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Microstructural diversity of gallstones revealed by spectral
microanalyses and their association with hepatic parameters
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Abstract
Background Gallstones (GS) are formed as a result of impaired metabolic regulation and can be reflected in serum parameters.
This study was focused on classifying GS based on spectral microanalysis and identifying the possible role of serum hepatic
parameters on GS of different compositions.
Methods The study included a total of 126 GS from 80 consecutive patients who underwent cholecystectomy for GS diseases in
a single center. The composition and microstructure of GS were analyzed using Fourier-transform infrared (FTIR) spectroscopy,
field emission scanning electron microscopy (FESEM), and energy dispersive X-ray spectroscopy (EDS). The serum hepatic
parameters were studied in order to establish a possible etiologic relationship with GS composition.
Results In the study group, the incidence of GS was higher in females 62 (77.5%) compared with males 18 (22.5%). The mean
age was 42.81 ± 13.01 and 43.78 ± 14.4 years for female and male patients, respectively. Based on composition, the GS were
assigned to four major groups: cholesterol, pigment, phosphate, and mixed stones. Mixed composition stones totally represented
the majority 53 (66.3%), followed by pure cholesterol 23 (28.8%), pigment stones 2 (2.5%), and phosphate stones 2 (2.5%),
respectively. Elemental composition revealed the presence of carbon (C), oxygen (O), calcium (Ca), and phosphorus (P) to be
major elements along with traces of sodium (Na), magnesium (Mg), aluminum (Al), iron (Fe), copper (Cu), bromine (Br),
manganese (Mn), and zinc (Zn). Among serum parameters, total bilirubin, direct bilirubin, indirect bilirubin, serum glutamic-
oxaloacetic transaminase, and total protein were higher in patients with pigment GS than cholesterol GS.
Conclusions Characterization of GS indicates that different types of stones have different characteristics in terms of microstructure,
elemental composition, and distribution. Serum hepatic function test profiles showed an association with the compositions of GS.
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Introduction

Gallstone (GS) disease is one of the major health problems in
developed societies, affecting 10% to 15% of the adult popu-
lation [1]. The incidence of GS is 15% inUSA, 5.9% to 21.9%
in Europe, 3% to 11% in China, and 4% to 15% in Asia [2, 3].
The estimated prevalence of GS in India is reported as 2%
to 29% [4–6]. Regional differences in the GS composition
are also observed among the Indian patients [7]. Geography,
ethnicity, diet, rapid weight loss, and obesity play important
role in the development of GS [1, 8].

Information on the chemical composition and elemental
distribution of GS is essential for understanding its
etiopathogenesis. Generally, GS are mainly composed of cho-
lesterol, bilirubin, calcium carbonate, calcium phosphate, and
traces of proteins [9–12]. In addition, trace elements such as
chlorine (Cl), potassium (K), manganese (Mn), iron (Fe), alu-
minum (Al), and copper (Cu) are also present [13–15].
Knowledge on exact pathogenesis of GS is incomplete, pos-
sibly because of the complex interaction of various physiolog-
ical, environmental, and genetic risk factors [16]. GS with
cholesterol are generally formed due to high cholesterol con-
centration exceeding the normal levels in bile [17]. On the
other hand, pigment stones occur when there is destruction
of red blood cells leading to excess bilirubin in the bile.

High lipid concentrations and biliary protein levels are impor-
tant risk factors for the GS formation [18].

Lack of documentation on the characterization of sur-
gically removed GS is a limitation for understanding the
chemical nature of the stones. However, with some re-
cent research based on the composition and microanal-
ysis, more classes of GS have been identified [19]. The
present study was carried out to understand the diversity
in the composition of GS in patients with cholelithiasis
who underwent cholecystectomy. In addition, liver func-
tion tests were compared in patients with cholesterol
and pigment GS to find relationship correlate between
hepatic parameters and development of GS of varying
composition.

