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Abstract. The specificity and homogeneity of the real compositional components within the calcified deposits of prostatic
calculi and calcific tendonitis were investigated using Fourier transform infrared (FT-IR) microspectroscopy with or without
automatic imaging system. The second-derivative analysis was also applied to differentiate the overlapping components of in-
dividual spectra for the calcified samples. The FT-IR microscopic imaging results of present study indicate that the complicated
components such as protein, type B or type A carbonated apatite, brushite and calcium oxalate monohydrate were contained in
the calcified tissue of prostatic tissue, but the protein, type A and type B carbonated apatites were mainly included in the calcific
tendonitis. However, the traditional manually single-point FT-IR spectral result only reveals a little component contained in the
calcified tissues, leading to an inaccurate diagnose of the complicated components in the calcified mixture.
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1. Introduction

Biological mineralization is a sophisticated process by which inorganic minerals are deposited in the
cellular or extracellular matrix of living organisms [2,13,25]. Numerous mineralized human tissues such
as bone and teeth are naturally produced to contribute to the human body, but some crystal deposition
diseases belonging to one of biomineralization processes in different human organs may cause much
disorders and pathological symptoms [35,36]. Pathologies of biomineralization can occur in a num-
ber of ways and throughout the life span. The calcification occurred at unwanted tissue sites leads to
dysfunction, disease and death. Although different calcification-related diseases such as atherosclero-
sis, stone-forming diseases, cataracts, urological stones, skin disorders, neurological disorders, strokes
and heart attacks have been found [12,20], many approaches to the diagnosis and treatment of these
calcifications will become more available in the future.
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Tissue calcification has been commonly diagnosed using a complicated process of histological or
immunopathological examination in hospital, in which the anatomical and morphological structures of
the calcified lesions can only be identified by the experienced researchers. Recently, the application of
Fourier transform infrared (FT-IR) microspectroscopy to clinical studies has been focused on the diag-
nosis of diseases and laboratory analyses of pathological samples, particularly for characterization of
the biological mineralization [1,4,16]. In the traditional FT-IR analysis without microscopy, this tech-
nique allows identifying any organic or inorganic molecules in the calcified samples by grinding the
sample with KBr powder or sealing the sample within two KBr pellets for spectral determination af-
ter compression [6,8,11]. In our previous studies, several human calcified tissues, such as calcinosis
cutis, skin pilomatrixoma, cornea, senile cataractous lens, vitreous asteroid bodies, sclera and superior
vesical artery had been investigated using this powerful and convenient vibrational microspectroscopic
technique [7–11,23,27,28]. However, the main drawback of this technique is that the manual single-
point random determination at microscopic level cannot really reflect the spatial distribution of all the
components in the mixture, leading to possibly inaccurate diagnose of the complicated components in
the calcified mixture. The heterogeneous distribution of the components within KBr disc may cause an
incorrect conclusion by only few sampling points through this traditional IR spectral analysis.

More recently, a powerful FT-IR microspectroscopic mapping system has also been established for
applying to biosciences [18,41]. This system combining the light microscopy, FT-IR spectroscopy and
a mapping stage provides spatially resolved information on the basis of chemical composition of the
different structural components. The spectroscopic images are automatically obtained by mapping with
a standard microscope equipped with an XY stage and a computer-controlled motorized stage. The IR
spectra of different components located within the sample can be possibly determined via point-by-point
mapping analysis [22,26]. This system can not only image the heterogeneous regions of tissue but also
provide spectroscopic and spatial information. As the image contrast is based on the vibrational signature
of the tissue components, FT-IR imaging does not require the use of dyes, tags or stains. Thus, compared
with conventional histological techniques, IR imaging of tissues may simplify sample preparation pro-
cedures and minimizes sample modifications. Thus, this FT-IR microspectroscopic mapping system can
rapidly screen and detect the real composited components contained in the tissue via automatic scanning
technique.

