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Abstract

To investigate visible and near-infrared (Vis—NIR) spectroscopy enabling chronic fatigue syndrome (CFS) diagnosis, we subjected
sera from CFS patients as well as healthy donors to Vis—NIR spectroscopy. Vis—NIR spectra in the 600-1100 nm region for sera from
77 CFS patients and 71 healthy donors were subjected to principal component analysis (PCA) and soft independent modeling of class
analogy (SIMCA) to develop multivariate models to discriminate between CFS patients and healthy donors. The model was further
assessed by the prediction of 99 masked other determinations (54 in the healthy group and 45 in the CFS patient group). The PCA model
predicted successful discrimination of the masked samples. The SIMCA model predicted 54 of 54 (100%) healthy donors and 42 of 45
(93.3%) CFS patients of Vis—NIR spectra from masked serum samples correctly. These results suggest that Vis—NIR spectroscopy for
sera combined with chemometrics analysis could provide a promising tool to objectively diagnose CFS.

© 2006 Elsevier Inc. All rights reserved.
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Chronic fatigue syndrome (CFS) is a persistent weak-
ened condition associated with a variety of somatic and
psychological symptoms [1]. The prominent features are
self-reported impairments in concentration and short-term
memory, sleep disturbances, and musculoskeletal pain [1].
Although cytokines, neuropeptides, or neurotransmitters
are considered to be responsible for the abnormal immune
response [2] and disrupted hypothalamo—pituitary—adrenal
(HPA) axis [2,3], which is found in CFS patients, the pre-
cise pathophysiology is unknown to date. Recently, the
association of the polymorphism of serotonin-transporter
gene promoter with CFS has been reported [2]. However,

* Corresponding author. Fax: +81 6 6879 8310.
E-mail address: ikuta@biken.osaka-u.ac.jp (K. Ikuta).

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2006.05.074

almost all failed to find candidate genes associated with
CFS. Some studies reported that serotonergic activity
was increased [4], but others showed activity to be normal
[5]. Levels of serum acetyl-L-carnitine [2], immunological
abnormalities [2], dehydroepiandrostenedione (DHEA)
and its sulphate (DHEA-S) [2], cortisol [6], prolactin [7],
adrenocorticotropic hormone (ACTH) [7], serum metals
[8], oxidative stress markers [9], plasma-free tryptophan
[10], and melatonin [11] have been also reported to be chan-
ged in CFS patients. Furthermore, association with viruses
such as Epstein—Barr virus (EBV) [12], human herpesvirus
6 (HHV-6) [12], coxsackie B virus [13], Borna disease virus
(BDV) [14], parvovirus B19 [15], and human cytomegalovi-
rus (HCMYV) [16] has been observed in some CFS patients.
However, none of the changes show a clear consensus [17-
19]. Therefore, the diagnosis of CFS is currently based on
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clinical symptoms due to the absence of reliable biochemi-
cal markers [20]. As this diagnostic procedure relies on the
experience and skill of medical doctors, CFS can be diag-
nosed only by limited numbers of skilled medical doctors.
To overcome these problems, an additional diagnostic
method using instruments, which enables objective diagno-
sis, is needed.

Visible and near-infrared (Vis—NIR) spectroscopy is a
spectroscopic method using visible light and NIR radia-
tion. Moreover, Vis—NIR spectroscopy requires no sample
preparation and no reagents and enables non-invasive and
non-destructive analysis [21]. Therefore, Vis—NIR spectros-
copy has become a widely used analytical method in agri-
cultural, pharmaceutical, chemical, and petrochemical
industries [21,22]. Vis—NIR spectroscopy has also been
used for a broad range of clinical applications [21,23]
including CFS [24]. However, most of the work done on
Vis—NIR in the medical field has been based on oxygenated
or deoxygenated hemoglobin. Those works have been
mainly used for functional analyses of the brain and muscle
but not diagnosis.

The purpose of this study was to investigate the ability
of Vis—NIR spectroscopy to diagnose CFS by multivariate
analysis of Vis—NIR spectra from the sera from CFS
patients and healthy donors. We report here the first evi-
dence that CFS can be objectively diagnosed by principal
component analysis (PCA) and soft independent modeling
of class analogy (SIMCA) of Vis—NIR spectra of sera.
Therefore, this suggests the possibility of Vis—-NIR spec-
troscopy for sera coupled with multivariate analysis for a
novel procedure of CFS diagnosis.

