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Analysis of biofluids in aqueous environment based
on mid-infrared spectroscopy
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Abstract. In this study we describe a semiautomatic Fourier transform
infrared spectroscopic methodology for the analysis of liquid serum
samples, which combines simple sample introduction with high
sample throughput. The applicability of this new infrared technology
to the analysis of liquid serum samples from a cohort of cattle natu-
rally infected with bovine spongiform encephalopathy and from con-
trols was explored in comparison to the conventional approach based
on transmission infrared spectroscopy of dried serum films. Artifical
neural network analysis of the infrared data was performed to differ-
entiate between bovine spongiform encephalopathy-negative controls
and animals in the late stage of the disease. After training of artifical
neural network classifiers, infrared spectra of sera from an indepen-
dent external validation data set were analyzed. In this way, sensitivi-
ties between 90 and 96% and specificities between 84 and 92% were
achieved, respectively, depending upon the strategy of data collection
and data analysis. Based on these results, the advantages and limita-
tions of the liquid sample technique and the dried film approach for
routine analysis of biofluids are discussed. © 2005 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.1917844]
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1 Introduction
Biological fluids~blood, serum, synovial fluid, amniotic fluid!
are ideal candidates for diagnostic analyses, because bi
chemical changes associated with numerous kinds of diseas
influence their composition and since they can easily be iso
lated from the body. Therefore body fluids are routinely ana-
lyzed by clinical chemists to attain information on pathologi-
cal processes. For many pathological conditions, howeve
there is no single analyte which alone is predictive for the
presence or the stage of a disease. Instead, complex chang
in fluid composition involving many chemical species are the
more general case. Diagnostic approaches that are able to d
tect many or even all biochemical species at the same time a
vibrational spectroscopic techniques, infrared~IR! and Ra-
man. The vibrational spectrum of a biological fluid is the su-
perposition of all vibrationally active components weighted
with respect to their concentration. As a consequence of th
complex spectra obtained by IR or Raman methodologies
sophisticated techniques of spectral data analysis are ofte
required to extract diagnostic relevant information. Moreover
biological fluids contain mostly water. This is of little conse-
quences for other techniques, but important for IR spectros
copy due to the high water absorptivities in the mid-IR region.
Thus, IR spectra of biological fluids are dominated by water
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absorptions, with weak features from the dissolved spe
superimposed on the strong water absorption bands.

Drying the sample to form a film disk on an infrared
transparent sample carrier material suitable for absorba
transmission measurements aids to overcome this problem
approach often used in infrared clinical chemistry.1–4 This
procedure preserves the relative abundance of each IR a
constituent in the fluid, but the sample integrity is lost. T
latter prevents, e.g., to probe biochemical events ongoin
the original sample. In addition, the distribution of the co
stituents over the sample area of the dried film may va
Moreover, control of the drying process and of stable envir
mental conditions is mandatory because the spectral feat
of many IR absorption bands may be affected by change
the relative humidity of the film. Another sampling techniqu
used to obtain IR spectra of biofluids is attenuated total
flection ~ATR! spectroscopy.5 For ATR measurements, th
sample is prepared on the surface of an IR-transparent cry
and the IR beam is guided through the crystal in such a w
that a few total reflections take place at the surface. Since
IR beam provides an evanescent wave entering into the
dium of lower refractive index~i.e., the biofluid!, the deposi-
tion of IR absorbing matter on the crystal surface causes
IR light to be partially absorbed. The penetration depth of
IR radiation in this arrangement is dependent on the wa
length and may be up to a few micrometers. The measure
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Fabian, Lasch, and Naumann: Analysis of biofluids in aqueous environment . . .
spectrum thus contains only information on a very thin layer
of the sample that is in close proximity to the surface of the
crystal. This allows a spectrum of a sample in water to be
obtained relatively easily, without much interference from IR
absorption of bulk water. Detrimental to practical use, surface
adsorption of proteins to the ATR crystal, however, may sig-
nificantly change structure and spectra of analytes. Th
amount of the adsorbed molecules varies widely depending o
the specific protein.6 Since the ATR technique samples pref-
erentially the molecules close to the crystal surface, the con
tribution of those molecules to the absorbance measured ma
not be negligible. Moreover, data interpretation is more com
plex in ATR ~e.g., due to the wavelength dependence of the
penetration depth! than in transmission spectroscopy. Beyond
that, ATR crystals are expensive and not easy to clean optica
materials.