The aim of this study was attempted to evaluate and compare the specificity and homogeneity of the
real compositional components within the calcified deposits of prostatic calculi and calcific tendonitis
by using FT-IR microspectroscopic imaging system.

2. Materials and methods

2.1. Patients

Prostatic calculi were obtained from nine patients (mean age: 76) diagnosed having benign prostatic
hyperplasia with lower urinary tract symptoms. The level of serum prostatic-specific antigen was within
0–12.63 ng/ml. Another calcified sample was got from a 49 year-old female patient suffered from shoul-
der pain of calcific tendonitis diagnosed by a high-resolution ultrasonography and a Siemens S2000
system with the 9L4 linear transducer. These studies were approved by Institutional Review Board at the
Lotung Pohai Hospital and Taipei Veterans General Hospital, according to the declaration of Helsinki.
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2.2. Materials

Hydroxyapatite (HA), calcium oxalate monohydrate (COM) and calcium oxalate dihydrate (COD) as
standard references were purchased from Nacalai Tesque, Inc. (Tokyo, Japan), and used without further
purification.

2.3. Specimen collection and sample preparation for FT-IR analysis

All the calcified samples were isolated, washed with double distilled water for two times, dried at
25◦C, 50% RH and then sent for the histopathological examination and spectral analysis. A trace amount
of each fine calcified sample was sealed within two KBr pellets by a hydraulic press under 400 kg/cm2

compression pressure for 15 s to form a KBr disc [7,8,11,23,27,28]. The fine powders distributed within
KBr disc were observed and photographed by infrared microscope (IRT-5000-16/FTIR-6200, Jasco Co.,
Tokyo, Japan) with a video camera.

2.4. FT-IR microspectroscopic study with or without mapping technique

Each KBr disc prepared from different samples was examined to determine the chemical component
using an FT-IR microspectroscopy (IRT-5000-16/FTIR-6200, Jasco Co.) equipped with an MCT detector
via a transmission technique [7,8,11,23,27,28]. The traditional single-point FT-IR spectral analysis was
randomly detected via a manual determination. The IR spectra over the range of 2000–650 cm−1 were
carried out at 200 scans under a resolution of 4 cm−1. In addition, an appropriate sample area was
selected, and the IR spectra were collected successively from the actual analysis area by an automatic
XY Z mapping stage (IPS-5000, Jasco Co.). This mapping stage was employed to obtain full IR spectra
of calcified sample at any random area of KBr disc through whole area by automatically point-by-point
mapping technique [22,26]. The sampling aperture was set at 100 µm × 100 µm, each spectrum was
performed at 100 scans with the resolution of 4 cm−1. The map of size was 10 × 10 points in 1 mm2,
leading to the acquisition of 100 spectra.

2.5. Spectroscopic data acquisition and processing

All spectral data processing and image assembly were performed using a spectra manager and
GRAMS spectroscopy software suite. Second-derivative FT-IR spectral analysis was applied to locate
the position of the overlapping components of individual spectra for the calcified samples.

3. Results

3.1. IR spectra of standard references

The FT-IR spectra of pure standard references of HA, COM and COD by a manual single-point de-
termination are shown in Fig. 1(A). The IR spectrum of HA indicates typical IR absorption peaks at
961, 1031 and 1092 cm−1 corresponding to the ν1 and ν3 stretching modes of phosphate [1,3,4,6–8,
11,16,23,27,28]. A strong peak at 1619 cm−1 (νas(COO)), two moderate intensity sharp peaks at 1320
(νs(COO)) and 780 cm−1 (δ(O–C=O) + ν(M–O)), and two weak peaks at 948 and 885 cm−1 (a combi-
nation modes of νs(CO) and δ(O–C=O)) were observed in the IR spectrum of COM, but two strong IR
peaks at 1627 and 1327 cm−1 with one weak peak at 781 cm−1 were characterized in the IR spectrum
of COD [5,17,29].
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(A) (B)

Fig. 1. FT-IR spectra of pure standard references of HA, COM and COD (A) and the prostatic calculi isolated from
9 patients (a–i) using a manual single-point random analysis (B). (Colors are visible in the online version of the article;
http://dx.doi.org/10.3233/SPE-2011-0510.)

