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a  b  s  t  r  a  c  t

Lithium  is  a major  psychiatric  medication,  especially  as  long-term  maintenance  medication  for  Bipo-
lar  Disorder.  Despite  its effectiveness,  lithium  has  side-effects,  such  as  on renal  function.  In  this  study,
lithium  was  administered  to  adult  rats. This  animal  model  of  renal  function  was  validated  by  measuring
blood  lithium,  urea  nitrogen  (BUN),  and  thyroxine  (T4) using  inductively-coupled  plasma  mass  spectrom-
etry  and  enzyme-linked  immunosorbent  assay.  The  kidneys  were  analyzed  by  laser  induced  breakdown
spectroscopy  (LIBS)  with  1064  nm  ablation  and  300–900 nm  detection.  Principal  components  analy-
sis  (PCA),  radial visualization,  and  random  forest  classification  were  performed  on  the  LIBS  spectra  for
multi-element  prediction  and  classification.  Lithium  at 0.34  mmol/L  was  detected  in the  blood  of  lithium
treated  subjects  only.  BUN  was  increased  (6.6  vs. 5.3  mmol/L)  and  T4 decreased  (58.12  vs.  51.4  mmol/L)
in  the blood  of  lithium  subjects  compared  with controls,  indicating  renal  abnormalities.  LIBS  detected
lithium  at 2.3  mmol/kg  in  the  kidneys  of  lithium  subjects  only.  Calcium  was  also  observed  to  be  reduced
in  lithium  subjects,  compared  with  controls.  Subsequent  PCA  observed  a change  in  the  balance  of  sodium
and  potassium  in the  kidneys.  These  are key  electrolytes  in the  body.  Importantly,  partial  least  squares

regression  showed  that  standard  clinical  measurements,  such  as the  blood  tests,  can  be  used  to  predict
kidney  electrolyte  measurements,  which  typically  cannot  be performed  in humans.  Overall,  lithium accu-
mulates  in  the  kidneys  and  adversely  affects  renal  function.  The  effects  are  likely  related  to  electrolyte
imbalance.  LIBS  with  machine  learning  analysis  has  potential  to  improve  clinical  management  of  renal
side-effects  in  patients  on lithium  medication.

© 2020  Elsevier  B.V.  All rights  reserved.

m
e
a
t
i

1. Introduction

Lithium’s toxic effects had limited its clinical use until appropri-
ate serum monitoring became readily available. Since then, lithium
therapy is effectively used for treating bipolar disorder and other

mental illnesses with proper monitoring of lithium serum levels [1].
Lithium has a low therapeutic index and is freely filtered, but over
60 percent is then re-absorbed by the proximal tubules. In general,
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any patients on chronic lithium therapy experience at least one
pisode of toxicity during treatment [2]. Further, lithium is associ-
ted with thyroid, overall endocrine dysfunction, adverse effects on
he kidneys, and cardio-toxicity [3–6]. In particular, chronic lithium
ngestion in patients has been associated with several different
orms of renal injury [7]. Nephrogenic diabetes insipidus is the most
ommon renal side effect of lithium therapy [8,9]. Unfortunately,
elatively little is known about the characterization of lithium in
he kidneys, particularly potential glomerular toxicity of lithium

nd nephrotic syndrome in both infants and adults.

One important aspect of renal function that requires investiga-
ion is the impact of lithium on key electrolytes, such as sodium,
otassium, calcium, and magnesium. Further, electrolyte balance
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in the kidneys needs to be related to systemic measures of renal
function, such as blood urea nitrogen (BUN) levels. To study these
electrolytes and their balance in the presence of lithium, laser
induced breakdown spectroscopy (LIBS) is a promising analytical
method. LIBS employs a pulsed to ablate the sample and record
the resulting optical emission, which is characteristic of the ele-
ments in the sample [10–13]. LIBS has consistently demonstrated
the capability to rapidly detect, biochemically characterize and ana-
lyze, and/or accurately identify various biological, biomedical or
clinical samples [14]. LIBS has also been used to investigate elec-
trolytes in plasma [15,16] and is very sensitive to the light weight
lithium atom [17,18]. It has previously been applied to analyze the
kidneys [19,20].