Methods

The study was approved by the Institutional Ethics Committee
(Ref No. YUEC/52/2015) and written informed consent was
obtained from all participants. All the patients had symptom-
atic GS. The diagnosis was done using ultrasound imaging. A
total 126 GS from 80 patients who underwent laparoscopic
cholecystectomy fulfilling the inclusion criteria were includ-
ed. Patients with liver cirrhosis and biliary tract parasitic

Bullet points of the study highlights

What is already known?
Gallstones (GS) are diverse in composition including the mixed type and varied 

in presentations.

Gallstone is associated with gender, age, and body mass index.

Microstructural profiling of GS using various spectroscopic and microscopic 

methods offer benefit in the analysis. 

What is new in this study?
We compared the liver function tests in patients with cholesterol and pigment 

GS to evaluate the relationship between hepatic parameters and GS of different 

What are the future clinical and research implications of the study findings?
Future studies exploring the role of hepatic parameters in different types of GS formation

will be helpful in understanding the etiopathogenesis.

Total serum bilirubin, direct bilirubin, indirect bilirubin, serum glutamic oxaloacetic

transaminase, and total protein were higher in patients with pigment GS than cholesterol

GS.

composition.
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infection were excluded. Liver function test (LFT) was per-
formed in all the patients. Total bilirubin was quantified by
diphylline, diazonium salt method, direct bilirubin using spec-
trophotometric assay, serum glutamic oxaloacetic transami-
nase (SGOT) by enzymatic colorimetric method, serum
glutamic pyruvic transaminase (SGPT) test was performed
by the UV spectrometric method with B5P, total protein was
quantified byBiuret endpoint method, and serum albumin was
estimated by bromocresol green method. All the tests were
performed at the clinical laboratory.

Fourier-transform infrared (FTIR), field emission
scanning electron microscopy (FESEM), and energy
dispersive X-ray spectroscopy (EDS) analysis

For FTIR spectra, surgically removed GS were washed
with distilled water and air dried. Approximately 20 mg
of stones was powdered and analyzed using Shimadzu
IR Prestige 21 instrument [20–23]. The FTIR spectra
were recorded at the range of 4000–400 cm−1 at
4 cm−1 resolution. Based on the IR spectra, the GS
composition was determined [24]. Scanning electron mi-
croscopy was performed using 10 mg of the samples
that were sputter coated with gold using a field emis-
sion scanning electron microscope (Carl Zeiss,
Cambridge, Germany). The compositions and distribu-
tion of elements in GS were analyzed by EDS
(Oxford Instruments, England). The microstructure was
analyzed at × 1000–20000 magnification [25].

Statistical analysis

Statistical analysis was performed using SPSS software
(Version 22; SPSS Inc.; Chicago, IL, USA). Continuous var-
iables were reported as means ± standard deviations. Results
for categorical data were summarized using frequencies and
percentages. Independent t and Mann-Whitney U tests were
used to compare the liver parameters among patients with
cholesterol and pigment GS. The value of p < 0.05 was con-
sidered statistically significant.

Results

Patient demographics

The study included 80 patients, and among them, 62 (77.5%)
were females and 18 (22.5%) were males (female to male ratio
of 3.4:1). The mean age of the study group was 43.03 ±
13.24 years (range 17 to 76 years). Peak age group was 35–
55 years followed by 15–35 years and above 55 years, respec-
tively. Mean ages of presentation showed no significant dif-
ference between females and males (p > 0.05).

Characterization, FTIR spectral analysis,
and composition of GS

Based on the composition analyzed by FTIR, the GS were
classified into four major types as cholesterol, pigment, phos-
phate, and mixed stones (Table 1). The mixed stones were
highly predominant (66.3%) and composed of two or more
than two types of components. The main subtypes of mixed
stones were cholesterol-phosphate, bilirubinate-phosphate,
bilirubinate-calcium carbonate, cholesterol-bilirubinate-phos-
phate, cholesterol-bilirubinate, cholesterol-calcium carbonate,
cholesterol-calcium carbonate-phosphate, cholesterol-calcium
stearate, and bilirubin-calcium stearate.