3.2. Compositional components of calcified deposits in prostatic calculi

Figure 1(B) shows FT-IR spectra of the prostatic calculi isolated from 9 patients (samples a–i) using
a manual single-point random analysis. It clearly indicates that all the IR spectral patterns could be
discriminated into two types in the absence or presence of IR peak at 781 cm−1, type I (a–c) and type II
(d–i). Moreover, type II might be further subdivided into two sub-groups, one with weak peak intensity at
781 cm−1 (d–f ) and another with strong one (g–i). The specific IR spectral peaks at 1645 and 1642 cm−1

were assigned to the amide I band of protein [21,24]. The C–O bending vibration (ν2) at about 872
(871) cm−1 and the C–O stretching (ν3) at around 1417 cm−1 were the characteristic bands of carbonate
in HA, respectively [19,39]. The peak at 1320 cm−1 might be also due to the symmetric C=O stretch of
oxalate [17]. From FT-IR spectra detected by single-point determination, it seems to be concluded that
all the samples mainly consisted of HA (1417, 1095 (1098), 1031, 962 (961) and 871 (872) cm−1) and
protein (1645 (1642) cm−1), but COM (1320 and 781 cm−1) was further contained in samples d–i.

The optical photo-image of fine ground calculi powders (sample b, as an example) sealed within two
KBr pellets is displayed in Fig. 2A, in which the area of red line was the mapping area. The representative
IR line spectra collected from mapping stage of sample b are indicated in Fig. 2(B). It clearly indicates
that some IR spectra were found to have a spectral peak at 781 cm−1, which was assigned to calcium
oxalate [5,17,29]. Several IR spectra had also exhibited a peak at 1320 cm−1 due to COM. However,
many IR spectra did not show above two peak positions. From these IR spectra determined by point-
by-point mapping analysis, sample b was constructed by protein (1645 cm−1), HA (1095, 1031, 1417
and 871 cm−1) and COM (781 and 1320 cm−1), which was significantly different from that of FT-IR
spectrum of sample b by a manual single-point determination (Fig. 1(B)-b). FT-IR image of the peak area
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Fig. 2. Optical image of fine powders sealed within two KBr pellets for sample b (A), the representative IR line spectra collected
from mapping stage (B) and spectroscopic image plane representing the area under the IR peaks at 781 cm−1 of a sample (C).
Key: The area shown is 1.0 mm × 1.0 mm. Red areas represent the highest absorbance, while blue areas denote low IR
absorbance. (The colors are visible in the online version of the article; http://dx.doi.org/10.3233/SPE-2011-0510.)

intensity distribution of 781 cm−1 assigned to the presence of COM in the calcified sample is indicated
in Fig. 2C. The red areas represent the highest absorbance with higher content, whereas the deep blue
areas denote low IR absorbance. Because the peak at 781 cm−1 represented the existence of COM, the
un-uniform color display revealed the heterogeneous distribution of COM in the calculus, leading to the
missing detection of COM in sample b after a manual single-point analysis.