An alternative approach, that can be used to bring the
strong water absorption into an absorbance range, which
low enough in the mid-infrared region that solute absorptions
may be recovered by subtracting the spectrum of the aqueou
medium, is to use transmission cells with optical path lengths
of only 5–8mm.7,8 However, such short path lengths limit the
intensities of the IR bands of interest. Consequently, relatively
high sample concentrations are required for the measuremen
Blood serum samples represent highly concentrated solution
of biomolecules and, thus, are well suited for IR transmission
spectroscopy. Here, we present a semiautomatic analytic
technique, which allows to carry out transmission IR spectros
copy of serum~and other biofluids! in aqueous environment.
To demonstrate the performance of this approach, we re
corded IR spectra of liquid bovine serum samples from a co
hort of bovine spongiform encephalopathy~BSE!-positive
cattle and from BSE-negative control cattle. In parallel, spec
tra of the identical sera were collected by using the dry film
technique. The infrared data were analyzed by artifical neura
network ~ANN! methodologies in order to differentiate be-
tween samples originating from BSE-positive and BSE-
negative cattle. The advantages and limitations of the liquid
and the dried film approach are discussed in the contex
of a mid-IR spectroscopy-based routine method for biofluid
analysis.

2 Materials and Methods
2.1 Sample Preparation
Serum samples from cattle were obtained from the Veterinar
Laboratory Agency~VLA !, Weybridge, U.K., and from BSE-
negative cattle from the Federal Animal Research Cente
Braunschweig, Germany. All BSE-positive samples were ob
tained by the VLA and originated from cattle that had been
tested to be BSE-positive by histopathological examination o
immunocytochemistry methods. Serum was stored at280 °C.
Sample storage and handling was done in aL3xx laboratory.
After thawing, the serum samples were warmed to room tem
perature, and filtered through disposable high performanc
liquid chromatography~HPLC! sample microfilters of 0.5mm
porosity to remove particles prior to injection into the flow-
through IR cuvette. In parallel, a small portion of each filtered
serum sample was stored at280 °C for subsequent measure-
ments as dried film samples. For this purpose, after re
thawing ;2.6 ml of each sample were pipetted onto each of
031103Journal of Biomedical Optics
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three different ZnSe windows of a multisample cuvette a
allowed to air dry for 15 min at 37 °C. The cuvette was he
metically sealed with a KBr window and then transferred
the Fourier transform infrared~FTIR! spectrometer. Each
multisample cuvette carried up to 15 samples.9

2.2 FTIR Spectroscopy
Infrared spectra were recorded with an IFS 28/B FTIR sp
trometer ~Bruker Optik GmbH, Ettlingen, Germany!. For
measurements of the liquid samples, a liquid-nitrogen coo
broadband mercury cadmium telluride~MCT! detector was
utilized that allowed, in combination with an optical cuto
filter, to obtain IR spectra with very high signal-to-noise ra
in the region between 1000 and 3100 cm21. The measure-
ments of the dried film spectra were performed in transm
sion using a deuterated triglycine sulfate~DTGS! detector,
which in contrast to a MCT detector can operate without l
uid nitrogen cooling. Moreover, DTGS detectors have the
vantage of an extended linear range~i.e., are linear at higher
absorbance values than MCT detectors! and thus may be the
detector of choice for dried film measurements under cer
conditions. For each sample, 128 interferograms were
added and Fourier transformed to yield spectra with a nom
resolution of 4 cm21. Typically, three replicate samples wer
measured for each serum specimen. The sample chamber
optics were purged with dry air in order to keep the wa
vapor level constantly low.

2.3 Data Pre-Processing and Analysis
Rough data pre-processing of the IR spectra~calculation of
derivatives or mean spectra! was performed applying routine
of theOPUSIR software package~Bruker Optik GmbH!. Data
pre-processing for ANN analysis, network training, and cla
sification was performed by using Synthon’s NeuroDevelo
software package specifically designed for ANN analysis
infrared spectral data~Synthon GmbH, Heidelberg, Ger
many!. Data pre-processing included tests for spectral qua
calculation of second derivatives~Savitzky-Golay algorithm,
five smoothing points!, vector normalization in the spectra
region 2820–2985 cm21, and averaging three adjacent da
points. After defining spectral windows, the spectral inform
tion from these regions was used for feature selection~for
details see Ref. 10!. For ANN analysis the data were split int
subsets for teaching, internal and external validation. Spe
of the three independent measurements on each sample
always grouped such that they appeared in only one of
corresponding subsets. The calculation of the so-called ‘‘
ferentiation indices’’~D values! and the signal-to-noise~S/N!
ratios was carried out by usingMATLAB -based software devel
oped in-house~The MathWorks, Natick, MA, USA! on the
basis of the second derivatives~Savitzky-Golay algorithm,
five smoothing points! of the IR spectra.