Traditionally, LIBS data was analyzed by matching observed
emission lines with the corresponding element. Further quanti-
tative analysis was often performed by calibrating the height of
a line with the concentration of the element in the sample. In
recent years, multivariate chemometrics has been combined with
LIBS to further analyze the data [21,22]. Methods such as partial
least-squares regression, artificial neural network, support vector
machine, random forest regression, multi-linear regression, princi-
pal component regression, and standard addition have been widely
applied to LIBS data in predicting the concentration of elements and
classification [15,16,23–27].

Previously, we detected trace lithium in the breast milk of moth-
ers (rat) administered lithium [17] and in the thyroid of adults (rat)
[18]. Here, we study the impact of lithium on renal function and
kidney electrolyte balance. We  employ inductively coupled mass
spectroscopy (ICP-MS) and enzyme-linked immunosorbent assay
(ELISA) to measure blood lithium, urea nitrogen, and thyroxine (T4)
levels. These are systemic measures of renal function. We develop
LIBS with machine learning analysis, specifically principal com-
ponents analysis (PCA), radial visualization (RadViz), and random
forest classifier, to study kidney electrolyte balance and to link sys-
temic and in situ kidney measures of renal function. The results
show systemic lithium-induced renal dysfunction likely related to
kidney electrolyte imbalance. Further, a classifier is built that pre-
dicts kidney electrolyte levels, which cannot be easily measured in
vivo, using the minimally invasive blood test measures.

2. Methods

2.1. Animal subject

Male Sprague Dawley (SD) rats (N = 10, 175–200 g) of 6 weeks
age were employed for the study. The AAALAC accredited Labo-
ratory Animal Unit of the University of Hong Kong provided the
subjects. Animal research ethics committees of the City University
of Hong Kong, the University of Hong Kong, and the Department of
Health of the Hong Kong Special Administrative Region approved
the study. Each subject was housed individually in a cage at a tem-
perature of 25 ◦C and humidity of 60–70% in the Laboratory Animal
Research Unit of the City University of Hong Kong. All subjects were
housed in 12/12 h light/dark cycles and had access to regular chow
food and drinking water.

2.2. Lithium administration

Lithium carbonate (Li2CO3) was purchased from Sigma Aldrich
(USA). For the lithium treatment group (N = 5), 2000 mg  of Li2CO3

per kilogram of body weight was administered via gavage twice per
day for five days. Refer to reference [17] for details on preparing
the Li2CO3 solution. The control group was similarly administered
distilled water.
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.3. Sample preparation

On 6th day of lithium administration, subjects were weighed
rst and then euthanized by 1 mL/kg body weight of 20% Dormi-
al administered via intraperitoneal injection. Later, the subjects
ere dissected to extract the blood from their hearts using a 1 mL

yringe with 25 gauge needle. Two  ml  of blood was collected in two
 mL  tubes, with 1 mL  for measuring BUN and T4 hormones and 1
L for measuring serum lithium concentration. For T4 and BUN,

LISA was  applied. ELISA sandwich enzyme immunoassay-based
its were purchased from BioMedical Assay for T4 and BUN. T4
nd BUN levels were measured for control and lithium groups. The
lood lithium concentration was  measured using ICP-MS. Follow-

ng the blood extraction, the kidneys were surgically extracted. The
xcised kidneys were immersed in saline to remove blood. Freeze-
rying was  subsequently performed as per the protocol defined in
17] before LIBS data acquisition. After LIBS data acquisition and
nalysis, two kidney samples of 1 gm each were prepared from

 controls and 5 lithium subjects for quantification of elements
uggested by the analysis.

