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Abstract. Laser-induced breakdown spectroscopy (LIBS) is applied to investigate the effect of diabetes mellitus (DM)
on the elemental composition of fingernails. Measurements are carried out on 85 fingernail clippings including 51
diabetic and 34 control subjects. An auto-focus system has been designed and used in experiments to improve the
repeatability of LIBS measurements. Classification of diabetic and nondiabetic subjects is examined using discrimi-
nant function analysis (DFA) method. This classification is based on 82 atomic, ionic, and molecular emission lines
belonging to 13 elements as well as one molecule of fingernails. Emission lines that can be used as the best pre-
dictors are identified. The possibility of using this method for screening purposes is discussed based on the clas-
sification results. This preliminary work shows the ability of LIBS of fingernails in discrimination of DM patients and
nondiabetic subjects using DFA method and its feasibility in screening purposes. © 2013 Society of Photo-Optical

Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.18.10.107006]
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1 Introduction
Laser-induced breakdown spectroscopy (LIBS) is an analytical
technique with a wide range of applications. The method uses a
focused high-power and short-pulse laser beam on the sample
surface. If the laser power exceeds the threshold value, an opti-
cal breakdown occurs. During the optical breakdown, a highly
ionized gas, i.e., plasma, is formed. As the plasma cools down,
atoms, ions, and molecules in plasma emit their characteristic
spectral lines. These spectral lines can be used to identify the
composition of the sample, assuming that the plasma composi-
tion is representative of the target.1,2 There is a special attention
on the application of LIBS in biological matrix analysis.
Analysis of bacteria,3,4 teeth,5,6 hairs,7 bones,8 and finger-
nails9–13 are some examples of its applications in this area.
Other methods used for elemental analysis of biological matrix
are neutron activation analysis,14 atomic absorption spectropho-
tometry,15 inductively coupled plasma mass spectrometry,16

X-ray fluorescence,17 and proton particle-induced X-ray emis-
sion,18 whereas Raman spectroscopy is extensively used as
a molecular detection method.19–21

Diabetes mellitus (DM) is a worldwide problem of increasing
importance. It refers to a group of metabolic diseases in which
a person has high blood sugar either because the pancreas does
not produce enough insulin or because cells do not respond to
the produced insulin.22 The systemic pathologic alterations that
occur in patients with DM may affect the nail unit.23 Nail can
be a useful sample for clinical investigations, since metabolic
events that occurred during the time of its formation can
influence its components.24–26 The nail plate is formed by layers
of keratinized cells produced by the nail matrix, a highly

proliferative epidermal tissue.27 It is mainly composed of hard
α-keratin, which is the substance forming the stratum cor-
neum,28 as well as some trace elements. The mechanism of
elements incorporation into nails includes incorporation into
the matrix by the formation of keratinized tissue, via blood flow
during linear growth; incorporation via nail bed, during thicken-
ing growth; and possible environmental contamination that may
provide rapid access of xenobiotics to the distal nail.16

Changes in molecular structure of human fingernail proteins
of diabetic and nondiabetic specimens have been investigated
by Farhan et al. using FTIR spectra.29 They concluded that
the proteins in the nails of diabetic patients contain α-helical
structure, including the presence of amide II bonds, while nails
of nondiabetic patients do not have the amide II structures.
Dielectric properties of keratin–water system in diabetic and
healthy human fingernails have been investigated by Jabłecka
et al.30 Their results indicated that the dielectric measurements
of the nail could be used in detection of diabetes. Elemental
analysis of nail and other biological samples such as serum,
scalp hair, urine, and other body fluids of DM patients have
been carried out by Nasli-Esfahani et al.31 Their results showed
that scalp hair and nail are the best biological samples for trace
element analysis especially in the case of Cr, Se, and Mn due to
the high accumulation of these elements in hair and nail.