2.4 Mass Spectrometry
For matrix-assisted laser desorption/ionization time-of-flig
~MALDI-TOF ! mass spectrometry, the sera were dilut
1003 by water, 1:1 mixed with matrix solution~50 mM sina-
pinic acid in acetonitrile/trifluoroacetic acid mixture!, and
then spotted on a stainless steel target plate supplied
Bruker Daltonics. The mass spectra were acquired using
-2 May/June 2005 d Vol. 10(3)
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Fabian, Lasch, and Naumann: Analysis of biofluids in aqueous environment . . .
Fig. 1 (a) IR spectrum of bovine blood serum (solid line) and of water
(dashed line). (b) Difference spectrum generated by subtraction of the
spectrum of water from the spectrum of serum.
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Autoflex MALDI-TOF mass spectrometer~Bruker Daltonics
GmbH, Bremen, Germany!. Typically, each spectrum repre-
sents an average of 100 laser shots.

3 Results and Discussion
3.1 An Apparatus for Measurements of Liquid
Samples with Simple Sample Introduction and High
Throughput
Flow-through cells with Luer-lock fittings,CaF2 windows,
and spacers covering path lengths of 6–10mm are often used
for IR transmission measurements of aqueous samples. The
cells are commercially available, but have some disadvan
tages in their practical use. They are typically difficult to clean
and to fill without accidentally trapping air bubbles at the
windows. To circumvent these problems, we used custom
made IR cells of a different design, which consisted of a flat
cover disk ~made ofCaF2) and a second disk of the same
material, with the center deepened to form a recessed parall
surface surrounded by a trough.7,8 To seal the cell, the cover
disk was then pressed onto the sample disk which containe
the solution or suspension. Depending upon the diameter an
the depth of the recessed surface of the window~i.e., the path
length of the cell!, only a few microliters were required to fill
the cell. This type of cell can very easily be filled with a
sample solution, assembled and disassembled, and clean
between measurements. Figure 1 shows a representative
spectrum of bovine serum measured in such a custom-mad
IR cell with a path length of;6 mm. Comparison with the
spectrum of water measured in a matched second cell o
slightly lower path length, which takes into account the
slightly lower water concentration in the serum sample, dem
onstrates that water contributes significantly to the IR spec
trum of serum. The major water absorptions in the mid-IR
region are due to the O-H stretching vibration centered nea
3400 cm21 and the H-O-H bending vibration near 1645 cm21.
The intense absorption below 1000 cm21 arises primarily
from theCaF2 windows of the IR cell. The IR spectrum of the
sample after digital subtraction of water reveals the characte
istic infrared bands of the serum sample. The major absorp
tion features of the spectrum are attributed to proteins~e.g.,
031103Journal of Biomedical Optics
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amide I centered at 1653 cm21 and amide II at 1548 cm21!.
Because IR spectroscopy is an averaging technique, the a
absorptions in the serum spectra contain contributions fr
all the proteins of the serum. As such, it is very difficult, if n
impossible, to assign specific amide I absorptions to cha
teristic secondary structures of any particular protein with
the mixture. However, from the frequency maxima of t
amide I and II bands it is possible to infer that the seru
spectrum shown in Fig. 1 is dominated by proteins w
mostly a-helical conformation.7,11

Although the use of the custom-made IR cells allowed
to obtain high-quality IR spectra of biofluids, this approach
not very efficient for large-scale measurements of samp
Thus, we have designed an apparatus that combines si
sample introduction with high sample throughput for lar
scale series measurements of different liquid samples. A s
matic diagram of the apparatus is shown in Fig. 2. The co
mercially available principle elements of the system are
HPLC pump model 1100~Agilent Technologies, Palo Alto,
CA, USA!, an Agilent 1100 series manual injector with
Rheodyne 7-port sample injection valve~model 7725, Rheo-
dyne LP, Cotati, CA, USA!, a cheminert valve model C2
1/169 ~Valco International, Switzerland!, and a flow-through
cell AquaSpec AS 1100M~micro-biolytics, Freiburg, Ger-
many!. In front of the IR cell a bulk-head filter with a remov
able 2 mm screen~model ZBUFR1C 1/169, Valco Interna-
tional! is mounted, which allowed us to remove possib
residual particulate matter from the samples and, thus
minimize the danger of damage of the expensive hardw
~AquaSpec cell!. The AquaSpec cell is a specially design
microfabricated flow-through cell with a spacer from a seal
material of defined elasticity, which ensures high-pressure
bility and fast relaxation for a constant effective samp
thickness.12,13 Both, the form and the thickness of the spac
can be customized to fit the experimental requirements. T
cal path lengths for our experiments were in the order
6–8.5 mm. Valve switching, triggering of sample injection
and control of HPLC pump were synchronized by means
the microcomputer of the pump. To start a measurement, r
ing of the flow cell with distilled water is stopped, and
background spectrum of the cell filled with water is recorde
At the same time, the sample loop of the injection port
filled manually with sample@Fig. 2~A!#. To bring the sample
solution into the flow, the injection port is switched manua
into the injection position@Fig. 2~B!#. After a defined time, a
trigger signal is sent to the stop/flow valve to stop the flo
through the IR cell after proper filling of the IR cell with th
sample@Fig. 2~C!#. After releasing the pressure, the spectru
of the sample solution is measured. During the measurem
the sample injection port can be switched back to its init
position and refilled for the next measurement. In order
rinse the system with water, the stop/flow valve is switch
back to its initial position after the measurement.