.4. Spectroscopic experiments

Fig. 1 shows the setup of LIBS along with the workflow. The
064 nm pulsed laser (CFR200, Quantel) emitted 8 ns, 200 mJ  pulses
ocused to a 40 �m spot on the sample. The optical emission from
he sample was collected by a six-channel fiber (2000 �m diame-
er) bundle, positioned 35 mm from the focus and at 45◦ from the
aser beam. The fibers relayed light to six spectrometers spanning
00–900 nm with 0.1 nm resolution (MX2500+, Ocean Optics). The
pectrometer was  triggered to acquire 2 �s after laser firing and
ith 1 ms  acquisition. Apart from sample preparation and LIBS

xperimentation, wavelength calibration has been adapted from
he previously published articles [17,28].

For quantification of serum lithium, ICP-MS (Perkin Elmer DRC
I) was  employed as per the protocol of AOAC INTERNATIONAL
29]. One ml  of blood was  centrifuged at 2500 rpm and the serum
xtracted. Approximately 0.5 g was  weighed in a digestion vessel
ith nitric acid and hydrogen peroxide added. The resulting solu-

ion underwent microwave digestion (Milestone ETHOS) for 9 min.
t 200 ◦C. The digested solution was  made up to 12.5 mL  with Milli-

 water. Calcium, sodium, lithium and potassium were analyzed
ith corresponding reference solutions for calibration.

.5. Data acquisition and processing

Measurements for LIBS were obtained in standard air atmo-
phere. Prior to LIBS, samples were placed at pre-marked positions
n the slide to facilitate rapid sample positioning. At the time of
cquisition, the slide was placed on the sample holder with the
ample at the laser focus. Five sites on each kidney were ablated
y firing two  laser shots at each. Emission spectra for the shots
ere recorded separately for left (10 shots) and right (10 shots) kid-
eys for each subject. A PC synchronized the setup and processed
pectral data acquired by the spectrometers, producing a graphical
resentation of spectral intensity against the corresponding wave-

ength. The raw data from the LIBS spectrometer was imported into
riginLab software for baseline correction. For baseline correction,
very time a baseline was acquired prior to measurement of each
ubject and was  subtracted from each spectrum followed by nor-

alization of the intensity of each spectrum. Normalization was

o the 656.2 nm hydrogen line as hydrogen is a structural element
ot likely to be affected by lithium treatment. Next, the normalized
pectra from the twenty laser pulses fired at both kidneys (left and
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Fig. 1. Workflow of the study.

Table 1
Monitored blood data analysis and pre- and post-experimental weights of control (C) and lithium (Li) treated subjects. * represents p < 0.05 and LOD is limit of detection.

S.NO BUN (mmol/L) T4

(nmol/L)
BLi
(mmol/L)

Pre-
experiment
Weight (g)

Post-
experiment
Weight (g)

C Li C Li C Li C Li C Li
1  5.5 6.2 53.5 28.8 <LOD 0.42 175 186 212 195
2  5.4 6.1 63.7 57.3 <LOD 0.34 179 190 217 209
3  5.5 7.9 61.1 56.6 <LOD 0.30 189 190 213 230
4  5.1 7.2 51.7 53.2 <LOD 0.35 191 200 211 212
5  5.2 5.6 60.6 61.3 <LOD 0.27 188 192 214 217
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Mean
STD

5.3
0.2

6.6
0.9

58.12
5.2

51.4
12.9

<LO

* *

right) of each subject were averaged to obtain the mean spectrum
along with standard deviation.