3.3. Compositional components of calcified deposits in calcific tendonitis

Four FT-IR images of the intensity distributions of the representative vibrational modes (protein, phos-
phate and carbonate) and the IR spectra for five defined positions in the calcified sample isolated from
tendon of calcific tendonitis are presented in Fig. 3. The red line in Fig. 3 displays pixel locations from
which the single-pixel IR spectra were taken and indicates the line scanning direction from left to right.
These non-smoothed, single-pixel spectra are all plotted on the same scale. Figure 4 shows the corre-
sponding infrared line scanning spectra. It is evident that all the FT-IR spectra shown in Figs 3 and 4
were similar, indicating similar compositions were produced at different positions in tendon samples.
Several IR peaks near 1651 or 1654 (amide I of protein), 1450 or 1449 (CH2/CH3 bending of lipid or
amide III of protein), 1417 (carbonate), 1034 (ν3 phosphate stretching), 959 (ν1 phosphate stretching)
and 873 (ν2 carbonate mode) cm−1 were observed [3,5,17,21,22,24,29]. The appearance of IR peaks
at 1034, and 959 cm−1 was similar to that of the IR spectrum of HA, indicating the calcified deposit
predominantly consisted of HA [3,17,29].
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Fig. 3. Four FT-IR images of the intensity distributions of the representative vibrational modes (protein, phosphate and carbon-
ate) and the IR spectra for five defined positions in the calcified sample isolated from tendon of calcific tendonitis. (The colors
are visible in the online version of the article; http://dx.doi.org/10.3233/SPE-2011-0510.)

Fig. 4. The non-smoothed, single-pixel IR line scanning spectra of red line displayed in Fig. 3. Moving from left to right along
red line corresponds to the IR spectra shown from bottom to top.

4. Discussion

Recently, the use of vibrational microspectroscopy has shown great potential over other diagnostic
techniques to successfully investigate the chemical composition of the diseased tissue, rather than his-
tological pathology alone [18,31,40,41]. In the present study the manual single-point random FT-IR
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spectral determination reveals that different chemical compositions were contained in the prostatic cal-
culi for 9 patients as shown in Fig. 1(B). The samples a–c only consisted of HA and protein but the
samples d–i were constructed by HA, protein and COM. Obviously, the manual single-point random an-
alytical method was not sufficient to provide the available information of the composition of the calculi
at any time, leading to a possibly inaccurate conclusion.

Infrared microspectroscopic imaging is rapidly becoming a key technique for biomedical spectroscopy
since it provides spatially resolved chemical characterization of microscopic areas [18,31,40,41]. The
strengths and adaptability of this technique derive not only from the ability to determine chemical com-
positions and component distribution within a sample, but also from the ability to extract localized
molecular information related to the sample architecture. In the present study, this imaging technique
may provide information on the type of mineral phase and the changes in mineral and matrix com-
positions in the calcified samples. Here, the real chemical compositions of prostatic calculi or calcific
tendonitis were easily obtained from the distribution of chemical components in the calcified tissue by
one-step FT-IR microspectroscopic mapping system. The characteristic absorption bands were obtained
to localize and identify component itself. We found that the mapping data exhibited three components in
prostatic calculi or two components in calcific tendonitis rather than only a little component determined
by traditional FT-IR microspectroscopy.

The analysis of compositional components in sample using FT-IR microspectroscopy may be also en-
hanced by computing the second-derivative IR spectrum [32,38]. The second-derivative IR spectroscopy
cannot only identify the major components from a variety of sources but also find the tiny differences
among the similar samples. In the study of mineralization, an FT-IR spectroscopic analysis has been
extensively applied to determine the locations of ν1, ν3 phosphates (900–1200 cm−1) and ν2 carbonate
(860–890 cm−1) of mineralized materials, particularly for the evaluation of the maturity of HA [4,14].
It has been reported that the poorly crystalline, immature HA having specific peaks at 960, 985, 1020,
1038, 1055 and 1075 cm−1 might shift to the matured crystalline HA with characteristic peaks at 960,
983, 999, 1030, 1055, 1075, 1096 and 1116 cm−1 in the living organs with time [4,14]. The former
belonged to the non-stoichiometric apatites while the latter were stoichiometric apatites.