3.2 IR Spectroscopy of Blood Serum Samples
Typical mid-IR spectra of two serum samples measured a
liquid ~traces a and a8! and as a film dried onto a ZnSe win
dow ~traces b and b8!, respectively, are shown in Fig. 3. Se
rum, derived from plasma with clotting factors removed, co
tains 60–80 mg of protein/ml in addition to small molecul
including lipids, amino acids, sugars, and salts.14 As a conse-
-3 May/June 2005 d Vol. 10(3)



Fabian, Lasch, and Naumann: Analysis of biofluids in aqueous environment . . .
Fig. 2 Schematic diagram of the apparatus developed for series measurements of biofluids. (A) Injection port in fill position, stop/flow valve in flow
position. (B) Injection port in inject position, sample is transported into the flow cell. (C) Stop/flow valve in stop position, sample is measured.
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quence, the IR spectra of sera are dominated by the absor
tions of the protein constituents, with spectral features o
other molecular species superimposed upon the protein a
sorption profile. The prominent band in the range 1600–1700
cm21 ~amide I! arises primarily from the CvO stretching
vibrations of all the amide groups. This band is a sensitive
indicator of protein secondary structure.7,11 The amide II
~N–H bending and C–N stretching vibration, which occurs
between 1520 and 1560 cm21! and amide III~C–N stretching
and N–H bending, which occurs in the range 1220–1320
cm21! may also provide conformational information. In addi-
tion to these bands arising from the protein backbone, band
due to amino acid side chains are also seen, for example
1400 cm21 ~symmetric stretching vibration of carboxylate
groups!. The range 1000–1200 cm21 contains infrared bands
associated with stretching vibrations of carbon–carbon an
carbon–oxygen single bonds, such as those present in suga
-
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or carbohydrates. Lipids also give rise to a number of abso
tions in IR spectra. The most intense of these absorptions
found in the range 2800–3000 cm21, attributed to asymmetric
and symmetric stretching vibrations ofCH3 andCH2 groups
of the acyl chains. The latter region also contains the co
sponding stretching vibrations from amino acid side chains
the proteins.

Figure 3 also illustrates that the infrared features of;2.6
ml serum measured as a film dried onto an IR-transpar
window are;203 more intense than those of the same ser
measured as liquid in a flow-through cuvette of;8 mm path
length. Moreover, varying absorbance values indicate va
tions in film thickness between the two dried samples~see
traces b and b8 in Fig. 3!. In case of the liquid technique thes
variations are much less pronounced, as indicated by alm
identical traces a and a8 in Fig. 3. The liquid technique al-
lowed us to obtain highly reproducible IR spectra of seru
such as that illustrated in Fig. 4~A! for three independent mea
surements of a given serum sample. Only minor differen
between these measurements are indicated by the corresp
ing infrared difference spectra@Fig. 4~B!#. The negative fea-
tures above 3000 cm21 and in the amide I region of the serum
spectra after subtraction of water@Fig. 4~A!# indicate a slight
overcompensation of the water absorption bands. This is
to the identical path length of the IR cell used to obtain t
spectra of water and serum, which prevents a perfect com
sation of the water absorption bands. The corresponding n
tive spectral features are not seen when using matched
cells of slightly different path lengths@see Fig. 1~b!#.

