhosis or DYSH, two groups
exhibiting important metabolic disturbances, are clearly
discriminated from control groups with AUROC values of
0.94±0.05 and 0.90±0.06, and sensibility/specificity of
86/84% and 87/87%, respectively. When pooling all
groups, the PLS method contributes to discriminate con-
trols, cirrhotic, and dysmetabolic patients. Our data dem-
onstrate that metabolic profiling using infrared FEWS is a
possible way to investigate metabolic alterations in
patients. © 2009 Society of Photo-Optical Instrumentation Engineers.

�DOI: 10.1117/1.3253319�

Keywords: fiber evanescent wave spectroscopy; mid-infrared; meta-
bolic diseases; diagnosis; liver diseases; serum; metabolic profiling.
Paper 09095R received Mar. 20, 2009; revised manuscript received
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1 Introduction
Numerous diseases are characterized by metabolic abnormali-
ties that can be detected at plasmatic or serum levels through

1083-3668/2009/14�5�/054033/9/$25.00 © 2009 SPIE
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he quantification of biochemical components such as glucose,
holesterol, triglyceride, globulins, albumin, transferrin, en-
ymes, and ions. This explains the development of numerous
iochemical methods aimed at quantifying, and more rarely at
haracterizing, specific serum components. However, most of
he methods developed to date yield specific information on a
articular component, whereas the determination of one com-
onent is frequently not sufficient, physicians needing a com-
ination of biochemical parameters, in addition to clinical and
maging findings, to base their diagnosis.1,2 For example, the
iagnosis of a metabolic syndrome is based on the evaluation
f a combination of positive criteria, including glucose, cho-
esterol, triglyceride, uricemia measurements, and a large
umber of other criteria to exclude other diseases or associ-
ted complications.3 Therefore, methodologies that provide an
xtensive view of the serum biochemical species levels from a
nique and limited serum sample would certainly help in es-
ablishing an early diagnosis in addition to classical clinical,
iological and imaging findings.4,5 Ideally, the goal is to iden-
ify serum fingerprints useful for both diagnosis and
rognosis.6

The mid-infrared infrared �MIR� domain contains most
iological molecule spectral signatures through their func-
ional groups.7,8 This explains the development of Fourier
ransform infrared spectroscopy that enables the investigator
o have true fingerprints of the fundamental functional chemi-
al groups represented in biological samples.7–15 The recent
evelopment of chalcogenide glass optical fiber by our group
s an essential step to remotely collecting MIR signals. Their
nique and original tapered shape is also decisive to recording
nformative spectra from biological complex samples.16 The
rinciple of the method is based on the general concept of
ber evanescent wave spectroscopy �FEWS�, and remote
pectroscopy using IR glass fibers gives the opportunity to
ave access to real-time spectra.

Our hypothesis was that FEWS using IR glass fibers, com-
ined with adequate statistical analysis, could give spectral
ngerprints useful to perform a rapid classification of patients
ith diseases having metabolic consequences, and thus to ob-

ain relevant information for the diagnosis.
To demonstrate the concept, we chose to study sera ob-

ained from patients exhibiting chronic liver diseases known
o induce various alterations of a number of parameters re-
ated to both the etiology and the severity of the disease. We
how that the implement of our highly sensitive optical fibers,
uch as an MIR remote sensor associated with modern statis-
ical methods of spectral data could be a way to investigate

etabolic alterations in patients.

Patients, Materials and Methods
.1 Patients

he control group was constituted by 18 to 70 years old
ealthy volunteers �n=140�. They were all included in the
tudy during a systematic medical examination in a health
are center �Centre d’Examens de Santé, Caisse Primaire
’Assurance Maladie de Rennes�. They were all of Caucasian
rigin, devoid of known acute and/or chronic diseases as well
s of excessive alcoholic consumption, and with a normal
ody mass index less than 25 kg /m2.
ournal of Biomedical Optics 054033-
The first disease group comprised 29 patients exhibiting
systemic iron overload related to untreated genetic hemochro-
matosis �GH�. The diagnosis was assessed by the presence of
a homozygous C282Y mutation of the HFE gene. In addition,
all the patients presented a phenotypic expression character-
ized by a serum transferrin saturation level above 50%, and a
liver iron concentration estimated by magnetic resonance
imaging17 �MRI� or biochemical determination over
36 �mol /g of dry weight liver. The blood samples were col-
lected before the beginning of the iron depletive treatment.