Cholesterol-containing stones were bigger in size and
heavier compared with pigment stones (Table 2). Cholesterol
stones appeared brownish yellow, gray, or black and mainly
spherical in shape. Cross section showed radiating glistening
crystals of different sizes (Fig. 1a). On the other hand, pigment
stones were mostly amorphous, brittle, black, grayish brown,
or charcoal gray and were harder than cholesterol stones (Fig.
1b). Phosphate stones were mainly soft and black in color
(Fig. 1c) Most mixed stones were multifaceted, varying in
size, appearing mainly black, light green, grayish black,
brownish yellow, and spherical in shape (Fig. 1d-f).

The FTIR spectra of the cholesterol and pigment GS are
shown in Fig. 2 (a,b). The GS with phosphate content showed
characteristic vibration frequency arising from PO4

3− at
1036 cm−1, 605 cm−1, and 564 cm−1 (Fig. 2c). Cholesterol-
bilirubinate mixed stones showed peaks at 1663.71 cm−1,
1571.9 cm−1, and 1247.2 cm−1 due to absorption peaks of

Table 1 Chemical composition of gallstones as revealed by Fourier-
transform infrared spectroscopy and their frequency in relation
to different age groups

Chemical composition of gallstones Frequency
n (%)

Age (mean ± SD)
years

Cholesterol 23 (28.8) 40.7 ± 13.22

Bilirubin (pigment) 2 (2.5) 40.5 ± 6.36

Phosphate 2 (2.5) 34 ± 24.04

Mixed stones (n = 53)

Cholesterol-bilirubinate 12 (15) 46.9 ± 16.12

Cholesterol-phosphate 6 (7.5) 42 ± 11.31

Bilirubinate-phosphate 16 (20) 44.5 ± 11.87

Cholesterol-calcium carbonate 7 (8.8) 38.29 ± 11.81

Bilirubinate-calcium carbonate 5 (6.3) 57.40 ± 12.79

Cholesterol-bilirubinate-
phosphate

3 (3.8) 42.67 ± 11.71

Cholesterol-calcium
carbonate- phosphate

1 (1.3) 38*

Cholesterol-calcium stearate 2 (2.5) 40.5 ± 6.34

Bilirubin-calcium stearate 1 (1.3) 28*

*Single observation
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bilirubin and bilirubinate; 1466 cm−1, 1377 cm−1, and
1057 cm−1 were indicative of cholesterol. Bilirubinate-
phosphate mixed stones similarly showed vibrational frequen-
cies representing the absorption peaks of bilirubin/bilirubinate,
and of phosphate. Bilirubinate-calcium carbonate mixed stones
showed vibrational frequencies at 1454.3 cm−1, 854 cm−1,
700 cm−1, and 688 cm−1 of calcium carbonate in addition to
bilirubin and bilirubinate peaks. Similarly, cholesterol-
phosphate mixed stone showed peaks corresponding to phos-
phate at 1031 cm−1, 602 cm−1, and 551.64 cm−1 in addition to
cholesterol peaks (Fig. 2d).

Microstructure and elemental composition

The microstructure of all types of GS is presented as represen-
tative micrographs in Fig. 3. FESEM analysis revealed that
cholesterol stones were mainly composed of plate-like or la-
mellar, cholesterol crystals with an irregular arrangement
(Fig. 3a). Pigment stones showed different sizes, clumped
sphere-like or irregular bilirubinate particles (Fig. 3b). The
shape and the microstructure of mixed stones varied depend-
ing on the components.

The elemental composition of the GS obtained from EDS
analysis is presented in S1 Fig. Cholesterol stones contained
carbon (C), oxygen (O), calcium (Ca), sodium (Na), and mag-
nesium (Mg) as major elements, with traces of Al, Cl, Fe, and
silicon (Si). Pigment stones contained carbon, oxygen, iron,
sodium, magnesium, aluminum, chlorine, and copper. The
elemental composition of mixed stones was complex;
cholesterol-phosphate mixed stone contained major elements
such as Ca, O, C, and P, and boron (B), fluorine (F), Na, Al,
sulfur (S), Cl, Mn, Cu, and zinc (Zn) as minor elements.
Bilirubinate-phosphate mixed stones had similar elements as
in cholesterol-phosphate mixed, in addition to Mg and Fe.
Cholesterol-calcium carbonate mixed stones consisted of C,
Ca, and O as major elements, whereas B, Fe, nitrogen (N), Na,
Mg, Al, P, S, and Cl were also found in trace quantities.