For quantification of the reproducibility, the so-called ‘‘di
ferentiation indices’’D of pairs out of three independent me
surements of a serum were calculated by the equationD
5(12a)1000, where a is the so-called Pearson’s produc
momentum correlation coefficient.15 The calculatedD values
for selected spectral regions of the IR spectra of the sera
shown in Table 1, which illustrates that the reproducibil
varies as a function of the spectral region selected. The an
sis of the amide I region revealed very lowD values of 0.3
Fig. 3 Comparison of IR spectra of two blood serum samples mea-
sured as a liquid (a and a8, bottom traces) and as a film dried onto a
ZnSe window (b and b8, top traces).
-4 May/June 2005 d Vol. 10(3)
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Fabian, Lasch, and Naumann: Analysis of biofluids in aqueous environment . . .
Fig. 4 IR spectra showing the reproducibility of the liquid sample
technique. (A) Overlaid IR spectra of three independent measure-
ments of a liquid serum sample in a 8 mm flow-through cell. (B) IR
difference spectra: (a) spectrum 1 minus spectrum 2; (b) spectrum 1
minus spectrum 3; and (c) spectrum 2 minus spectrum 3. Note that the
absorbance scale for the difference spectra in part B was expanded by
a factor of 10 compared to the scale in part A.
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~i.e., almost identical spectra! for the liquid spectra but almost
303 higherD values in the case of the spectra obtained by the
dry film technique. This is most likely due to variations of the
dry film thickness from sample to sample, which occasionally
yield amide I absorbance values even above 2, which in tur
may create problems in quantitative analysis due to nonlinea
ity of the DTGS detector at very high absorbance values. Jus
the opposite was observed for the spectral region 2800–310
cm21. In this region, the reproducibility of the weak spectral
features of the liquid serum samples is limited by the broad
and very strong O–H water absorption centered near 340
cm21. Comparable and very lowD values for both sampling
031103Journal of Biomedical Optics
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techniques were obtained when analyzing the informat
contained in the spectral range 1050–1500 cm21.

Another issue in this context is the S/N ratio of the spec
obtained by the two different approaches. In order to be a
to estimate this quantity, we have calculated the S/N ratio
the spectra of sera obtained by the liquid and the dry fi
technique. The data illustrate that the S/N ratio for the dr
film spectra was similar~in the amide I region! or approxi-
mately 43 higher~in the region 1350–1450 cm21! compared
to those of the liquid spectra~see rows four and seven i
Table 2!, despite the fact that the peak intensities of the c
responding IR bands were more than one order of magnit
higher in the case of the film spectra. Similar S/N ratios of
spectra obtained by the two techniques indicate that the s
tra of the liquid samples contained significantly less absol
noise than those of the dried films~see rows two and five in
Table 2!. The IR spectra of the liquid samples were record
using a liquid-nitrogen cooled MCT detector which, togeth
with optical filters, typically allowed us to obtain spect
of a much higher quality than those recorded with a DTG
detector.

Table 1 Quantification of reproducibility: Differentiation indices (D
values) of the IR spectra of the sera measured as liquid and as dry film,
respectively. Average D values and the corresponding standard devia-
tions have been calculated from the second derivatives of the spectra
in the amide I region (1600–1700 cm−1), the spectral region 1050–
1500 cm−1, and the CH stretching region (2800–3100 cm−1).

Spectral window
(cm−1)

Liquid samples
(D values)*

Dry samples
(D values)*

1600–1700 0.3360.09 8.8768.8

1050–1500 1.3160.16 1.6260.81

2800–3100 10.0062.14 0.6960.46
* D5(12a)1000, where a=Pearson’s product-momentum correlation

coefficient.
Table 2 Quantification of noise and signal-to-noise ratio of the IR spectra of sera measured as liquid and
as dry film, respectively. Mean values plus/minus standard deviations are given: (i) noise, (ii) amide I peak
intensity, (iii) maximum absorption in the region 1050–1500 cm−1 (nsCOO2 at 1400 cm−1), and (iv) S/N
ratio. The amide I peak intensities and the peak intensities at 1400 cm−1 were taken from the absorbance
spectra. To estimate the peak-to-peak noise in the spectra of the liquid serum samples placed in the
AquaSpec cell, we collected and processed the single beam ‘‘background’’ spectra and the single beam
sample spectra from one and the same sample. The same procedure was applied for the dried samples
deposited onto the ZnSe window of a multisample cuvette.