The second group of patients included 37 iron-depleted
HFE hemochromatotic patients after the completion of inten-
sive phlebotomies of the induction phase �DGH�. They pre-
sented serum transferrin saturation levels below 45% and fer-
ritinemia levels below 100 �g /L.

The third patient group was composed of 58 alcoholic cir-
rhotic patients �AC�. The diagnosis was assessed on the clini-
cal history of excessive alcohol consumption and the absence
of other recognized liver disease etiology. All the patients
were grade B or C with the Child-Pugh classification.18

The fourth group included 67 patients with dysmetabolic
hepatosiderosis �DYSH�. They presented a dysmetabolic liver
siderosis not linked to C282Y HFE homozygozity and char-
acterized by increased of serum ferritin, unexplained increase
of hepatic iron concentration ��36-�mol /g dry weight liver�
as determined by MRI examination, and an insulin resistance
defined by one or more of the following findings: body mass
index �27, abnormal glucose metabolism, dyslipidemia, or
increased blood pressure.

The study was approved by the local ethic committee
�CCPPRB Comité Consultatif de Protection des Personnes se
prêtant à la Recherche Biomédicale�.

2.2 Laboratory Procedures
All biological tests mentioned in Table 1 were performed in
the biochemistry and haematology laboratories of the
Pontchaillou Hospital in Rennes according to currently in
force clinical guidelines. Peripheral venous blood was col-
lected using plain tubes �Vacutainer Tube, Becton Dickinson,
Grenoble, France� after an overnight fast, and all parameters
were analysed on fresh samples. For infrared spectroscopic
analysis, serum samples were stored at −80 °C in vials from
VWR �West Chester, Pennsylvania� �low temperature freezer
polypropylene, silicone O-ring seal, sterile� until the analysis,
which was performed twice.

2.3 Infrared Spectroscopy
Principles and materials used for this study were previously
described.16,19 Briefly, an analysis of serum was performed
using a tapered optical fiber made with Te2As3Se5 glass
�TAS� with large optical transparency in the MIR range from
850 to 4000 cm−1. The diameter of the fiber, equal to
400 �m, was reduced in the sensing area. The experimental
setup consisted of a Fourier transformed infrared spectrometer
�Bruker V22, Bruker Corporation, Billerica, Massachusetts�
coupled with the fiber, and a cooled mercury-cadmium-
telluride detector. A special kit provided by Bruker was con-
nected to the spectrometer to focus the infrared beam from the
black body to the input of the fiber. When chemical species
are brought into contact with the fiber, the IR optical rays are
September/October 2009 � Vol. 14�5�2
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able 1 Bioclinical features of control and patient groups. Results are expressed as mean±SD. N=normal values; GH=untreated hereditary
emochromatosis; DGH=treated hereditary hemochromatosis; DYSH=dysmetabolic hepatosiderosis; AC=alcoholic cirrhosis. sTfR=soluble trans-

errin receptor; ALT=alanine amino transferase; AST=aspartate amino transferase; US CRP=ultrasensitive C reactive protein; p=comparison with
he control group; and NS=non significant.

