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ABSTRACT  

 Fourier Transform Infrared Spectroscopy (FTIR) allows an accurate, reliable 

quantitative method of stone analysis. Partial Least Squares (PLS) is a multivariate data 

reduction technique used in classification and quantitative analysis of infrared spectra. A total 

of 50 Urinary stones were collected from patients in and around hospitals, Vellore, Tamil Nadu 

during the period 2012-2015, 39 surgically removed and 11 spontaneously expelled. Calcium 

oxalate (pure and mixed form) and Uric acid (anhydrous and dihydrate) stones are commonly 

found in patients of Vellore and adjoining areas. Thus typical FTIR spectra of kidney stone 

samples which are approximately 98% matched with the spectra of standards and identified.  
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1. INTRODUCTION  

Numerous physical and chemical techniques have been used for the analysis of stone 

composition. Among them wet chemical analysis, the oldest technique, is still widely used due to 

its straight forward protocol and since it does not require expensive specialized equipments. 

Unfortunately, chemical methods can only determine radicals and ions, and therefore cannot 

differentiate between similar crystalline entities (e.g. uric acid vs. uric acid dihydrate or apatite 

vs. brushite or whewellite Vs. weddellite). Furthermore, these methods require a relatively large 

quantity of test materials [1].  

Fourier Transform Infrared Spectroscopy (FTIR) allows an accurate, reliable quantitative 

method of stone analysis. It also helps in maintaining a computerized large reference library. 

Knowledge of precise stone composition may allow the institution of appropriate prophylactic 

therapy despite the absence of any detectable metabolic abnormalities. This may prevent and or 

delay stone recurrence [2, 3]. 

 Main advantages of multivariate tools as Partial Least Square (PLS) regression are that 

fast, cheap or non destructive analytical measurements can be used to estimate sample properties 

which otherwise require time consuming, expensive or destructive testing.  
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2. MATERIALS AND METHODS  

A total of 50 Urinary stones were collected from patients in and around hospitals, 

Vellore, Tamil Nadu during the period 2012-2015, 39 surgically removed and 11 spontaneously 

expelled. Size and shape of the stones are measured physically. Stones samples from patients 

with complete hospital records were analyzed in this study.  

Prior to analysis, the stones were washed with distilled water to remove blood and 

attached tissues [4] and oven-dried at 70°C overnight. These stones were then cut approximately 

at the middle with a fine saw. The powder resulting from the cutting process was often sufficient 

for the IR analysis. 

The morphological features and structural characteristics were noted after an examination 

of each sample [5, 6].To minimize the influence of sample concentration and non-homogenous 

distribution of sample particles in KBr pellet on linearity of Beer’s calibration curve three 

independent pellets in the concentration range of 0.1–0.5 mg was produced and measured [4, 7, 

8]. The FTIR analysis was performed using Perkin Elmer FT-IR Spectrometer. The spectral 

region investigated was from 4000 to 400 cm
-1

.  

From the retrospective data of wet chemical analysis of urinary calculi in laboratory [9], 

calculi compositions are identified and their occurrences of various calculi are shown in figure 1.  

      

Figure 1. Composition of Urinary stone            Fig. 2. FTIR spectra of Group IA Samples 

samples using wet chemical analysis 

3. DISCUSSION  

The diagnostic bands identified for pure calcium oxalate stones were the strong bands 

around 3477 cm
-1

, 3047 cm
-1

(Symmetric and asymmetric O-H stretch), 1620cm
-1

, 1320 cm
-1

 

(C=O and C-O stretch), 950 cm
-1

, 885 cm
-1

 (C-C stretch), 781 cm
-1

, 662 cm
-1

 (Out of plane OH 

bending and C-H bending) and 517 cm
-1

 (O-C-O in plane bending). 950 cm
-1

 and 885 cm
-1

 are 

absent in dihydrate form [10]. The stretching frequencies characteristic to the oxalate are found 

at 1621 cm
-1

 and 1320 cm
-1

 (ν-C-O). The degree of hydration of different substances can be 
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given by the presence or absence of some bands from the IR spectrum; therefore, for COM 

(calcium oxalate monohydrate), this degree is indicated by the two peaks between 850 and 950 

cm
-1

 (for COD these two peaks do not appear). In the 3500- 3000 cm
-1

 region a broad spectrum 

appears for COD (calcium oxalate dihydrate), by contrast with the one for COM, which contains 

four weak peaks The bands at 1622 for (COM)/or 1645 (for COD), 1319, 780 and 517 cm
-1

 are 

due to νa(C=O), νs(C=O), δ(O–C=O) and ν(Ca–O), frequencies of the oxalate part[11]. The 

above results lead to the conclusion that the Group IA (Fig. 2) and Group IB (Fig.3) samples 

contain calcium oxalate in monohydrate and dihydrate forms respectively. 