Hepatic parameters and their association with GS

Results of LFT among patients with cholesterol and pigment
GS are shown in Table 3. Comparison of hepatic parameters
such as total bilirubin, direct bilirubin, indirect bilirubin,
SGOT, SGPT, serum alkaline phosphatase (SAP), total

protein, and serum globulin showed higher levels in patients
with pigment GS than cholesterol GS. But serum albumin and
albumin globulin ratio was higher in patients with cholesterol
GS than pigment GS. The cholesterol mixed stones showed
higher total bilirubin and SAP when compared with pure cho-
lesterol, pure pigment, or other mixed types. Other parameters
did not show differences in different stone types. None of the
LFT parameters was significantly different between cholester-
ol and pigmented GS (p > 0.05).

Discussion

Among the stones analyzed, GS was more frequent in
among the age group between 35 and 55 years. These observa-
tions are in conformity with earlier studies [26, 27]. GS patients
included in the present study were more commonly females.
Among the factors that contribute to a higher incidence of GS in

Table 2 Size and weight of stones containing cholesterol and pigment

Gallstone types Length (mm) Width (mm) Weight (g)

Cholesterol* (n = 54) 7.75 ± 4.21 6.14 ± 3.38 0.713 ± 1.14

Pigment# (n = 39) 6.46 ± 3.95 5.15 ± 3.28 0.71 ± 142

*Includes all stone with cholesterol. # Includes all stone with bilirubin and
bilirubinate

Fig. 1 Physical appearance of surgically removed gallstones. (a) Pure
cholesterol stone; inset—cross section showing radiating glistening cho-
lesterol crystals. (b) Pigment stone showing homogenously distributed
pigment material. (c) Phosphate stone. (d) Bilirubinate-calcium carbonate
mixed stone. (e) Cholesterol-bilirubinate-phosphate mixed stone. (f)
Bilirubinate-phosphate mixed stone; inset—cross section showing pig-
ment and phosphate layers
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females, female sex hormones, parity, oral contraceptive use,
and estrogen replacement therapy are some of the important
ones [28–30]. It has been also reported that females with obe-
sity have an increased risk of GS formation [1].

Some of the studies reporting the biochemical composi-
tions of GS among Indians are from the northern parts of
India and studied mostly the cholesterol stones [31, 32].
However, a retrospective study from northern India (n =
1100) reported more than 62% of GS to be mixed
in composition followed by pigment and cholesterol [33].
Similar results are found in our study; 69% of GS were of
mixed composition followed by pure cholesterol, pigment,
and phosphate stones. Higher frequency of cholesterol GS is
generally observed in patients from developed countries [3].

Gallstone classification based on chemical analysis has
gradually been recognized and widely used with the

application of infrared spectroscopy [12, 34]. In this study,
we could identify nine subtypes of GS by FTIR spectroscopy.
The non-spectroscopic method is also used to determine the
chemical composition of GS, and lack of specificity, sensitiv-
ity, and inaccuracy are common with such methods. Further,
FESEM and EDS results provided strong evidence for the
occurrence of multiple constituents in the cholesterol and pig-
ment GS. Advanced technologies havemade the identification
of the microstructure and elemental compositions of GS easy
[35].

Pathogenesis of GS is multifactorial and affected by a com-
plex interaction of lifestyle, environmental, and genetic factors
[36]. Cholesterol supersaturation, nucleation, precipitation,
and gallbladder hypomotility are mainly associated with cho-
lesterol stone formation in addition to the abnormal expression
of the related genes [37]. Pigment GS are also associated with