Materials and methods

Samples. At the Medical Hospital of Osaka City University, sera were
examined from 77 CFS patients (33.0 & 8.8 years old; male/female: 29/48),
which were diagnosed on the basis of clinical criteria proposed by the
Centers for Disease Control and Prevention (CDC) [1]. Sera from 71
healthy donors (41.7 4 10.4 years old; male/female: 33/38) were also used.
A venous-blood sample (10 ml) was obtained from an antecubital vein
from each subject. Sera from 77 CFS patients and 71 healthy donors were
used as test samples to develop a calibration model of PCA [25] and
SIMCA [26], whereas another 99 determinations (33 samples x 3 spectra)
including 54 determinations [18 healthy donor samples (35.9 + 9.1 years
old; male/female: 11/7) x 3 spectra] and 45 determinations [15 CFS patient
samples (34.9 4= 7.0 years old; male/female: 8/7) x 3 spectra] were masked
and used for prediction. Among all 92 CFS patients used as test and
masked samples, 76 CFS patients were divided into the following five
groups before collecting serum samples [28 non-treated patients (36.8%); 6
patients treated with vitamin B family and/or ascorbic acid 7.9%; 19
patients treated with herbal medicine such as hochu-ekki-to (25.0%); 9
patients treated with selective serotonin reuptake inhibitor such as par-
oxetine and fluvoxamine maleate (11.8%); and 14 patients treated with
psychotropic agents such as sulpiride, etizolam, maprotiline hydrochlo-
ride, bromazepam, and methylphenidate hydrochloride (18.4%)]. This
research project was approved by the Ethics Committee of Osaka City
University and written informed consent was obtained from all CFS
patients and healthy donors. All samples were diluted 10-fold with
phosphate-buffered saline and adjusted to a constant volume (2 ml) in a
polystyrene cuvette (SARSTEDT, Aktiengesellschaft, Germany) before
Vis—NIR spectroscopy measurement.

Instrument and data collection. Three consecutive Vis—NIR spectra
were measured at 2nm resolution with an NIRGUN (Japan Fantec
Research Institute, Shizuoka, Japan) at 37 °C. The spectral data were
collected as absorbance values [log(1/7T)], where T = transmittance in the
wavelength ranged from 600 to 1100 nm.

Data processing. Pirouette software (ver. 3.11; Infometrics, Woodin-
ville, WA) was employed for data processing. To minimize differences
between spectra caused by baseline shifts and noise, prior to calibration,
spectral data were mean-centered and transformed by standard normal
variates (SNV) [27] and smoothing based on the Savitsky—Golay algo-
rithm [28]. To identify the predominant absorbance peaks in the spectra,
PCA [25] and SIMCA methods [26] were further applied to develop PCA
and SIMCA models for CFS diagnosis, respectively. We used a method of
visualizing the SIMCA approach, the Coomans plot [29], which plots class
distances against each other. Coomans plot was applied to assess the
classification performance of the SIMCA model by predicting class
membership in terms of distance from the model. The critical distance
from the model used corresponded to the 0.05 level and defined 95%
tolerance interval. The mathematical formulas used are available in the
Pirouette manual.

Results and discussion

The main problems in CFS studies can be attributed to
the objectivity of diagnosis, because the diagnosis of CFS is
based on clinical symptoms [20]. To test the possibility of
spectroscopic diagnosis for CFS by Vis—NIR spectroscopy,
sera from CFS patients as well as healthy donors were sub-
jected to Vis—NIR spectroscopy coupled with multivariate
analysis such as PCA and SIMCA, which may provide a
novel method to objectively diagnose CFS.

Clear discrimination of the sera of CFS patients from
those of healthy donors was seen in PCA scores using first
principal component (PC1) and second principal compo-
nent (PC2) (Fig. 1A). The SIMCA model allowed correct
separation of Vis—NIR spectra of 209 of 213 (98.1%)
healthy donor sera and 220 of 231 (95.2%) CFS patient
sera. SIMCA analysis using the Coomans plot demonstrat-
ed that sera classes from healthy donors and CFS patients
did not share multivariate space, providing validation for
the class separation (Fig. 2A). Furthermore, the masked
samples were applied to Vis—INIR spectroscopy and further
predicted by the above PCA and SIMCA models. Com-
plete discrimination of the masked serum samples between
CFES patients and healthy donors was attained using the
above PCA and SIMCA models of Vis—NIR spectra (Figs.
1 and 2B). PCA showed clear discrimination of the masked
samples between healthy donors and CFS patients. SIM-
CA predicted 54 of 54 (100%) healthy donors and 42 of
45 (93.3%) CFS patients of Vis—NIR spectra from masked
serum samples correctly.