CONTROL
N=140

GH
N=29 pA

DGH
N=37 pA

DYSH
N=67 pA

AC
N=58 pA

ge �years� 46±12 46±11 NS 49±10 NS 55±11.1 �0.001 55±9 �0.001

ex-ratio M/W 1.69 2 NS 2.81 NS 7 �0.001 2 NS

lbumin �g/l�
N: 35–50�

47.2±4.4 41.3±6.4 �0.001 41.6±3.7 �0.001 43.4±3.4 �0.001 30.1±6 �0.001

ransferrin �g/l�
N: 1.7–3.5�

2.4±0.4 1.9±0.2 �0.001 2.2±0.3 0.037 2.4±0.4 NS 1.9±0.8 �0.001

lpha 1 globulines
N:0.8–2.6�

1.4±0.3 1.3±0.4 NS 1.4±0.4 NS 1.4±0.2 NS 1.9±0.6 �0.001

lpha2 globulines
N:6–10�

6.8±0.9 6.3±1.24 0.001 6.6±1 NS 6.5±0.8 0.001 5.7±1.3 �0.001

eta globuline �g/l�
N:6–10�

7.1±0.9 6.3±0.9 0.001 6.6±0.9 0.027 7.1±1.2 NS 6.9±1.6 NS

amma globulines �g/l�
N:6.4–13�

8.8±1.9 7.9±2.2 0.02 9±2.5 NS 8.2±1.7 0.042 19.6±8.1 �0.001

lycemia �mmol/l�
N:3.9–6.1�

4.9±0.5 5.5±0.6 0.001 5.4±0.9 0.003 6.1±1.6 �0.001 6.7±3.2 �0.001

holesterol �mmol/l�
N:3.75–6.2�

5.8±1 5.3±1.3 NS 5.4±0.9 0.004 5.6±1.1 NS 4.1±1.3 �0.001

riglycerides �mmol/l�
N:0.6–1.7�

1±0.5 1.3±0.6 0.015 1.1±0.6 NS 1.5±0.9 �0.001 1.1±0.6 NS

DL �mmol/l�
N:0.9–2�

1.8±0.4 1.5±0.4 0.003 1.5±0.4 0.001 1.4±0.3 �0.001 1.1±0.5 �0.001

DL �mmol/l�
N:3–4�

3.5±0.9 3.2±1 NS 3.4±0.8 NS 3.5±0.9 NS 2.6±1 �0.001

reatinin �mmol/l�
N:62–115�

86±12 84±12 NS 88±10 NS 91±14 0.009 96±49 NS

ST �IU/l�
N: 0–50�

24±8 31±16 0.002 24.1±8 NS 32±16 �0.001 60±33 �0.001

LT �IU/l�
N:0–60�

28±15 46±30 �0.001 25±11 NS 47±28 �0.001 35±26 NS

GT �IU/l�
N:0–55�

29±23 32±21 NS 34±37 NS 72±64 �0.001 130±127 �0.001

LK P �IU/l�
N:100–290�

131±33 147±38 NS 136±42 NS 134±49 NS 310±115 �0.001

otal bilirubin ��mol/l�
N:5–18�

12±5 11±5 NS 11±5 NS 13±5 NS 57±57 �0.001

a �mmol/l�
N:135–145�

141±2 141±2 NS 141±2 NS 141±2 NS 134±6 �0.001

a �mmol/l�
N:2.1–2.55�

2.4±0.1 2.3±0.1 0.002 2.3±0.1 �0.001 2.4±0.1 0.001 2.1±0.2 �0.001

erum iron ��M�
N: 12.5–25�

19.6±5.8 35.9±6.5 �0.001 20±9.1 NS 23±7.5 0.003 17.8±10.3 0.035
ournal of Biomedical Optics September/October 2009 � Vol. 14�5�054033-3
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artially absorbed at the interface following the attenuated
otal reflection rules. The optical signal is recorded at the out-
ut extremity of the fiber, providing the infrared single beam
pectra. A reference single beam spectrum was obtained “in
ir” before each sample analysis. A 10-�l serum sample drop
as then placed in physical contact with the fiber. Fiber was

hen removed from the serum sample and 100 scans were
cquired and summarized. Before a new sample analysis, the
ber was carefully washed using distilled water and a new air
pectrum was collected. To investigate the impact of the TAS
lass on the analysis, we performed two independent analyses
n the same sample but using two different glass fibers at two
ifferent dates.