Group IC samples (Fig.3) are identified as pure carbonate apatitie urinary stones because 

of following characteristic bands. The phosphate ion from Carbonate apatite (CAp) yields a 

strong and broad absorption between 1100 and 1000 cm
-1

. One may attributed that v3(PO4), 

lattice mode and v4(PO4) to the 3 major peaks of the phosphate anion at 1038, 603 and 567 cm
-1

 

frequencies. CAp was characterized by the 1422 and 1652 cm
-1

 IR bands [12].  

Absorption peaks at 3545 cm
-1

, 3490 cm
-1

, 3284 cm
-1

and 3168 cm
-1

 are due to 

intermolecular and weakly H bonded OH because of water of crystallization. The weak 

absorptions at 2375 cm
-1

 and 1722 cm
-1

 are due to     
  . The H-O-H bending resulted in 

absorption at 1651 cm
-1

. The absorptions at 1217 cm
-1

  and 1137 cm
-1

 are due to P = O associated 

stretching vibrations. Whereas, the absorption at 1061 cm
-1

 is due to P = O stretching vibrations. 

The P-O-P asymmetric stretching vibrations gave rise to absorptions at 987 cm
-1

and 874 cm
-1

. 

The absorption at 665 cm
-1

 was due to (H-O-)P = O. However, the strong absorptions at 577 cm
-1

 

and 525 cm
-1

 are again due to acid phosphates [13]. 

           

Fig.3.. FTIR spectra of Group IB -IE Samples           Fig.4. FTIR spectra of Group IF Samples 

From the above observations one may conclude that Group ID sample (Figure 3) belongs 

to pure brushite. 

For magnesium ammonium phosphate stones samples, the diagnostic bands are around 

2362 cm
-1

 (N-H and C-H Stretch), 1469 cm
-1

 (NH3 symmetric bending), 970 cm
-1 

(P-O-C 

aliphatic stretching) respectively [14].  
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FT-IR spectrum of struvite crystals has absorption peaks at 3520.6, 3482.7, 3382.0 and 

3276.9 cm
-1

 are due to O–H and N–H stretching vibrations and the presence of water of 

hydration. The absorption band at 2920.9 cm
-1

 is due to    
  ion. The absorptions occurred at 

1704.7 cm
-1

 and 1650.8 cm-1 were caused by N–H bending vibrations. On the other hand, the 

absorptions taking place at 1064.7 cm
-1

 and 1022.1 cm
-1

 are due to ionic phosphate. The 

absorptions took place at 808.2 cm
-1

 and 690.9 cm
-1

 were due to the rocking of N – H bond and 

absorptions at 552.4 cm
-1

 and 509.4 cm
-1

 may be due to metal- oxygen bond. Thus, the FT-IR 

spectrum proved the presence of water of hydration, N–H bond, P–O bond,    
  ion and    

  

ion and metal-oxygen bond [15]. The above results suggested the presence of struvite component 

in Group IE sample (Figure 3). 

Pure uric acid kidney stone samples, the diagnostic bands are around 1637 cm
-1

 (C=C 

Stretch), 1018 cm
-1

 (N-H stretch) and 766 cm
-1

 (C-N stretch of aromatic). The presence of water 

and O-H stretching absorbed at 3014 cm
-1

. The C=O stretching absorbed at1670 cm
-1

. C-C and 

C-N stretching absorbed at 1587 cm
-1

 .O-H deformation absorbed at 1306 cm
-1

. The band at 

1121 cm
-1

 represented the ring vibration. N-H out-of- plane and in-plane bending observed at 

880 cm
-1

. The band at 615 cm
-1

 specifies skeletal ring deformation [16]. Wilson [17] recorded 

infrared spectrum of surgical stone samples were in good agreement with the FTIR spectral 

patterns of uric acid in anhydrous (UAA) and dihydrate (UAD) samples resemble those reported 

by Kalkura [24] in uric acid crystals with minor shift in band positions.  IR bands at 2817, 3018, 