In the present study, several unique peaks at 961, 983, 1017, 1028, 1072, 1092 and 1119 cm−1 ap-
peared in the second-derivative IR spectrum of the pure standard reference of HA, indicating that HA
used was a mature and stoichiometric apatite without containing carbonate (Fig. 5a). However, the
IR spectra of three representative samples isolated from three patients exhibited different IR spectra
from that of HA. Figure 5b shows several unique peaks at 1153, 1012, 989, 956 and 873 cm−1 in the
IR spectrum of sample b. The IR peaks at 1153, 1012 and 989 cm−1 were assigned to the brushite
(CaHPO4 · 2H2O), which was believed to be a precursor of apatite [15,42]. The peaks at 956 and
873 cm−1 corresponded to the ν1 PO4

3− of HA and carbonate ions located in PO4
3− sites of HA [14,

15,19,42]. The IR spectrum of sample d indicates in Fig. 5c, in which the peaks at 1149 and 992 cm−1

were due to the brushite but the peaks at 1026 and 953 cm−1 were assigned to phosphate of HA, and
the peaks at 874 and 783 cm−1 were related to the carbonate ions located in PO4

3− sites of HA and
COM, respectively. The sample h shows the similar IR spectrum to that of sample d, but predominate IR
peaks at 1115–1102, 1027 and 958 cm−1 strongly illustrating the matured HA in the calcified sample h
(Fig. 5d). In addition, a strong IR peak at 782 cm−1 was also found, showing a higher content of COM in
the calcified sample. This strongly implies that the biomineralization process in some calcified prostatic
tissues was still proceeding.

On the other hand, two small second-derivative IR spectral peaks at 1020 and 1030 (1031) cm−1 were
observed for the calcified deposits of tendon in calcific tendonitis (Fig. 6). It has been reported that
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Fig. 5. Second-derivative IR spectra of the 800–1200 cm−1 region for HA and the representative calcified samples isolated
from prostatic calculi. Key: a, HA; prostatic calculi: b, sample b; c, sample d; d, sample h. (Colors are visible in the online
version of the article; http://dx.doi.org/10.3233/SPE-2011-0510.)

Fig. 6. Second-derivative IR spectra of the 900–1200 cm−1 region for HA (a) and the calcified sample of tendon calcification (b).
(Colors are visible in the online version of the article; http://dx.doi.org/10.3233/SPE-2011-0510.)
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a peak near 1020 cm−1 is attributed to the ν3 vibration of PO4
3− in non-stoichiometric apatites but a

peak at 1030 cm−1 is indicative of the ν3 vibration of PO4
3− in stoichiometric apatites [14,15]. Both

peaks appeared in the second-derivative IR spectra of the calcified sample of tendon, suggesting the
mineralization is still in progress.

In fully mature apatite, the carbonate ions can occupy two anionic sites of the apatite structure: CO3
2−

ions may substitute either OH− anions (type A carbonate) or the PO4
3− (type B carbonate) in the crystal

lattice of apatites or may be in unstable locations [34,37]. The carbonate bands showed three components
in the IR spectral region of 860–890 cm−1 as follows: a band near 871 cm−1 was assigned to type B
carbonated apatite, a band at 878 cm−1 responded to type A carbonated apatite, and a band at 866 cm−1

was attributed to an unstable carbonate location [30,33]. From the second-derivative IR spectra of cal-
cified samples in Figs 5 and 6, it clearly reveals that type B carbonated HA (873 and 874 cm−1) was
contained in calcified sample of samples b and d of prostatic calculi, but sample h of prostatic calculi
was constructed by type A carbonated HA (879 cm−1). Whereas the second-derivative IR spectra of the
calcified sample of tendonitis exhibited two sharp peaks at 880 and 872 cm−1, indicating the type A and
type B carbonated apatites were together contained in the calcified deposits of tendon, as compared to
the HA reference without containing carbonates.

5. Conclusions

The result of present study indicates that the complicated components such as protein, type B or type A
carbonated apatite, brushite and COM were contained in the calcified tissue of prostatic tissue, but the
protein, type A and type B carbonated apatites were major included in the calcific tendonitis. Moreover,
the FT-IR spectroscopic mapping system and second-derivative IR spectroscopy are a workable tech-
nique to quickly screen and identify the real compositional components existed in the calcified samples
isolated from both prostatic calculi and calcific tendonitis.
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