Liquid samples Dry samples

Noise, region 1600–1700 cm−1 (1.14060.227)31024 (1.81161.420)31023

Amide I peak intensity 0.11060.013 1.50060.353

S/N ratio, amide I region 9656223 8286677

Noise, region 1350–1450 cm−1 (1.98760.321)31025 (9.34562.160)31025

Peak intensity at 1400 cm−1 0.023660.0028 0.37860.092

S/N ratio at 1400 cm−1 11926238 404761355
-5 May/June 2005 d Vol. 10(3)
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Fig. 5 (A) Comparison of mean IR spectra (second derivatives) of 115
BSE-positive (solid line, a) and 108 BSE-negative (dashed line, a8) liq-
uid samples of sera, each sample measured in triplicate. Inset: com-
parison of the expanded amide I region. (B) IR difference spectra (BSE-
negative minus BSE-positive) of the second derivatives shown in (A).
In the top trace, the absorbance scale was expanded by a factor of 5.
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3.3 IR Spectra of Bovine Serum from Cattle Infected
with BSE and from Controls
The mean second derivative IR spectra obtained from the liq
uid sera of 115 BSE-positive animals and of 108 BSE-
negative controls, respectively, are shown in Fig. 5. We cal
culated the second derivatives to compensate for sma
baseline drifts within the spectra and for minor differences in
the solute-to-water ratio of the samples@Fig. 5~A!#. Only
small spectral differences were observed, most pronounced
the amide I region. A slightly more intense band centered a
1638 cm21 is observed in the mean spectrum of the BSE-
positive sera@see inset of Fig. 5~A!#, which results in a posi-
tive feature in the difference spectrum~BSE-negative minus
BSE-positive! @Fig. 5~B!#. Beside the amide I/II region, minor
spectral differences were also observed in the range 1000
1500 cm21. An amide I band centered at 1638 cm21 indicates
the presence ofb-sheet structures.7,11 Thus, a slightly more
intense band at 1638 cm21 suggests that there should be more
b-sheet proteins present in the sera of the BSE-positiv
animals.

The crucial step in transmission and manifestation of the
prion diseases is the conversion of benign cellular prion pro
tein exhibiting mainly ana-helical structure to the pathogenic
b-sheet rich oligomeric isoform.16 The IR feature at 1638
cm21, however, cannot be associated with the presence o
misfolded prion proteins in serum, because the prion protein
~which is not detectable in serum by the most sensitive west
ern blot assays available to date! would be well below the
detection limit of the IR technique. Blood serum is a complex
body fluid that contains various proteins ranging in concen
tration over at least 9 orders of magnitude. The major protein
031103Journal of Biomedical Optics
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constituents of serum include albumin(c;35– 50 mg/ml),
immunoglobulins, transferrin, haptoglobulin, an
lipoproteins.14 In addition to these major constituents, seru
also contains many other proteins that are synthesized
secreted, shed, or lost from cells and tissues throughout
body. Up to104 different proteins may be commonly prese
in serum, most of which present at fairly low relative abu
dance. The prion protein, if present at all in serum, wou
certainly be one of those very low abundance proteins. As
spectroscopy is an averaging technique, the amide absorp
in serum represent the mean of the amide absorption cha
teristics arising from all proteins in the serum, weighted a
cording to the concentration of each protein. It is therefo
impossible to attribute particular amide absorptions to in
vidual low-abundant proteins in serum. Thus, the small sp
tral differences between the mean IR spectra of sera of B
positive and BSE-negative are certainly not direc
associated with the presence of the prion protein. Rathe
seems that a majority of serum constituents is sligh
changed as suggested by the complex spectral difference
tern shown in Fig. 5~B!. Moreover, a detailed inspection o
the spectra of each individual serum revealed large variati
in the amide I/II region from sample to sample. Extreme ca
are shown in Fig. 6. For example, we obtained spectra of s
dominated byb-sheet proteins~band components at 1638 an
1690 cm21, dashed traces in A and B!. At the same time, we
detected sera whose spectra were dominated bya-helical pro-
teins~band component at 1655 cm21, solid traces in A and B!.

In order to understand the rationale behind the variation
the protein composition from serum to serum, a number
BSE-negative serum samples were examined by class
clinical serum protein analysis and by MALDI-TOF mas

Fig. 6 Comparison of the IR spectra (second derivatives) of two sera
(solid and dashed lines) originating from (A) BSE-negative and (B) BSE-
positive cattle. Characteristic spectral features of the proteins are
marked.
-6 May/June 2005 d Vol. 10(3)
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Fig. 7 MALDI-TOF mass spectra in the high mass range
(m/z 20 000–180 000) recorded from two BSE-negative sera. (A)
Spectrum of serum a, whose IR spectrum [dashed line in Fig. 6(A)]
was dominated by b-sheet structure features. (B) Spectrum of serum b,
which revealed pronounced a-helical features in its IR spectrum [solid
line in Fig. 6(A)].
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spectrometry. The MALDI-TOF mass spectra of two typical
sera, to give an example, revealed numerous spectral diffe
ences, most pronounced in the high mass range aroun
m/z 66 635and 147 827~Fig. 7!. These two mass peaks have
previously been assigned to serum albumin(m/z 66 635) and
immunoglobulin G(m/z 147 827).17 Albumin, whose struc-
ture is almost alla-helical, is the major serum protein,
whereas immunoglobulins~b-sheet rich proteins! belong to
the high abundance proteins in serum.14 The intense mass
peak aroundm/z 147 827 in spectrum a indicates that this
serum sample contains much more immunoglobulins than th
serum sample of spectrum b. In other words, the ratio o
031103Journal of Biomedical Optics
-
d

b-sheet toa-helical proteins is significantly different betwee
the two sera. The increased amount ofb-sheet proteins in
serum a of Fig. 7 correlates with the pronouncedb-sheet fea-
tures in its IR spectrum@dashed trace in Fig. 6~A!#. This con-
clusion was confirmed by serum protein electrophoresis~data
not shown!. The differences observed in the amide I regi
between the mean spectra of the liquid serum samples
BSE-positive and BSE-negative animals, together with ch
acteristic differences in the ranges 1000–1500 and 28
3000 cm21, were also observed in the mean IR differen
spectra of the dried samples of the corresponding sera@com-
pare Figs. 8~A! and ~B!#.