2.6. Statistical analysis and machine learning

Statistical analysis of the spectra obtained from the kidneys was
performed using one-way ANOVA across the elements and subject
groups. A post hoc analysis using a two-tail t-test of equal vari-
ance was performed. A p-value threshold of 0.05 was considered
statistically significant. The spectral dataset of LIBS was  individu-
ally subjected to PCA using Python to obtain principal components
(PCs) scores and loadings. Radial visualization maps were plotted
using the RadViz tool from the Orange data mining toolbox. Here,
we employed the scores of select PCs obtained from subjecting the
individual spectral dataset of LIBS to PCA, we also calculated the
confusion matrix based on PCA analysis. In the radial visualiza-
tion plot, the scores of a spectrum determine the position of the
corresponding data point relative to the PC pivots. Later, random
classifier plotted against the spectral wavelength was  employed to
suggest the classifier predictor followed by out of bag classification
error obtained from random forest. Based on Partial least squares
(PLS) regression, we predicted internal LIBS measurements of kid-
ney elements from BUN, T4, BLI and pre and post experimental

weight of the subjects. Note that the in-situ kidney measurements
cannot be directly measured from humans while the blood test and
body weight measurements can be obtained with minimal inva-
siveness. Therefore, this predictor has potential clinical value.

t
s
e
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3

0.34
0.05

184.4
6.9

191.6
5.2

213.4
2.3

212.6
12.7

. Results and discussion

Table 1 presents BUN, blood T4, and blood lithium concentra-
ion measured from lithium-treated subjects and control subjects
long with their means and standard deviations (STD). BUN and T4
re measured using ELISA while blood lithium is measured using
CP-MS. We  also measured the pre- and post-experiment weight of
he subjects. It is interesting that BUN is significantly increased (p

 0.0.5) with the intake of lithium while blood lithium is not sur-
risingly increased (p < 0.05). We also see some reduced trend of
4 hormones in lithium subjects when compared with the control.

Fig. 2 shows the LIBS spectrum obtained from kidneys (left and
ight) of a control subject. Fig. 2(a) shows the whole spectrum from
00 to 900 nm. There were several prominent emission lines show-

ng the spectral signature of functional electrolyte elements. The
ub-panels, Figs. 3(b-e), show the spectrum expanded about dif-
erent wavelength ranges. Calcium lines were observed at 393.4,
96.9 and 422.7 nm.  Sodium lines were observed at 589.0 and 589.5
m.  A prominent hydrogen line was  observed at 656.2 nm. Potas-
ium lines were observed at 766.4 and 769.9 nm.  Amongst the key
lectrolytes, Na lines had the highest intensity, followed by K in
he control group. The un-normalized intensity (mean ± standard
eviation) for each emission line (Ca, Na, H, and K) is averaged over

he 20 shots for each subject. The un-normalized intensity mea-
ured for Ca, Na, H, and K (averaged across lines from the same
lement) from control subjects were 366.4 ± 221.2, 13303 ± 1996,
442 ± 1092, and 10303 ± 3514 a.u., respectively. It should be noted
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Fig. 2. (a) Averaged LIBS spectrum from the 20 shots fired at the left and right kidneys of a control subject. (b) Calcium (Ca) was observed at 393.4, 396.9 and 422.7 nm. (c)
Sodium (Na) lines were observed at 589.0 and 589.5 nm. (d) The hydrogen (H) line was observed at 656.2 nm. (e) Potassium (K) lines were observed at 766.4 and 769.9 nm.
(f)  Averaged LIBS spectrum from the 20 shots fired at the left and right kidneys of a lithium-treated subject. (g) Lithium (Li) line observed from lithium-treated subject at
670.7  nm.

Table 2
Confusion matrix using PCA bases on 50/ 50 train test split.

n = 100 Predicted Control Predicted Lithium Total

Fig. 3. Bar plots showing the mean and standard error of LIBS emission intensities
for  Ca, Na, Li, and K from the kidneys of control (N = 5) and 5 days lithium-treated
subjects (N = 5). Statistical analysis between groups was  performed with one-way
ANOVA. A post hoc analysis using a two-tail t-test of equal variance was performed
with a p-value threshold of 0.05 considered statistically significant. For quantifica-
tion of calcium, sodium, lithium and potassium, ICP-MS was employed. The samples,
a
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Actual Control 39 11 50
Actual Lithium 10 40 50

that no lithium emission line was observed in any control subject.
Fig. 2(f) shows the whole spectrum from 300 to 900 nm from a
lithium subject. In lithium-treated subjects, the lithium emission
line is observed at 670.7 with an intensity of 3363 ± 668 a.u, shown
in Fig. 2(g). The averaged measurements for Ca, Na, H, and K from
lithium subjects are 331 ± 48, 14440.5 ± 1012, 1475 ± 94 and 13754
± 1156 a.u., respectively.