1349, 1122 and 877 cm
-1

 in the samples confirmed the presence of uric acid. The most intense 

band in the IR spectrum of the UAA is observed at 1122 cm+ and this is due to C-C stretching 

vibrations. The strong shoulder band at 1593 cm
-1

 indicates the asymmetric deformation of NH3 

and at 1673 cm
-1

 due to the stretching of carbon-oxygen double bond. Bands contributed by OH 

bending vibrations of H2O molecules are also expected in this region. The C=O stretching 

vibrations are observed at 1349 cm
-1

 in both the samples. The presence of CH2-CO deformation 

vibration at 1400, CH2 wagging at 1309 and rocking vibrations at 784 cm
-1

 confirmed the 

existence of CH2 group. Relatively strong absorptions are expected in the IR spectra due to O-H 

and N-H stretching vibrations in the frequency range of 2200-3000 cm
-1

 in an aromatic structure. 

The band extending from 2100-3300 cm
-1

 with peaks at 2814 and 3010 cm
-1

 may be contributed 

by O-H and N-H stretching and CH2 groups. The moderately intense IR band at 1026 cm-1 is 

attributed to C-N stretching. All these observations leads to the conclusion that the composition 

of Group IF (Figure 4) and IG samples (Fig. 5) are uric acid anhydrous and uric acid dihydrate 

respectively. 

IR spectrum of cystine is recorded using KBr pellet method. The absorption band at 3026 

cm
-1

 has been assigned to CH stretching vibrations. The two bands at 1622 and 1584 cm
-1

 are 

assigned to NH, deformation. The band observed at 1408 cm
-1

 was related to the mixed 

vibrational modes of C-H bending and COO- stretching modes. The bands at 1382 cm
-1

 and 1337 

cm
-1

 had been assigned to C-H bending and C-C stretching, respectively. C-S stretching 

vibration is seen at 675 and 615 cm
-1

. The sharp band at 540 cm
-1

 is attributed to the S-S 

stretching mode. The observed FTIR studies of Group IH samples (Figure 4.11) confirm the 

presence of cystine in mono mineral form [18].  
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Fig.5. FTIR spectra of Group IG and IH            Fig.6. FTIR spectra of Group IIA Samples 

Samples 

Binary and ternary mixtures of various combinations (IIA to IIIA) are shown in fig.6 to 

fig.10 and explained using following observations  

FT-IR spectrum of COM, COD, struvite, COM+CAp and COD+CAp urinary calculi are 

analyzed. Symmetric and asymmetric O-H stretch resulted in coupled vibrations in the region 

3000-3600 cm
-1

 in COM, which appeared as a smooth broad band in the case of COD. IR band 

due to C-O symmetric stretch, which is resulted in a doublet at 1463 and 1488 cm
-1

 in the case of 

COM and as a singlet at 1473 cm
-1

 in COD, enables the distinction of COM and COD. In the 

case of mixed stones along with these peaks, the band at 1037 cm
-1

 in IR spectrum band at 959 

cm
-1

 confirmed the presence of phosphate in the stone [19].  

Bimineralic mixture of calcium oxalate and uric acid stones samples, with different 

mixing ratio show the prominent  diagnostic bands around 1637 cm
-1

 (C=C Stretch), 1018 cm
-1

 

(N-H stretch), 766 cm
-1

 (C-N stretch of aromatic) [20].  

IR spectrum of the uric acid is characterized by many bands indicated by the purinic ring 

at 3138, 3020 and 2836 cm
-1

 (absorption bands). The bands are due to N-H stretching vibrations, 

and also, there are additional bands at 1351, 1124, 1029 and 786 cm
-1

 wave numbers. In the case 

of urinary calculi, the N-H stretching vibrations appeared at 3142, 3026, 2857 cm
-1

 values and 

there are also IR absorptions at 1353, 1126, 1031 and 788 cm
-1

, confirmed the presence of uric 

acid in the calculi. Stretching frequencies of 567, 603, 985, 1038 with a shoulder at 1105 cm
-1

 

correspond to the apatite mineralogical form of the calcium phosphate [21]. 
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Fig.7.FTIR spectra of Group IIB - IID          Fig. 8. FTIR spectra of Group IIE Samples 

Samples 

      

Fig.9.. FTIR spectra of Group IIF Samples    Fig.10. FTIR spectra of Group IIG and IIIA     

Samples 

For calcium oxalate (mono/ dihydrate)  in combination with magnesium ammonium 

phosphate and calcium phosphate stones, the diagnostic bands are around 3000 cm
-1

 (OH 

Stretch), 1670 cm
-1

, 1348 cm
-1

 (C=O and C-O Stretch), 1414 cm
-1

 (NH4), 850 cm
-1

 (phosphate). 