The spectral information modeled by PCA and SIMCA
can be inferred from the corresponding loadings or dis-
criminating power, respectively. Concerning PC1, the load-
ings positively peaked around 950, negatively peaked
around 1020 nm, were slightly low around 600-700 nm
and slightly high around 700-900 nm (Fig. 1C). PC2 load-
ings negatively peaked around 950, positively peaked
around 1020 nm, were slightly low around 600-700 nm
and slightly high around 700-900 nm. PCA loadings were
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Fig. 1. Principal component analysis (PCA) (first two principal components) of visible and near-infrared (Vis—NIR) calibration and prediction of chronic
fatigue syndrome (CFS) diagnosis. Serum samples from healthy donors and CFS patients were subjected to Vis—NIR spectroscopy. After the collection of
Vis-NIR spectra of serum samples, the spectral data were pre-processed and subjected to PCA calibration modeling to develop a multivariate model to
diagnose CFS, which was referenced on the basis of Centers for Disease Control and Prevention (CDC) criteria. The PCA score plot of the first principal
component (PC1) versus the second principal component (PC2) for Vis—NIR spectra of test samples (A) and masked samples (B) from healthy donors and
CFS patients by the PCA model showed clear discrimination between healthy donors (open circles) and CFS patients (closed circles). (C) PC1 (blue line)
and PC2 (red line) loadings of the PCA.
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Fig. 2. Soft independent modeling of class analogy (SIMCA) of Vis—NIR calibration and prediction of CFS diagnosis. Vis—NIR spectral data of serum
samples from healthy donors and CFS patients were pre-processed and subjected to SIMCA calibration modeling to develop a multivariate model to
diagnose CFS. Coomans plot of SIMCA demonstrating that the healthy donor class (open circles) and CFS patient class (closed circles) of test samples (A)
and masked samples (B) did not share multivariate space. (C) Discriminating power from the SIMCA calibration model.

generally consistent with the discriminating power of the  Further studies will be necessary to accurately perform
SIMCA model, except for loadings of around 950 nm band assignment for the important peaks of PCA loadings
peaks (Figs. 1 and 2C). The most prominent discriminating and SIMCA discriminating power. Further information
power, which represents independent variables (wave- obtained from detailed analysis of Vis—INIR spectra of sera
lengths) important in discriminating two classes (CFS  may make significant contributions not only to the diagno-
and healthy), were peaks at around 650, 850, 1020, and sis, such as finding reliable biochemical markers, but also
1080 nm (Fig. 2C). The peak near 950 nm was previously to the understanding of CFS pathophysiology, which will
reported to be related to water [22]. The peak around lead to an effective treatment for the disease. Finally, we
750 nm was also close to a water band [22]. The peak near =~ would like to emphasize that noninvasive approaches to
800 nm was previously assigned to amine [22]. However, CFS diagnosis are further attractive. Although noninvasive
further studies will be necessary to accurately perform  blood glucose monitoring using Vis—NIR spectroscopy is
band assignment for the important peaks of PCA loadings not approved by the US Food and Drug Administration,
and discriminating power. Further information obtained in large part because of the lack of reliability of the deter-
from detailed analysis of NIR spectra may make significant ~ minations [30], other systems using Vis—NIR spectroscopy
contributions not only to the diagnosis but also to the  have not been examined sufficiently. This endeavor is now
understanding of the pathogenesis of CFS. ongoing.

These findings indicate that Vis—NIR analysis for sera
combined with chemometrics analysis of serum achieves  Acknowledgments
complete separation of CFS patients from healthy controls.
This approach deserves further evaluation as a potential The authors are grateful to Yoshikazu Suganuma (Osa-
novel strategy for instrumental diagnosis of CFS. More  ka University, Osaka, Japan) and Yukiyoshi Hirase (Sakai
importantly, these results suggest that unknown factor(s) Bio-Clinical Laboratory, Osaka, Japan) for technical assis-
in serum are commonly present in all CFS patients. tance and invaluable comments, respectively.
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