.4 Discrimination Methods
partial least squares logistic �PLS logistic� method was used

o discriminate samples.20 The PLS logistic is an extension of
he multiple linear regression model, allowing the derivation
f multiclass decision rules and thus classification of data.21

his model was described for instance in Ref. 21, and it is
uch that the probability that a patient pi belongs to a group g
iven its recorded spectrum s is related to the linear predictor
��g by the logistic link

P�pi � g�S = s� =
exp�s��g�

1 + �k=1
Ng exp�s��k�

,

here Ng denotes the number of groups and the �g are param-
ters that are estimated by a penalized maximum likelihood
ethod. S denotes the value of the spectra for a set of wave

umbers ��1 , . . . ,�p�. In practice, no statistical feature selec-
ion is done in this analysis. The interpretation of this model
s: the larger s��g, the higher the probability for the patient pi
o belong to the group g. Here, s��g is a linear combination of
he values of the absorbance at the different wavenumbers.
/5 of the patients of each group were randomly selected to
reate the training group, which is used to estimate the param-
ter �= ��gj , j=0, . . . , p ,g=1, . . . ,Ng�. The PLS was run on
he whole transparency domain of the fiber, that is to say:
800 to 2800 and 1800 to 850 cm−1. The diagnosis given by
he physician and resulting from the clinical, biological, and
maging procedures used in a context of good medical prac-
ice was used as gold standard.

Table 1

CONTROL
N=140

GH
N=29 pA

D
N

ransferrin saturation
�N: 23–45�

33.7±10.9 77.7±14.5 �0.001 3

erritin ��g/l�
N: 55–345�

174±169 1168±1373 �0.001 3

S-CRP �mg/l�
N�5�

2.1+−4.6 2.2+−2.7 NS 4

b �g/dl�
N:14–18�

14.6±1.2 14.7±1 NS 1
ournal of Biomedical Optics 054033-
The 2 /5 remaining patients were then considered as a test
set to validate the classification algorithm. Each test spectrum
was introduced in the fitted PLS-logistic model to return the
probability of the corresponding patient to belong to each
group. The patient was then classified within the group with
the highest probability, and the predicted group is compared
to the true group of the patient. To validate regression models,
it is usual to perform cross-validation. Two approaches can be
considered: the leaf-by-leaf validation and validation on the
basis of a test sample that is randomly chosen on the basis of
all observations. The advantage of the second approach is that
it allows inferring on the robustness of the classification
method by repeating the validation with several random test
samples. Therefore, the discrimination analysis was repeated
ten times with distinct training and test groups that were ran-
domly selected from the different groups and expressed re-
sults that correspond to the means.

Training and analysis were performed either with the five
groups of patients, or using only two groups: the control
group of healthy subjects and one group of diseased patients.
The PLS-logistic method was also used to compare males and
females. All computations, analyses, and graphics are ex-
ecuted with programs developed in Matlab v6.5 and Excel.

To investigate if some wavelengths have an important
weight in the discriminant analysis, we evaluate the discrimi-
nant power by multiplying each standardized absorbance sj by
the parameter �1j of the logistic model. In practice, the
weights are close to zero when the absorbance at the corre-
sponding wavelength is not discriminant, and are large �in
absolute value� if it is discriminant.

2.5 Statistical Analysis
Results of classical biochemical tests are expressed as
mean�standard deviation �SD�. SPSS statistical analysis
was performed by using the nonparametric Mann-Whitney
test. The performance of the two groups of PLS-logistic clas-
sification was analyzed using the construction of receiving
operating characteristic �ROC� curves and by the calculation
of the area under the ROC �AUROC� using programs devel-
oped in Matlab. The ROC curve is a graphical plot of the
sensitivity versus �1−specificity� for a binary classifier sys-
tem as its discrimination threshold is varied. The cutoff of the
regression score was identified through the calculation of the

tinued.�

pA
DYSH
N=67 pA

AC
N=58 pA

7.2 NS 39.7±15.4 0.019 44.8±30.9 NS

�0.001 678±263 �0.001 410±545 NS

0.6 0.018 2.3+−2.5 0.01 16.5+−19.8 �0.001

.2 NS 14.9±1.1 NS 11.5±1.8 �0.001
�Con

GH
=37

7.1±1

7±76

.1+−1

4.3±1
September/October 2009 � Vol. 14�5�4
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ighest Youden index �sensitivity+specificity-1�, which
ives a global index on the global performance of the test.22

he performance of the five groups’ PLS-logistic classifica-
ion cannot be represented using ROC curves and is thus il-
ustrated by a confusion matrix of classification as indicated
n Table 2.