Fig. 3 shows the bar plots with the mean and standard error of
LIBS emission intensities of Ca, Na, Li and K from the kidneys of con-
trol and 5 days lithium-treated subjects. LIBS intensities have been
normalized by the 656.2 nm hydrogen line intensity. From LIBS
measurements, the changes in intensities of lithium and calcium
were found to be statistically significant (p < 0.05) with the intake
of lithium. The accumulation of lithium in kidneys was  quantified
using ICP-MS, which was  observed to be 2.3 mmol/kg for treated
subjects and below limit of detection for controls. Further, the cal-
cium was quantified at 5 mmol/kg in control and 4.5 mmol/kg in
lithium-treated subjects. The quantification of sodium and potas-
sium shows a consistent trend through ICP-MS measurements. The
sodium and potassium were quantified as 450 and 495 mmol/kg,
respectively, in control and 144.25 mmol/kg and 170 mmol/kg in
lithium-treated subjects. The Na and K ratio was increased from
0.95 ± 15 to 1.10 ± 0.10 with the accumulation of lithium in kid-
neys when measured with LIBS. The ICP-MS also demonstrated a
similar trend from 2.8 to 2.9 mmol/kg.

In Fig. 4(a), PCA scores have been derived from 200 hydrogen
normalized LIBS spectra (with background subtraction) of kidney
samples from control and lithium-treated subjects. Each point in
the scatter plot (score plot) represents one spectrum. From the
visual inspection in Fig. 4(a), few of the control and lithium-treated
spectra are clearly classified. However, Fig, 4(b) shows more visual
difference between the control and lithium treated group. To ver-
ify the robustness of the PCA classifier, we calculated the confusion
matrix based on 1000 iterations and 50/50 train test split. Table 2
presents the confusion matrix from PCA spectral analysis. This indi-
cates that the kidney LIBS spectra of control and lithium-treated
subjects are significantly different.

In Fig. 4(c), we present whole spectrum loadings. The three PCs

suggested overall variance of 99%. Fig. 4(c) displays the first three
PC loadings derived from LIBS and covers 99% (98%, 0.7% and 0.3%)
of the variance. It can be seen that sodium and potassium are major
classifiers other than lithium. In PC2 and PC3, it can be seen that

(
t
p
l

4

fter LIBS measurement, were digested using HNO3 and H2O2 and ICP-MS was  per-
ormed as per the AOAC protocol. * indicates p < 0.05.

odium has positive loading across the PCs. This means that sodium
s considerably different between the two  subject groups and this is
upported by mean emission intensities in Fig. 3. In contrast, potas-
ium is positive in PC1, near 0 in PC2, and negative in PC3. This
eans that potassium is less different between the groups and this

oncurs with Fig. 3. This suggests that lithium causes Na-K imbal-
nce in the kidneys. To emphasize these differences better, we used
adial visualization plots that map  the scores of multiple PCs onto

 two-dimensional space for the purpose of clustering. Fig. 4(d)
hows the radial visualization plot constructed through PCs from
he total set of spectra. Fig. 4(d) suggests that clusters classification
isual perspective is revolve around PC2 and PC3. The bar plot for
ontrol and lithium subjects in Fig. 4(e) obtained from PC3 scores
hows statistically significant difference between LIBS spectra from
ontrol and lithium groups. As Na and K lines have opposite signs in
C3 (see panel c), this quantifies the Na-K imbalance in the kidneys.