3.4 ANN Analysis of the Data
Due to the complex pattern of both positive and negative f
tures across a wide spectral range, ANN analysis, a superv
pattern recognition method, was used to differentiate betw
samples originating from BSE-positive and BSE-negat
cattle based on their IR spectra. Supervised methods make
of the fact that clinical information concerning the sampl
from which the spectra were obtained is available. This inf
mation is used to teach the classifier in order to predict
class identity of unknown spectra afterwards. The quality
the teaching process can be assessed on-line by classi
data of a so-called internal validation subset. The spectra
those data sets are not used for teaching but are continuo
analyzed during teaching. When the teaching process is
ished, the classifier is challenged by an third independent
set for external validation. It is important to note that th
latter subset of spectra~‘‘unknown spectra’’! is kept totally
separate from the teaching and internal validation proced
Fig. 8 Comparison of second derivative difference spectra (BSE-negative minus BSE-positive) of the mean spectra of BSE-positive and BSE-negative
samples. (A) Based on spectra obtained from liquid samples; (B) Based on spectra of dried samples. The different spectral windows choosen for
ANN classification are indicated in gray.
-7 May/June 2005 d Vol. 10(3)
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For ANN analysis, spectra of the data sets~see Table 3;
triplicate measurements of both liquid serum samples and o
dried films of the sera! were pre-processed as already out-
lined: second derivative spectra were vector normalized in th
region of 2820–2985 cm21. Three combinations of spectral
windows, indicated in Fig. 8, were then chosen for further
network analysis.~i! The range 950–1750 cm21 ~1! in com-
bination with the range 2800–3100 cm21 ~2!. ~ii ! Regions~1!
and ~2!, but excluding the amide I range~i.e., 1600–1700
cm21!. ~iii ! An extended wave number range 650–1750 cm21

~region 3!, in combination with the range 2800–3100 cm21.
The latter combination of the spectral windows was only
available for dried samples due to the optical window materia
used~ZnSe instead ofCaF2 for liquid samples!. The spectral
information from these three combinations of spectral win-
dows was then subjected to feature selection. Feature sele
tion was based on the calculation of the covariance of the
spectral data points.10,18 After averaging three adjacent data
points, the best 80 discriminative spectral features were ob
tained for the teaching data sets. Although obtained from th
teaching subsets only, these features were used also for t
data sets of internal and external validation. The features se
lected as input for classification between BSE-positive and
BSE-negative samples are illustrated in Fig. 9, suggesting tha
a large number of spectral features is suitable for classifica
tion. To teach the ANNs, spectra of 76 BSE-positive and 77
BSE-negative animals were used~Table 3!. The most accurate
classification results were obtained for feed-forward network
architectures of 80 input neurons, 3 neurons in the hidde
layer, and 2 output neurons. The quality of teaching was as
sessed by the classification results of spectra from the intern
validation data set originating from 13 BSE-positive and 11
BSE-negative animals~see Table 3!. After teaching, the data
of the external classification subsets were analyzed by ANN
classifiers. As shown in Table 3 the external validation data
set consisted of spectra from 26 BSE-positive and 21 BSE
negative animals. The sensitivities~number of correctly clas-
sified BSE-positive samples divided by the total number of
BSE-positive samples! and the specificities~number of cor-
rectly classified BSE-negative samples divided by the tota
number of BSE-negative samples! are given in Table 4. They
indicate, that more than 90% of the BSE-positive samples an
;90% of the BSE-negative samples were identified correctly
Moreover, the similar classification results suggest that the
specific methodology of data collection has no major impac
on the differentiation between samples originating from BSE-
positive and BSE-negative animals. It is also interesting to
note that the serum samples, which were mis-classified by th
liquid and the dry film approach, were mostly the same. This

Table 3 Number of samples used for teaching and validating the
ANN classifiers.

Teaching
data set

Internal
validation
data set

External
validation
data set

BSE negative 77 11 21

BSE positive 76 13 26
031103Journal of Biomedical Optics
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result suggests the existence of specific biochemical cha
teristics of those serum samples, so far not represented by
spectral data set used for network teaching.