Results
.1 Bioclinical Findings
linical and biological findings are indicated in Table 1. All

he findings were in accordance with those previously re-
orted in the literature and are characteristic of the different
roups of patients.

Table 2 Confusion matrix for the five studied g
patients groups, were included in a global stud
group using FEWS analysis compared to the bio
corresponding to the mean of ten runs. The two in
presented: the first number corresponds to the fir

DGH

Bioclinical
classification

DGH 30-50

GH 25-30

DYSH 10-05

AC 10-00

CONTROL 15-10
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ig. 1 Typical FEWS spectrum. This spectrum was obtained from 10-�
f absorbance of biomolecules. The overall spectra was used for disc
H of lipids. Region C: proteins amide I and II bands. Region D: fatty
3

ournal of Biomedical Optics 054033-
Untreated genetic hemochromatotic patients were charac-
terized, as expected, by an increase of all the serum iron pa-
rameters �serum iron, transferrin saturation, and ferritin� com-
pared to healthy volunteers.23 In addition, they presented: 1. a
slight but significant decrease of albumin, transferrin, alpha2
and beta-globulins, cholesterol including both HDL and LDL,
and calcemia; and 2. a slight increase of glycemia, triglycer-
ides, AST, and ALT.

Iron depleted genetic hemochromatosis normalized their
iron parameters as expected23 and in addition exhibited per-
sistent decrease of albumin, transferrin, and beta-globulins, as
well as of HDL cholesterol and calcemia. The glycemia re-
mained high, and AST was found decreased as compared to
the control group. The hypoferritinemia was related to the fact

The whole population, i.e., the five control and
aimed at addressing each patient to the correct
l standard. Results are expressed in percentage
dent analyses gave similar results which are both
ysis and the second one to the second analysis.

FEWS classification

H DYSH AC CONTROL
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hat the completion of iron depletion was judged on a drop of
erritinemia, which reflects the iron stores24 and therefore the
fficiency of the iron depletive treatment.

In the DYSH patient group, the level of a large number of
arkers of protein, glucose and lipid metabolisms were sig-

ificantly different from those found in the control group,25

ut the modulation remained moderate compared to those
ound in the cirrhotic group of patients. In addition, patients
resented an increase of ferritin protein, reflecting an increase
f iron stores.

The alcoholic cirrhotic patient group exhibited the most
mportant metabolic disturbances in terms of both number and
everity of affected parameters. The only parameters that were
ot distinct from the control group were: beta-globulins, trig-
ycerides, creatinine, ferritin, ALT, and transferrin saturation.

.2 Fiber Evanescent Wave Spectroscopy
Mid-Infrared Spectra

he mid-infrared spectral domain encompasses the
50 to 4000 cm−1 range. Attribution of absorbance bands has
een previously reported.8 Absorbance related to the serum
amples �Fig. 1� are essentially found between 3600 and
800 cm−1 as well as between 1700 and 900 cm−1. The pres-
nce of functional groups present in proteins was revealed
etween 3100 and 3600 cm−1 for NH amide A and 1200 and
700 cm−1 for the amide I, II, and III, respectively. The lipid
bsorption bands show up at 2800 to 3100 cm−1 and
400 to 1740 cm−1 due to the presence of methylene and me-
hyl C–H bonds and the triglycerides and phospholipids
vO ester bonds, The glucids C–O–C vibrations show up

etween 900 and 1200 cm−1. Despite the possibilities of dif-
erences from one spectrum to another, visual analysis of
pectra did not permit us to discriminate patients regarding
he disease. However, the PLS-logistic model allows discrimi-

ig. 2 Discriminating spectral domains. The figure displays a typical
IR spectrum acquired from blood samples. Superimposed to this

pectrum, the statistical weights �g are featured both by the symbol
izes of the spectral curve and, for better visibility, by an histogram
xhibiting the relative values of �g. This histogram clearly emphasizes
hat the discrimination between groups is based on a global signature,
hich encompasses spectral domains reflecting as a whole lipids,
roteins, and sugars.
ournal of Biomedical Optics 054033-
nating of the spectra thanks to the weights �g applied to the
spectrum’s values at the critical wave numbers. Figure 2
shows that the discrimination method between the different
groups is based on a global signature encompassing lipids,
proteins, and sugar spectral domains. Despite the fact that
some wavelengths strongly contribute to the analysis, the best
results are obtained using the whole spectra.