Screening programs become increasingly popular, since
“prevention” is considered “better than cure.” For this purpose,
a suitable screening test must be available. Suitability criteria
include adequate sensitivity and specificity, low cost, ease
of administration, minimal discomfort upon administration,
and acceptability to both patients and practitioners. Among
human tissues, nail is a favorable sample for screening because
it is easy to collect, store, and transport. On the other hand,

Address all correspondence to: M. Bahreini, Shahid Beheshti University, Laser
and Plasma Research Institute, G. C., Evin, Tehran 1983963113, Iran. Tel: 98-
2129904018; Fax: +98-2122431775; E-mail: M_Bahreini@sbu.ac.ir 0091-3286/2013/$25.00 © 2013 SPIE

Journal of Biomedical Optics 107006-1 October 2013 • Vol. 18(10)

Journal of Biomedical Optics 18(10), 107006 (October 2013)

http://dx.doi.org/10.1117/1.JBO.18.10.107006
http://dx.doi.org/10.1117/1.JBO.18.10.107006
http://dx.doi.org/10.1117/1.JBO.18.10.107006
http://dx.doi.org/10.1117/1.JBO.18.10.107006
http://dx.doi.org/10.1117/1.JBO.18.10.107006
http://dx.doi.org/10.1117/1.JBO.18.10.107006


compared to other methods, LIBS offers many advantages
including no sample preparation, extremely fast measurement
time, broad elemental coverage, and relatively low cost for
every experiment. Therefore, LIBS of fingernails can be a suit-
able method for screening of DM.

In the present study, laser-induced breakdown spectroscopy
is used for the analysis of fingernail belonging to DM and non-
diabetic subjects. Elemental analyses of fingernails of opium
addicts, osteoporotic, hyper- and hypothyroidism, alcoholic,
and doping subjects by means of LIBS have been investigated
by our group.10–13 In our previous works, we could find some
correlation between disease and fingernail elements. To inves-
tigate alcoholic and doping subjects, an auto-focus system was
applied to prepare the same lens to sample distance for all fin-
gernails.13 Since in that work the sample size was so limited, we
could not make a general conclusion from our results. So, in the
present study, in addition to using the auto-focus system, a
reasonable sample size is prepared. A statistical multivariate
method named discriminant function analysis (DFA) is used
to discriminate and classify samples. The possibility of using
this method in screening purposes is discussed by calculating
the sensitivity and selectivity. Also, a brief discussion about
the relation between some elements and DM is included.

2 Experiment
The experimental setup used to analyze fingernails is shown in
Fig. 1. A Q-switched Nd:YAG laser (Continuum, Surelite III)
with a wavelength of 1064 nm, pulse energy of 60 mJ∕pulse,
repetition rate of 1 Hz, and pulse duration of 6 ns is used.
Its beam is focused by means of a 180-mm focal length lens
to create a plasma on the sample surface. Plasma emission
is guided by an optical fiber to an echelle spectrograph
(Kestrel, SE200) with the resolving power of 1700. The spectro-
graph is equipped by an intensified charge-coupled device
(ICCD) camera (Andor, iStar DH734). A part of laser beam
is sent to a photodiode by means of a beam splitter and then a
signal is sent to a delay generator. ICCD is triggered by the delay
generator, 1 μs after the plasma initiation. Each spectrum is
recorded with a gate width of 20 μs.

Nail sample has a slight convexity. To maintain the distance
between lens and all sample surfaces in similar situation, an
auto-focusing system is used which is described in our previous
work.13 All nail samples were fixed on a specialized sample
holder in which the situation of all nails with respect to laser
pulse is the same and during the experiment, the healthy/patient

status of samples is unidentified. Five points are selected on
each nail sample and 10 laser shots hit on each point. Thus,
the LIBS spectrum of each nail sample is obtained by the accu-
mulation of 50 laser shots.

3 Subjects
The subjects of this study were chosen from the population of
the Diabetes Center of Rasht. The purpose of the study was
explained to everyone and 85 fingernail clippings were kindly
donated by 85 people. These volunteers were aware that no iden-
tification would be made between the donor and the samples
(anonymity of donor). All subjects filled out questionnaires con-
taining individual information such as personal information,
medical history, drug consumptions, and special diets. The
85 subjects were categorized into two groups including 51 dia-
betic and 34 related control subjects. Our diabetic cases have
type 2 diabetes. Type 2 diabetes, formerly called adult-onset
diabetes, is the most common type of diabetes. About 95% of
diabetic people have type 2 diabetes.32 They have a median age
of 51 with the standard deviation of 3.839 ranging from 41 to
57-years old. Thirteen of them are male and 38 of them are
female. The controls are chosen in the way that they have the
most similarities with the cases in age and gender. They have a
median age of 50 with the standard deviation of 4.625 ranging
from 40 to 59-years old. Fourteen of them are male and 29 of
them are female.