These results correlate well with our data recently obtain
by multivariate analysis of a larger data set of infrared spec
of dried films of unfiltered bovine sera.10 The present results
also suggest, that the evaluation of the spectral informa
contained in the amide I region does not improve the cla
fication results. This is most likely due to the strong impact
concentration variations of the high-abundant serum prote
~albumin and immunoglobulins! in this spectral range. Typi-
cally, an increased amount of immunoglobulins in serum c
be taken as an indicator of ongoing inflammatory proces
e.g., as the result of some kind of infectious diseases. Ind
a number of sera in our study included sera from anim
suffering from a variety of ‘‘classical’’ viral or bacterial infec
tious diseases.10 Finally, it is interesting to note that the be
sensitivity ~see column 10 in Table 4! was obtained by ana

Fig. 9 Spectral features selected for ANN classification of BSE-positive
and BSE-negative samples, excluding the amide I region. (A) spectra of
liquid samples; (B) spectra of dried samples; (C) spectra of dried
samples with an extended low wave number range. The higher the
weighting value, the more discriminative is the corresponding spectral
feature.
-8 May/June 2005 d Vol. 10(3)
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Table 4 Sensitivity and specificity determined by external validation with 26 BSE-positive and 21 BSE-negative serum samples. Results of three
neuronal net approaches (ANN I-III) are shown. The last row gives the average of the corresponding results. The spectral regions considered for
analysis are: without amide I region (950–1600, 1700–1750, and 2800–3100 cm−1); amide I region included (950–1750 and 2800–3100 cm−1);
fingerprint region included (650–1600, 1700–1750, and 2800–3100 cm−1).

ANN

Liquid technique Dry film technique

Without amide I With amide I Without amide I With amide I With fingerprint

SENS SPEC SENS SPEC SENS SPEC SENS SPEC SENS SPEC

I 96.2 85.7 92.3 95.8 92.3 90.5 88.5 95.8 95.8 92.3

II 92.3 81.0 92.3 85.7 92.3 95.8 88.5 90.5 96.2 90.5

III 88.5 85.7 84.6 95.8 92.3 90.5 96.2 90.5 96.2 90.5

Average 92.3 84.1 89.7 92.4 92.3 92.3 91.1 92.3 96.1 91.1
SENS=sensitivity (%) and SPEC=specificity (%).
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lyzing the spectral information contained in the extended
wave number range~3! between 650 and 1750 cm21, in com-
bination with the CH stretching region~2800–3100 cm21!.
This suggests, that the so-called fingerprint region~below
1000 cm21! of the serum spectra also contained some infor-
mation of diagnostic relevance@see also Fig. 9~C!#.

4 Conclusions
We have shown that a semiautomatic experimental approac
for IR measurements of liquid serum samples, which com
bines simple sample introduction with high sample through-
put, allowed us to obtain high-quality infrared spectra of liq-
uid serum samples with very high reproducibility. Artifical
neural network analysis was employed to analyze serum
samples from a cohort of cattle infected with bovine spongi-
form encephalopathy and from controls based on their infra
red spectra. In parallel, spectra of dried serum samples we
recorded and were analyzed in the same way. This compar
tive study yielded sensitivities between 90 and 96% and
specificities between 84 and 92%, respectively.

Our results suggest that both the dried film approach an
the liquid sample technique are similarly useful methods for
the analysis serum samples, in particular, and for biofluids in
general. The dry film technique, however, has some advan
tages in practice, as it requires minimal sample preparation
tiny amounts of sample~;103 less than the liquid tech-
nique!, and only moderate technical expertise. Moreover,
FTIR spectrometers with multisample cuvette accessories fo
high sample throughput measurements of dried samples a
commercially available, whereas the liquid sample technique
requires, in addition to the FTIR spectrometer, expensive
hardware~e.g., the apparatus for sample injection and the
AquaSpec flow cell!. A principal disadvantage of the dried
film technique is, however, the fact that the spectral feature
of many IR bands are sensitively affected by changes in th
relative humidity of the film. This requires very careful con-
trol of environmental conditions during the measurement in
order to avoid misinterpretation of spectral changes or incom
patibilities of spectral data. In addition, the amide I region is
often not available for quantitative analysis due to consider
able sample heterogeneity, nonuniformity in the thickness o
031103Journal of Biomedical Optics
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the dried sample, and total absorption. Here is the ma
strength of the liquid sample technique, which allows IR sp
tra to be obtained in the conformation-sensitive amide I
gion with unprecedented reproducibility. This advantag
however, could not come into play within the framework
the analysis of the IR spectra of the serum samples due to
major non-BSE associated spectral changes in the ami
region described above. Finally, the liquid sample appro
will be of great advantage in studies aimed at probing b
chemical events ongoing in the sample induced by interna
external factors.
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