3.3 ROC Curves
To express results obtained from the PLS-logistic model,
ROC curves were plotted �Fig. 3�. The faster the ROC curve
climbs toward the upper left-hand corner of the graph, the
more the discrimination method is efficient. We observe that
the proposed method was particularly efficient for the cir-
rhotic and DYSH patients, while its performance for the other
patients was inferior. The area under ROC curves �AUROC�
was computed to assess overall performance of our experi-
ments. AUROC values, averaged from 10 PLS-logistic runs
on the same sample, were 0.94�0.05 for cirrhotic patients,
0.90�0.06 for DYSH patients, 0.71�0.10 for iron-depleted
hemochromatotic patients, and 0.64�0.11 for untreated
hemochromatotic patients. Sensitivity, specificity, and positive
and negative predictive values, determined using the optimum
Youden index, are reported in Table 3. The second set of
analysis gave similar results.

It is noteworthy that we were unable to discriminate be-
tween male and female in the validation group.
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Fig. 3 ROC curves for patient classification using PLS regression. The
line represents the average of ten runs for which the training group
�3/5 of patients� and test group �2/5 of patients� were randomly se-
lected. �a� Iron desaturated genetic hemochromatotic patients �DGH�
and control patients. �b� Iron overloaded genetic hemochromatotic
patients �GH� and control patients. �c� Alcoholic cirrhotic patients
�AC�. �d� Patients with dysmetabolic hepatosiderosis �DYSH�. The cor-
responding AUROC are indicated on graphs. Standard deviations ob-
tained from the ten runs are indicated on the graphs.
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.4 Patient Discrimination between Groups
o investigate the possibility to correctly address the patient

n a more complex situation, we used the PLS method on the
hole population. Results are reported in Table 2. We found

hat both controls and cirrhotic patients of the test group were
orrectly classified with success scores of 70 and 75%, re-
pectively. Accurate classification was found in 55 to 75% of
he cases for dysmetabolic hepatosiderosis patients, whereas

ost of them were not correctly classified in both hemochro-
atotic patient groups.

Discussion
ost systemic diseases lead to the development of metabolic

onsequences, which in turn expose patients to the develop-
ent of complications that engage functional or vital progno-

is. Such metabolic consequences, which are the direct con-
equence of cellular metabolism alterations, can be detected
n plasma and/or serum.

However, to date, each metabolic abnormality is searched
hrough the quantitative assessment of individual biochemical
arameters, including the evaluation of the different glucid,
ipid, and protein species.1,2 This clearly implies that the phy-
ician must a priori hypothesize that one or more specific
iochemical parameters are altered in the patient. In addition,
urrent biochemical procedures explore only the serum com-
onents that have been previously characterized, and most of
he biochemical tests do not provide qualitative assessment of
iomolecules. Thus, during chronic alcoholism in absence of
irrhosis, the transferrin protein level is not altered, whereas
n alteration of the glycosylation process, not evaluated by
outine test, can be found.26

The quantification of combined known biological species
uantification has been proposed to classify diseases such as
lzheimer disease27 and liver fibrosis stage.28,29 In addition,

he development of new methodologies giving wide overview
f metabolic profiling could be useful for diagnosis and has
een proposed through the use of technologies devoted to
etabolome characterization. Thus, surface-enhanced laser

esorption ionization time of flight �SELDI-TOF� technology
rovides new hope. Indeed, this technology gives the oppor-
unity to obtain more global information by providing peptide
rofiles that are supposed to reflect the pathological state by
he modification of ratios between the different peaks �re-

Table 3 Performance of FEWS, as clinical predic
cutoff of the regression score, which correspond
DYSH: dysmetabolic hepatosiderosis; DGH: iron
netic hemochromatosis; Se: sensitivity; Sp: spec
curve; and CI: confiance interval�.