The free edge of the fingernails was taken by a stainless steel
nail clippers and kept separately in plastic envelopes at room
temperature until analysis. In order to eliminate any surface con-
tamination, specimens were soaked in acetone, alcohol, and
distilled water for 2 min for each one. All of them were dried
at room temperature.

4 Statistical Method
DFA, a multivariate statistical method, has been used for clas-
sification of subjects into case and control groups. DFA is
a multivariate analysis of variance (MANOVA) which forms
linear combinations of variables to identify group memberships.
In our study, the spectra acquired from fingernails of cases
should constitute one group and fingernail spectra of controls
would constitute another group. In DFA, for discrimination
amongst N groups, N − 1 discriminant function scores for
each case are calculated. Then, the unknown case is assigned
a group membership based on those N − 1 scores. Since here,
we are discriminating amongst two groups, only one score is
calculated. So all the variables from each spectrum belonging
to each case are used by DFA to calculate a discriminant func-
tion score and then to predict the group membership of that
particular case. All the variable vectors from all groups were
analyzed simultaneously by a commercial DFA program
(SPSS Inc., Chicago) to construct the canonical discriminant
functions. DFA has three basic steps: construction of discrimi-
nant functions, test of significance, and classification. A useful
quantity in DFA is Wilks’ lambda. It is a statistical test used in
MANOVA. It tests whether there are differences between the
means of identified groups of subjects on a combination of
dependent variables. Lambda varies from 0 to 1. The smaller
the lambda for a variable, the more that variable contributes to
the discriminant function. Further detailed information on the
statistical procedures can be found in our previous works.9,10

Fig. 1 Schematic diagram of the experimental setup of the auto-focus
LIBS measurements.
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5 Results and Discussion
The spectroscopic analysis is based on the fingernail plasma
emission lines. A typical LIBS spectrum obtained from finger-
nail with some indicated lines is shown in Fig. 2. Eighty-two
emission lines have been identified in the fingernail spectrum
belonging to atomic and ionic lines of 13 elements including
calcium, magnesium, silicon, sodium, potassium, titanium,
strontium, iron, aluminum, carbon, nitrogen, hydrogen, and
oxygen as well as CN molecules.

DFA statistical method performs multivariate analyses with
these emission lines and categorizes 85 subjects into two groups
including 51 diabetic and 34 related control subjects. Eighty-
two line intensities are used in this analysis altogether and
96.5% of original grouped cases are correctly classified. The
results of this analysis show that there is an excellent discrimi-
nation between two groups based on the fingernail elements
which is shown better in a plot of discriminant function scores
of samples in Fig. 3. A leave-one-out cross-validation method
was applied to evaluate the performance of the DFA model. In
each round of cross-validation, one case is held out from the

entire dataset and assigned as a test for the classifier developed
by using the remaining cases assigned as training set. This proc-
ess is repeated until all the withheld cases in the dataset are
validated, and accordingly, the overall diagnostic accuracy of
DFA is calculated. The results of this classification are shown
in Table 1 and show that 85.9% of cross-validated grouped cases
are correctly classified. The overall predictive accuracy of the
discriminant function is called “hit ratio.” To find out whether
the calculated hit ratio is acceptable or not, it should be com-
pared with what it could be achieved by chance. If two groups
are equal in size, then you have a 50/50 chance anyway. Most
researchers would accept a hit ratio that is 25% larger than
that due to chance. In our analysis, the prior probabilities for
groups are 60% for diabetic and 40% for nondiabetic subjects.
Therefore, the accuracies of 92.2% for diabetic and 76.5% for
nondiabetic subjects are so promising.

Sensitivity and specificity are two basic quantities for meas-
uring the accuracy of a diagnostic test.33,34 If the result of a diag-
nostic test has been presented as a 2 × 2 table, as it is shown
in Table 2, sensitivity and specificity could be calculated.
The sensitivity of a diagnostic test quantifies its ability to cor-
rectly identify subjects with the disease condition and it is

Fig. 2 Typical fingernail LIBS spectrum.

Fig. 3 Discriminant function analysis plot showing the first discriminant
function scores of LIBS spectra obtained by 82 emission lines of finger-
nails of diabetic and nondiabetic subjects.