Fig. 2 Fourier-transform infrared
spectra of five gallstone types
with characteristic peaks marked.
(a) Pure cholesterol stone. (b)
Pigment stone. (c) Phosphate
stone. (d) Cholesterol-phosphate
mixed stone: 2872 cm−1,
1466 cm−1, 1377 cm−1, and
1057 cm−1 characteristic absorp-
tion peaks of cholesterol and
1036 cm−1 and 605 cm−1 are the
characteristic absorption peaks of
phosphate. (e) Cholesterol-
bilirubinate-phosphate mixed
stone: 2872 cm−1, 1466 cm−1,
1377 cm−1, and 1057 cm−1 are the
characteristic absorption peaks of
cholesterol, 1663 cm−1 and
1629 cm−1 are of bilirubin and
bilirubinate, and 1036 cm−1 and
605 cm−1 are of phosphate
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increased serum unconjugated bilirubin levels because the su-
persaturation of pigment stones occurs in presence of in-
creased concentration of unconjugated bilirubin or free ion-
ized Ca2+ in the bile [38]. This may be the reason for the
increase in total, direct, and indirect bilirubin in patients with
pigmented GS compared with cholesterol GS. The

deconjugation of bilirubin by bacterial beta-glucuronidase re-
sults in precipitation of calcium bilirubinate, which contrib-
utes to pigment stone formation [38]. Knowledge about the
color, appearance, and composition of GS is necessary as there
are evidences which state black pigmented stones form only in
the gallbladder as a result of hemolysis or abnormal

Table 3 Liver function test
results of patient with cholesterol
and pigmented gallstones

Liver function test Cholesterol stone# Pigment stone§ p-value

Total bilirubin 0.64 ± 0.48 0.75 ± 0.37 0.186#

Direct bilirubin 0.37 ± 0.22 0.42 ± 0.22 0.153#

Indirect bilirubin 0.31 ± 0.29 0.35 ± 0.31 0.274#

Serum glutamic oxaloacetic transaminase 27.7 ± 11.2 34.49 ± 20.7 0.722#

Serum glutamic pyruvic transaminase 39.7 ± 38.4 43.9 ± 33.3 0.442#

Serum alkaline phosphatase 77.9 ± 29.7 111.6 ± 96.2 0.723#

Total protein 7.3 ± 0.94 7.4 ± 0.84 0.497*

Serum albumin 4 ± 0.47 3.98 ± 0.43 0.563*

Serum globulin 3.35 ± 0.62 3.37 ± 0.67 0.37*

Albumin globulin ratio 1.2 ± 0.21 1.18 ± 0.22 0.326#

# Includes all stone with cholesterol except the mixed with bilirubin. § Includes all stone with bilirubin except the
mixed with cholesterol. *Two sample t test, #Mann-Whitney U test

Fig. 3 Scanning electron
microphotographs showing
microstructure of different types
of gallstones. (a) Cholesterol
stone, showing plate- and lamella-
shaped cholesterol crystals. (b)
Pigment stone, showing irregu-
larly arranged, clumped
bilirubinate particle. (c)
Cholesterol-bilirubinate mixed
stone, showing plate-like choles-
terol crystals with scattered
bilirubinate particle. (d)
Bilirubinate-calcium carbonate
mixed stone, showing irregular
bilirubinate particles and calcium
carbonate crystals. (e)
Bilirubinate-phosphate mixed
stone, showing irregularly ar-
ranged bilirubinate particles and
clumped phosphate crystals. (f)
Cholesterol-calcium carbonate
mixed stone, showing lamellar
cholesterol and calcium carbonate
crystals
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erythropoiesis, whereas, the brown pigment stones can form at
any part of the biliary duct or gallbladder caused by anaerobic
bacterial infections [39]. Serum total protein was comparatively
higher in female patients, most likely indicating an increase in
gammaglobulin production resulting from the stimulation of the
inflammatory response by the presence of the GS [40].
However, there was no significant association between the bio-
chemical parameters among the GS with different composi-
tions. The pigment stone can also form in patients with hemo-
lytic disease [39]. The hepatic parameters highly vary in each
patient of similar stone types. The GS compositionmay depend
strongly on the other comorbidities, hepatobiliary conditions,
lifestyle, and dietary habits. Careful investigations are needed
to identify biomarkers for preventing the progression of the GS.

In conclusion, the study findings indicate that different
types of stones have diversity in terms of the microstruc-
ture, elemental composition, and distribution. As GS may
impair the normal digestive process, exploring into further
role of hepatic parameters in different types of GS forma-
tion will be helpful in understanding the etiopathogenesis.
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