
Academic Editor: Ricardo

Jorge Dinis-Oliveira

Received: 6 February 2025

Revised: 31 March 2025

Accepted: 7 May 2025

Published: 20 May 2025

Citation: Chang, C.C.Y.; Johansen,

S.S.; Rasmussen, B.S.; Linnet, K.;

Thomsen, R. Development and

Validation of Inductively Coupled

Plasma Mass Spectrometry Method for

Quantification of Lithium in Whole

Blood from Forensic Postmortem

Cases. Forensic Sci. 2025, 5, 22.

https://doi.org/10.3390/

forensicsci5020022

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Development and Validation of Inductively Coupled Plasma
Mass Spectrometry Method for Quantification of Lithium in
Whole Blood from Forensic Postmortem Cases
Cherrie Cheuk Yiu Chang * , Sys Stybe Johansen , Brian Schou Rasmussen , Kristian Linnet
and Ragnar Thomsen

Section of Forensic Chemistry, Department of Forensic Medicine, Faculty of Health and Medical Sciences,
University of Copenhagen, Frederik V’s vej 11, DK-2100 Copenhagen, Denmark
* Correspondence: cherrie.chang@sund.ku.dk

Abstract: Lithium is used as a medication in the treatment of bipolar disorder. Lithium
has a narrow therapeutic index, and fatal intoxications have been described. The thera-
peutic drug monitoring of lithium is routinely performed in serum. Serum is commonly
unavailable in forensic postmortem analysis, where whole blood is the matrix of choice.
In this study, an inductively coupled plasma mass spectrometry (ICP-MS) method was
developed and validated for the quantification of lithium in postmortem whole blood.
Sample preparation consisted of a 100-fold dilution with acid and required only 40 µL of
blood. Carry-over was deemed appropriately reduced with a rinse solution containing 5%
hydrochloric acid. A nebulizer gas flow rate of 1.15 L/min showed a sufficient improve-
ment of lithium sensitivity while simultaneously minimizing the background. Germanium
was determined to be the most optimal internal standard. The method was validated in
terms of linearity, accuracy, precision, and lower limit of quantification. Linearity was
demonstrated within the analytical measurement range of 0.10–1.5 mmol/L. The method
showed acceptable precision and accuracy, with a total coefficient of a variation ≤2.3% and
accuracies ranging from 105 to 108% at all concentrations in the quality control samples.
The final method was applied to postmortem blood from 103 consecutive autopsy cases and
demonstrated robustness by low intermediate precision and high and consistent recovery
of the internal standard.

Keywords: lithium; quantitative analysis; postmortem blood; ICP-MS; forensic toxicology

1. Introduction
Lithium is used as a medication in the treatment of bipolar disorder, and it is estimated

that roughly 2% of the adult population suffer from the disorder [1]. In Denmark, lithium
is the drug of choice for the treatment of bipolar disorder [2]. Additionally, patients
diagnosed with bipolar disorder comprise 2.3–9.6% of all suicidal deaths and have an
increased suicide rate of more than 20-fold compared to the general population [3]. In 1949,
lithium carbonate was recognized as an effective treatment of mania, which resulted in a
significant improvement in the lives of patients suffering from bipolar disorder [4].

As the therapeutic index is narrow, serum lithium concentrations are routinely moni-
tored to keep values within the therapeutic range. The physiological serum concentration
of lithium is 0.0001–0.0003 mmol/L [5]. The therapeutic interval of lithium in serum is
0.6–1.2 mmol/L [6], while deaths have been reported at 1.5 mmol/L in postmortem femoral
blood [3].

Forensic Sci. 2025, 5, 22 https://doi.org/10.3390/forensicsci5020022

https://doi.org/10.3390/forensicsci5020022
https://doi.org/10.3390/forensicsci5020022
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forensicsci
https://www.mdpi.com
https://orcid.org/0009-0001-6341-6754
https://orcid.org/0000-0002-9555-5134
https://orcid.org/0000-0001-8048-3222
https://orcid.org/0000-0001-6974-5535
https://orcid.org/0000-0002-6502-3583
https://doi.org/10.3390/forensicsci5020022
https://www.mdpi.com/article/10.3390/forensicsci5020022?type=check_update&version=2


Forensic Sci. 2025, 5, 22 2 of 15

According to Ott et al., the incidence of lithium toxicity (serum concentration ≥ 1.5
mmol/L) for patients treated with lithium was expected to be 1/100 patients per year [7].
Acute toxicity causes gastrointestinal and neurological symptoms such as nausea, diarrhea,
vomiting, sedation, ataxia, stupor, seizures, and coma [4,5]. Additionally, lithium can cause
long-term renal, thyroid, and parathyroid complications [8]. Lithium is known to have
interactions with many drugs, leading to an increased risk of toxicity [9].