Table 1 Results of classification between diabetic and nondiabetic
subjects.

Classification results

Category

Predicted group
membership

TotalDiabetic Nondiabetic

Cross-validated Count Diabetic 47 4 51

Nondiabetic 8 26 34

% Diabetic 92.2 7.8 100.0

Nondiabetic 23.5 76.5 100.0
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a measure of how well the test detects patients. It is the propor-
tion of true positives that are correctly identified by the test. The
sensitivity of our analysis is [ð47∕51Þ%] 92.2%. The specificity
is the ability of a test to correctly identify subjects without the
disease. It is the proportion of true negatives that are correctly
identified by the test. The specificity of our analysis is
[ð26∕34Þ%]76.5%. Discriminant functions evaluated at group
means are shown in Table 3 and are considered as discriminant
functions group centroids. If someone’s discriminant function
score is closer to −1.628, then his/her group membership
was probably diabetic. If the person’s DF score is closer to
2.441, then the data probably came from the nondiabetic
group. In practical terms, the group membership of a person
is defined by calculating a cut score halfway between the
two centroids. Thus, the cut score in our analysis is 0.406
(as indicated in Fig. 3 by a dashed line). If an individual person’s
DF score is above 0.406, then he/she is probably a nondiabetic
person. If their DF scores are below it, then they were probably

diabetic. Where one puts the cut-off determines the sensitivity
and specificity. The position of this cut-off in the distribution
should be based on the associated risk of morbidity or mortality
that warrants further intervention. When screening for a disease,
we may want to accept more false positives in return for fewer
false negatives. Most screening tests involve diseases that have a
low prevalence, so the number of false positives increases (the
number of false negatives decreases). In our analysis (see
Fig. 3), if the cut score moves toward right, the number of
false negatives decreases.

The other two basic quantities related to the accuracy of a
diagnostic test are positive predictive value (PPV) and negative
predictive value (NPV). They are related to sensitivity and speci-
ficity through disease prevalence. Prevalence is the probability
of disease in the population under study. PPV is the proportion
of patients with the disease out of all the patients with a positive
test result. In the other word, PPV is the probability that an indi-
vidual with a positive test has the disease. In statistics and diag-
nostic tests, the PPV, or precision rate is the proportion of
positive test results that are true positives. NPV is the proportion
of patients without the disease out of all the patients with neg-
ative test result or probability that an individual with a negative
test does not have the disease.33,34 Looking at the columns of
Table 1 instead of the rows, PPV of ½½47∕ð47þ 8Þ�%�85.4%
and NPV of ½½26∕ð26þ 4Þ�%�86.6% for our analysis can be
calculated.

We can perform DFA program via stepwise method. Several
criteria can be considered in stepwise analysis including Wilks’
lambda. When the Wilks’ lambda is selected as criterion in step-
wise method, at each step, the variable that minimizes the overall
Wilks’ lambda is entered. Wilks’ lambda minimizes the variance
within groups and maximizes the variance between groups.
Table 4 shows seven variables that are selected for our model
and the related Wilks’ lambdas. It means that we can use just
these variables and obtain the same classification result. It
would be concluded that these variables are good predictors
for diabetes status using LIBS of fingernails. These seven pre-
dictors are emission lines belonging to C I (247.85), N I
(744.22), Mg II (280.27), Mg I (285.21), CN 1-1 (387.08),
Si I (288.15), and K I (769.89) which are shown in Fig. 4
with a bigger font size. The mean peak intensities, standard

Table 2 Result of a diagnostic test presented as a 2 × 2 table.

Result of diagnostic tests

Results of gold standard test

Disease present Disease absent

Test positive True positive False positive

Test negative False negative True negative

Table 3 Functions at group centroids of analysis with all 82 variables.

Functions at group centroids

Category

Function

1

Diabetic −1.628

Nondiabetic 2.441

Table 4 Emission lines selected in the stepwise method of classification of diabetic and nondiabetic subjects, the related Wilks’ lambdas, the mean
peak intensities, standard deviations, and standard errors of these variables for the diabetic and nondiabetic groups.

Variable

Diabetic group Nondiabetic group

Wilks’
lambda

Mean peak
intensity (a.u.)

Standard
deviation

Standard
error

Mean peak
intensity (a.u.)