Cutoff Se �95%CI� Sp �9

Control versus AC 0.5 86±13 84±9

Control versus DYSH 0.5 87±13 87±8

Control versus DGH 0.5 68±23 68±1

Control versus GH 0.6 43±28 80±1
ournal of Biomedical Optics 054033-
views in Refs. 30 and 31�. However, even though this tech-
nology is promising, the obtained information is only partial
because the profiling is restricted to low molecular weight
peptides �hence excluding most proteins� and, in addition,
does not reflect the glucid and lipid metabolisms that can
provide valuable information. In addition, some pitfalls re-
quiring improvement of the methodology have been
identified.32 Taken altogether, it appears that the acquisition of
global metabolic profiling through the SELDI-TOF method is
time and cost consuming and not exhaustive.

Alternatively, the single shot acquisition of a global meta-
bolic profiling could therefore be useful to improve patient
care. The use of spectroscopy has been proposed to evaluate
fingerprints in biomedia.8

Thus, on one hand, near-infrared spectroscopy that ex-
plores wavelengths comprised between 12500 to 4000 cm−1,
and allows the investigation of harmonic and combinatory
vibrations of C–O, C–H, and N–O is proposed to characterize
biological samples. NIR spectroscopy is used to measure oxy-
genation of tissue �review in Ref. 33� and has been reported
useful for other applications such as evaluation of water con-
tent, tumoral process in diseased skin,34,35 and of coronary
artery plaque vulnerability.36

On other hand, the MIR domain �review in Ref. 8� ex-
plores the 850 to 4000 cm−1 wavenumber domain, and gives
more global information due to the fact that the IR absorption
in this domain reflects the fundamentals of the vibrations of
the biomolecule functional groups present in complex biologi-
cal fluids. Moreover, the location of specific peaks related to
one specific chemical group may be altered by the presence of
other molecules and/or functional groups.7 Therefore, the
spectra acquired in the MIR domain give access to multiple
peaks representing a large number of functional groups
present in proteins, lipids, and glucides. However, the OH
vibration peak of water, always found in samples, overlaps
with some bands, including amides bands. Despite this poten-
tial limitation, and taking advantage of the physical properties
of the light diffusion within the TAS optic fiber, we decide to
test the usefulness of the MIR FEWS approach to search for
discriminating metabolic profiles by analyzing human serum
samples with various metabolic diseases.

IR TAS glass fiber light transmission permits us to take
advantage of the evanescent wave that propagates all along

luated in the test groups. Values are given for the
highest Youden index. �AC: alcoholic Cirrhosis;

ted genetic hemochromatosis; GH untreated ge-
PV: predictive value; AUROC: area under ROC

Youden
index

Positive
PV

Negative
PV AUROC �95% CI�

70 79.5 92 0.94±0.05

74 85 92 0.90±0.06

36 40 85 0.71±0.10

23 40 86 0.64±0.11
tor, eva
s to the

deple
ificity;

5%CI�

2

0
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he fiber,16,37–43 and thus to perform FEWS. The general prin-
iple of this remote spectroscopy has already been
escribed,44 but for the first time here it is applied to a large
cale medical study. Thus, the present work converts MIR
EWS into a technology with potential interest for the physi-
ian. The following points are essential to explain the sensi-
ivity of our FEWS spectra compared to the classical way of
ollecting MIR spectra, by transmission or using an ATR
late. First, the recent development of tapered glass fiber ex-
ibiting a diameter smaller than 100 �m on the sensing zone
rastically increases the intensity of the evanescent wave
ropagating along the fiber, amplifying then the optical cou-

ling interaction with the serum.16,19,45 Second, the hydropho-
ic behavior of the covalent chalcogenide glasses enables us
o emphasize the infrared signal absorbed by the biological

olecules to the detriment of the invasive signal of water,
hich is the main medium in the serum.41