It is easily recognized even in mixed stones both by the position of the strong absorption band at 

1008 cm
-1

 (which is due to the absorption of phosphate group) and by the presence of other 

bands at 2377, 1476, 1437, 872, 770 and 574 cm
-1

. The bands at 1476 and 1437 cm
-1

 are due to 

vibration of    
  group. When struvite is in association with apatite, the presence of the latter 
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can be deduced by absorption at 600 cm
-1

 and by a shift of the band at around 1010 cm
-1

 towards 

higher frequencies [22]. 

The band at 1040 cm
-1

 with lateral extension towards the 1070 cm
-1

 is a characteristic of 

calcium phosphate. The band around 1470 cm
-1

 is due to NH4 vibration. The band at 1320 cm
-1

 

was the characteristic band of COM. So, it is concluded that the surgical stone which is a mixture 

of calcium phosphate, struvite and calcium oxalate [10].  

3.1. Quantitative prediction of urinary stone samples 

In order to perform quantitative analysis, a powerful chemo metric tool along with FT-IR 

spectroscopy has proved to be a promising technology for the identification of stone 

compositions. This study aimed at evaluating the potential of FT-IR spectroscopy to identify 

urinary stones compositions in medical environment. The quantitative analysis is carried out by 

means of partial least squares. PLS is relied on its ability to exploit FTIR spectral data from 

broad spectral frequencies and to correlate spectral changes in the concentration of a component 

of interest while simultaneously accounting for other spectral contributions that may perturb 

FTIR spectra.  

PLS regression is performed on the urinary stones FTIR data and the full cross validation 

was used to standardize the validity of PLS model. To built a calibration model that can predict 

composition (quantitative) analysis of surgical urinary stones spectrum and evaluate its 

performance.  

FTIR spectroscopy is regarded as “fingerprint” technique, especially in region of 2000 – 

400 cm
-1

 [23]. PLS is also called full spectrum method, therefore it can be applied for analysis of 

component of interest at the whole FTIR spectral regions rather than specific regions. For these 

reasons, two FTIR spectral regions, namely using whole spectra (4000-400 cm
-1

) and at selected 

frequency regions (2000 – 400 cm
-1

) are used for developing a PLS calibration model. The 

selection of frequency regions was based on the highest values of coefficient of determination 

(R2) and the lowest values of root mean standard error of calibration (RMSEC). 

First step is to partition the data into a calibration set and a test set. In-silico analysis is 

performed on FTIR spectrum of identified mono mineral gel grown crystals. From this a data 

base of 200 spectra was established.   The stone data set has been divided into the calibration set 

and a test set, which contain 140 and 60 samples respectively. The number of optimal latent 

variable (LV) is determined before building PLS model. Mostly 8-fold cross validation is used to 

give a reasonable choice. For quantitative measurement, determination of RMSECV is essential. 

After running EFTIR program, RMSECV against the number of latent variable (LV) will be 

determined. From the values of RMSECV value decrease quickly first and then shows no big 

changes in between 7
th

 and 8
th

 components. So using 8 components to build a PLS model may be 

reasonable choice. 
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Table 1. Actual and PLS – predicted compositions (g%) of urinary calculi. 