Standard
deviation

Standard
error

C I (247.85) 0.698 28474.15 9914.26 1388.27 26888.84 12690.09 2176.33

Mg II (280.27) 0.530 13374.87 7361.15 1030.76 18724.85 10502.74 1801.20

Mg I (285.21) 0.485 6667.45 2900.08 406.09 8565.78 4242.74 727.62

Si I (288.15) 0.459 3297.71 1870.50 261.92 5157.31 3250.72 557.49

CN 1-1 (387.08) 0.730 24201.94 9814.75 1374.34 32390.12 12735.92 2184.19

N I (744.22) 0.519 3351.16 1365.24 191.17 3381.47 1828.10 313.51

K I (769.89) 0.447 1302.26 914.93 128.11 1480.92 1118.50 191.82
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deviations, and standard errors of these seven variables for the
diabetic and nondiabetic groups are also presented in Table 4.
Discriminant function group centroids of analysis with these
seven variables are shown in Table 5.

There are some evidences of relationships between the above
elements and diabetes due to their effects on impaired insulin
release, insulin resistance, and glucose intolerance.35–41 An

increasing amount of evidence shows a clinical relevance for
the altered magnesium metabolism present in the states of
increased peripheral insulin resistance. Magnesium is one of
the most abundant ions present in living cells and its blood
plasma concentration is remarkably constant in healthy subjects.
Blood plasma and intracellular magnesium concentrations
are tightly regulated by several factors. In fact, in vitro and

Fig. 4 Regions of the fingernail spectrum containing: (a) C I (247.85), (b) Mg II (280.27), Mg I (285.21), and Si I (288.15), (c) CN 1-1 (387.08), and (d) K I
(769.89) emission lines.
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in vivo studies have demonstrated that insulin may modulate the
shift of magnesium from extracellular to intracellular space.36

Magnesium is a cofactor in the glucose transporting mecha-
nisms of the cell membrane and various enzymes in carbohy-
drate oxidation. It is also involved at multiple levels in
insulin secretion, binding and enhancing the ability of insulin
to activate tyrosine kinase.37 Magnesium deficiencies have
been implicated in insulin resistance, carbohydrate intolerance,
dyslipidemia, and complications of diabetes.38 The presence of
Mg deficit in blood serum of diabetic patients has been recog-
nized.31,39,40 The urine magnesium level was reported to be sig-
nificantly higher in diabetics than nondiabetics. The results of
their nail and hair analyses depicted that in the diabetic group,
Mg level in nail was lower and in hair was higher than that in
nondiabetic group.31

The hypothesis that a cellular deficiency of K exists in type 2
DM patients is investigated by Resnick et al.41 They found that
K levels in red blood cells of type 2 DM patients were signifi-
cantly lower when compared with those in controls.

Si in animals and human beings has beneficial effects on
collagen and glycosaminoglycan formation or function, which
could influence bone formation and maintenance, cardio-
vascular health, and wound healing. Although numerous appar-
ent Si deficiency signs have been described, Si still is not
generally accepted as an essential nutrient for animals and
human beings.42 However, there is no discussion in the literature
about Si in diabetic subjects and we cannot explain our result
about Si.

6 Conclusion
Laser-induced breakdown spectroscopy is applied to investigate
the effect of DM on elemental composition of fingernails.
Eighty-five fingernail clippings belonging to two groups of
51 diabetic and 34 normal subjects have been analyzed. An
auto-focus system has been used to maintain the distance
between lens and all sample surfaces in similar situation.
Under this circumstance, the issue that the differences between
the fingernail LIBS spectra should be due to the disease and not
due to the experimental fluctuations can be satisfied. The ability
to classify subjects based on 82 atomic, ionic, and molecular
emission lines belonging to 13 elements as well as one molecule
of fingernail has been examined. DFA has been used for clas-
sification of subjects into two groups of diabetic and nondiabetic
subjects. The results of classification are promising and accept-
able sensitivity and selectivity are obtained. A brief discussion
on elements that are important in the classification including
Mg, Si, and K, shows that the alternation in some of them in
diabetic patients is expected.

This satisfactory preliminary result shows that using LIBS
spectra of fingernail accompanied with DFA can be valid in

classification of diabetic and nondiabetic subjects and it is fea-
sible in screening purposes. However, the results should be
proved by further works and other case–control investigations.
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