Table 2 displays the confusion matrix using PCA bases 50/50
control/lithium) train test split. The actual correct control spec-

ra prediction was  39, whereas 40 lithium spectra were correctly
redicted. There were 10 incorrect control predictions which were

ithium and 11 lithium predictions which were control.
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Fig. 4. (a) PCA score plots (PC1 vs PC2) and (b) PCA score plots (PC2 vs PC3) derive
shows  the corresponding PC loadings (PC1-PC3) plotted against the spectral wavele
(in  blue) and lithium subject (in red). (e) Bar plot for control and lithium subjects ob

A random forest prediction algorithm was trained against the
LIBS spectral data, with the predictors based upon the character-
istic wavelengths (200−900 nm). Importantly, the random forest
approach identified lithium as important variables or predictor
responsible for classification among the subjects as suggested
by Fig, 5(a). To measure the prediction error, out of bag (OOB)
classification error was calculated against the number of grown
trees. The OOB error is reduced with increasing number of grown
trees suggesting promising validation of random classifier and
accuracy of the lithium predictor based on the LIBS measure-
ment.

Fig. 6(a–c) are the predicted sodium, lithium, and potassium
lines LIBS intensities. PLS regression was employed to predict the
LIBS measurements from the kidneys using blood (BUN, T4, Li)
and body weight measurements. Fig. 6(d) is the similarly pre-
dicted Na/K ratio. Note that the kidney measurements cannot be
typically performed in humans, but the blood and body weight
measurements can be performed with minimal invasiveness. The
predicted R2 of lithium and mean square error are 0.97 and 0.01,
respectively, suggesting that kidney lithium can be very accu-
rately predicted. This agrees with the random forest classification
in Fig. 5. Also, kidney sodium is predicted with accuracy (R2 0.75
and MSE  0.67). The ability to predict kidney lithium can be used to
track kidney lithium concentration during lithium therapy of bipo-
lar disorder patients using standard clinical measures (ie. blood

tests). Overall, lithium accumulates in the kidneys and adversely
affects renal function. The effects are likely related to electrolyte
imbalance. In the last five decades, there has been limited knowl-
edge about renal adverse effects, which has led clinicians to either

f
w
m
t

5

 kidney LIBS spectra of control (in blue) and lithium treated subjects (in red). (c)
(nm). (d) Visualization of spectroscopic differences illustrated by cluster of control
d from PC3 scores.

void or prematurely discontinue lithium therapy because of the
erceived risk of a negative renal outcome [30]. Therefore, these
redictions can likely improve the monitoring of lithium side-
ffects and help to optimize the efficacy and safety of lithium
herapy.

. Summary

In this study, lithium was  administered to adult rats to investi-
ate the electrolytic balance in kidneys by laser induced breakdown
pectroscopy. Lithium was detected in the blood of lithium treated
ubjects only. BUN was  increased in the blood of lithium sub-
ects compared with controls, indicating renal abnormalities. LIBS
etected lithium in the kidneys of lithium subjects only. Calcium
as  also observed to be reduced in lithium subjects, compared
ith controls. We  developed LIBS with machine learning anal-

sis to study kidney electrolyte balance and to link systemic
nd in situ kidney measures of renal function. PCA observed

 change in the balance of sodium and potassium in the kid-
eys. A partial least squares classifier was  built that predicted
idney electrolyte levels, which cannot be easily measured in
ivo, using the minimally invasive blood test measures. Overall,
ithium accumulates in the kidneys and adversely affects renal

unction. The effects are likely related to electrolyte imbalance. LIBS
ith machine learning analysis has potential to improve clinical
anagement of renal side-effects in patients on lithium medica-

ion.
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Fig. 6. (a), (b) and (c) Predicted kidney sodium, lithium, and potassium lines LIBS intensity (normalized to H line). (d) Predicted Na/K intensity ratio. This prediction is based
on  partial least square regression by training the external measurements (BUN, blood lithium, blood T4, pre and post experimental weights) to predict the LIBS measurements.
Note  that the former can be measured with minimal invasiveness in clinical practice, while the latter typically cannot be measured in humans.

 wave

R

Fig. 5. (a). shows the predictors from random classifier plotted against the spectral
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