To validate the interest of this method, we have explored,
y comparison with a normal group, patients with chronic
iver diseases. Such diseases are known to have a potential
mpact on serum biochemical parameters, as illustrated in
able 1. This is related to the central role that the liver plays

n the control of major metabolisms. Thus, as expected, GH
mpacts mainly the serum iron parameters but may also have
ther slight biochemical impacts on other parameters. The se-
um iron parameters were normalized after iron depletive
reatment in the treated GH group. In the cirrhotic group, the

ajor hepatic dysfunction affects most of the biochemical pa-
ameters studied. Finally, DYSH is mainly associated with
isturbances in lipid �triglycerids and HDL cholesterol� and
lucid metabolism, but also with increased iron stores re-
ected by ferritin increase. Therefore, we were expecting that
EWS-IR spectroscopy could discriminate these situations

hat differ by the metabolisms involved and the severity of the
isease.

The sole inspection of individual spectra did not allow
dentifying abnormalities that characterize a particular patho-
ogical state. Therefore, we used supervised classification
ased on PLS-logistic regression to discriminate spectra and
hen patients. The obtained results may be improved in the
uture if the signal-to-noise ratio �SNR� could be increased.
OC curves demonstrate that applying the algorithm obtained

n the training group by comparing each pathological group
ith the control group allowed us to correctly classify most of

he cirrhotic patients as well as those presenting dysmetabolic
epatosiderosis. This is likely related to the presence of sig-
ificant metabolic alterations found in these two groups of
atients, especially in cirrhotic patients for which the number
f altered parameters and the intensity of the modulation,
ompared to normal values, are major. Indeed, alcoholic cir-
hotic patients in our study presented severe hepatic dysfunc-
ion with multiple biochemical alterations including proteins,
lucids, and lipids. Patients with dysmetabolic hepatosiderosis
lso exhibited metabolism alterations especially involving lip-
ds and glucids parameters, but the relative difference com-
ared to normal values is lower, and a more reduced number
f parameters related to proteins is affected �Table 1�. At vari-
nce, we were not able to correctly classify iron saturated or
epleted hemochromatotic patients despite alterations and
ournal of Biomedical Optics 054033-
which are known to induce oxidative stress toward biomol-
ecules in iron saturated groups.46

Whether the small but significant difference of age in cir-
rhotic and dysmetabolic patients, which are older than those
in the three other groups, may have an impact on the
FEWS-IR analysis needs to be discussed. Considering that: 1.
within the biochemical parameters usually evaluated in serum
most of them are not influenced by age, and the normal range
is not affected by age in the adult population, except for lipid
metabolism, for which normal values are only very slightly
different with age in adults,47 and 2. such modulations are
extremely moderate regarding the intensity of alterations
found in biochemical parameters in cirrhotic and dysmeta-
bolic groups, they could only have a slight impact on the
analysis. In addition, it is noteworthy that the best perfor-
mance of the analysis is obtained when the entire spectrum is
considered, and not only one or some specific wavelength that
could only reflect parameters related to a single metabolism.
This last point clearly underlines the global investigation that
FEWS-IR analysis permits.

The previously described procedure, based on the compari-
son between one pathological group and one control group,
implies that the physician hypothesizes one diagnosis for the
patient. However, in most cases, the diagnostic hypothesis is
less precise and more than one diagnosis can be evoked. To
test the possibility to classify a given patient among a panel of
possible diseases, we tested our capacity to correctly identify
the cirrhotic and dysmetabolic patients among the five pos-
sible groups. Despite that common metabolic abnormalities
can be found in the different groups, such as glucid and lipid
alterations in both cirrhotic and dysmetabolic patients, we
were clearly able to discriminate these patients. This is likely
related to the fact that the spectral analysis gives a large num-
ber of data, thus performing true metabolic profiling �Fig. 2�,
characteristic of each situation.

In conclusion, our results suggest that the concept of the
metabolic profiling using IR-FEWS could be a way to inves-
tigate diseases having metabolic consequences in patients.
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