Sample  
Brushite CAp COD COM Cystine Struvite Uric acid 

A P A P A P A P A P A P A P 

1 - - - - - - - - - - 100 100.0 - - 

2 - - - - - - 100 100.0 - - - - - - 

3 - - 100 100.0 - - - - - - -   - - 

4 - -1.4 65 63.4 - 1.6 - -1.8 - - - 1.0 35 37.1 

5 - - - - - - - - - - - - 100 100.0 

6 - - - - 100 100.0 - - - - - - - - 

7 - 0.0 - - 7 7.0 93 93.0 - - - - - - 

8 - -1.8 85 84.7 - 1.3 - -0.6 - - - 0.8 15 15.7 

9 - -1.8 87 86.6 13 16.5 - -1.3 - - - - - - 

10 - -1.6 30 29.1 - 1.3 - -1.7 - - 70 73.0 - - 

11 - - - - - - - - - - - - 100 100.0 

12 - -1.2 76 75.4 24 26.9 - -1.1 - - - - - - 

13 - -1.9 40 39.1 - 1.4 - -0.3 - - - - 60 61.6 

14 - -0.3 60 60.5 40 41.5 - -1.7 - - - - - - 

15 - -1.3 45 45.6 55 57.4 - -1.7 - - - - - - 

16 - -0.8 20 19.2 80 82.9 - -1.2 - - - - - - 

17 - -1.5 32 30.5 - 1.7 - -1.3 - - - - 68 70.5 

18 - - - - - - - - - - - - 90 100.0 

19 - - - - - - - - - - - - 89 100.0 

20 - - - - - - - - 100 100.0 - - - - 

21 - - - - - - - - - - - - 95 100.0 

22 - - - - - - - - - - - - 87 100.0 

23 - -1.0 - 2.0 - 1.1 97 96.9 - -0.3 4 3.9 - -0.2 

24 - - - - - - - - - - - - 100 100.0 

25 - -0.2 21 21.7 - 0.8 79 77.7 - - - - - - 

Continues… 
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 Table  1. contd… 

A- Actual compositions from wet chemical analysis; P- Predicted/Derived from the PLS analysis 

on FTIR data of urinary calculi. 

Table 1 demonstrates a direct correspondence between the actual (Wet chemical analysis) and 

PLS-predicted compositions for patients' samples. Because compound values lesser than 2 g% 

are designated as "trace amounts" for actual compositions of some patients' samples. Negative 

values in predicted column indicate the overlapping of vibrations frequencies of specific type 

which can be neglected. Thus typical FTIR spectra of kidney stone samples which are 

approximately 98% matched with the spectra of standards and identified. 

CONCLUSION  

Fourier Transform Infrared (FTIR) Spectroscopy combined using PLS were used to 

analyze the contents in the samplings. The developed method was rapid, with a total analysis 

time less than 3 min for one measurement. Furthermore, it is environmentally friendly and the 

use of excessive time, chemical reagents and solvents can be avoided. Calcium oxalate (pure and 

mixed form) and Uric acid (anhydrous and dihydrate) stones are commonly found in patients of 

Sample  
Brushite CAp COD COM Cystine Struvite Uric acid 

A P A P A P A A P A P A P A 

26 - -0.9 4 5.8 - 0.9 96 96.3 - -0.2 - - - - 

27 - - - - - - - - - - - 0.0 90 100.0 

28 - -1.0 - 1.8 - 0.1 93 95.2 - -0.4 - 0.1 7 6.8 

29 - -1.3 6 8.8 94 99.2 - -3.3 - -0.4 - 0.3 - -0.3 

30 - -1.5 69 67.8 - 1.3 31 32.4 - - - - - - 

31 - - - - - - 100 100.0 - - - - - - 

32 - - - - - - 100 100.0 - - - - - - 

33 - 0.0 - - 19 19.0 81 81.0 - - - - - - 

34 - 0.0 - - 23 23.0 77 77.0 - - - - - - 

35 - - - - - - 100 100.0 - - - - - - 

36 - -1.4 36 37.2 - 0.9 - -1.4 - - 64 66.0 - -1.4 

37 - -1.4 83 84.1 - 0.1 - -1.2 - - 17 19.5 - -1.1 

38 - 0.0 - - 38 38.1 62 62.0 - - - - - - 

39 - - - - - - 84 100.0 - - - - - - 

40 - - - - - - 90 100.0 - - - - - - 

41 - -0.5 45 44.2 - 1.9 - -0.8 - - 55 56.9 - -1.7 

42 - -1.4 - -1.3 - 1.4 84 85.4 - - - 0.4 16 15.5 

43 - 0.0 - 0.1 65 65.1 35 35.0 - - - 0.0 - 0.0 

44 - -1.2 48 45.6 - 1.8 22 23.8 - - 30 31.0 - -1.0 

45 100 100.0 - - - - - 0.0 - - - - - - 

46 - -1.4 67 68.3 - 0.0 - - - - 33 34.9 - -1.8 

47 - -1.5 - -1.6 - 0.6 72 72.7 - - - - 28 29.7 

48 - - - 1.7 - - 53 49.3 - - - - 47 49.0 

49 - - - - - - 100 100.0 - - - - - - 

50 - - - - - - - - 100 100.0 - - - - 
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Vellore region. Thus typical FTIR spectra of kidney stone samples which are approximately 98% 

matched with the spectra of standards and identified. 
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