Therapeutic drug monitoring for lithium is typically performed with ion selective
electrodes, atomic absorption spectrometry, or flame emission photometry [6,10]. In general,
inductively coupled plasma mass spectrometry (ICP-MS) has a lower detection limit and
higher specificity compared to the previously mentioned analytical techniques.

ICP-MS is a trace element analysis technique that has seen an increasing adoption in
recent decades. The major reason is its ability of rapid multielement determinations at ultra-
trace levels [11]. Currently, quantification of lithium by ICP-MS has been reported in plasma
and serum, mostly in multielement studies [6,12–23]. Therefore, the literature regarding
the quantification of lithium in whole blood is scarce. A few studies have reported lithium
concentrations in whole blood measured by ICP-MS [19,20,22–25], but without focus on
lithium and therefore lack methodological details on the measurement of this element.

In forensic postmortem analysis, serum and plasma are commonly not available due
to hemolysis and therefore whole blood is the matrix of choice. Additionally, the amount
of available whole blood extracted at autopsy can be limited. Serum is the most common
matrix in published studies, and sample preparations based on acid digestion or acid
dilution have been reported. Acid dilution with dilution factors of 10 or 50 were commonly
reported [13–16,19]. A lower dilution factor can increase the risk of complications such
as matrix effect or wear and tear on the instrument. As lithium is not bound to plasma
proteins [4], sample preparation can be kept to a minimum with a simple precipitation
of proteins being sufficient. Sample volumes of 0.3 mL or above have been utilized in
published studies [12–20,22]. In summary, the development of a method with simple
sample preparation and small sample volume requirements is of interest in the field of
forensic toxicology.

The present study aimed to develop and validate a simple, robust, and cost-effective
ICP-MS method for quantifying lithium in postmortem blood with a small sample volume
requirement. The final method was applied to whole blood from 103 consecutive forensic
autopsy cases to evaluate intermediate precision and robustness.

2. Materials and Methods
2.1. Chemicals and Reagents

Milli-Q water was obtained from a Millipore Synergy UV water purification system
(Merck, Darmstadt, Germany) and used for the preparation of all aqueous solutions. Nitric
acid 65% Suprapur®, hydrochloric acid 36% Suprapur®, and sodium chloride for analysis
EMSURE® were from Merck (Darmstadt, Germany). Triton X-100 was from Thermo
Fisher Scientific (Waltham, MA, USA). A total of 10 µg/mL lithium standard was used for
calibration solutions, and 10 µg/mL germanium internal standard, ICP-MS Stock Tuning
Solution (10 µg/mL Ce, Co, Li, Tl, Y), and Internal Standard Mix (10 µg/mL Bi, Ge, In, Sc,
Tb, Y and 6Li) were from Agilent technologies (Santa Clara, CA, USA). Lithium standard
for AAS (1 g/L) used for the quality control samples was from Sigma-Aldrich (Darmstadt,
Germany). Potassium chloride ACS grade was from VWR (Radnor, PA, USA).

An external reference material (HK19 Biokemi) in the form of freeze-dried human
serum was acquired from the Danish Institute for External Quality Assurance for Labora-
tories in the health sector (DEKS) (Glostrup, Denmark). Blank human whole blood was
acquired from the blood bank at Copenhagen University Hospital, preserved with 1% w/v
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sodium fluoride and stored at −20 ◦C until use. Unpreserved whole blood was obtained
from three healthy volunteers and pooled in BD Vacutainer No Additive (Z) tubes. No
personal data were registered from the volunteers.

2.2. Instrumentation

All experiments were performed on an Agilent 7800 ICP-MS (Agilent Technologies,
Santa Clara, CA, USA) equipped with an SPS 4 autosampler. The ICP-MS was equipped
with a MicroMist nebulizer, Scott double-pass spray chamber, nickel-tipped sampling cone
with a copper base, nickel skimmer cone, and x-lens. The instrument was optimized during
startup using a tuning solution for sensitivity and interference levels (CeO+/Ce+ < 1.5%
and Ce2+/Ce+ < 1.5%). The instrument was operated in NoGas mode and the instrumental
parameters listed in Table 1 were fixed, whereas the remaining parameters were optimized
during autotune. The measured elements were 7Li and 72Ge.

Table 1. ICP-MS instrumental parameters.

Setting Value

RF power 1550 W
Nebulizer gas flow rate 1.15 L/min

RF matching 1.80 V
Sample depth 10.0 mm

Nebulizer pump 0.10 rps
S/C temp 2 ◦C

Auxiliary gas 0.90 L/min
Plasma gas 15.0 L/min
OctP bias −8.0 V

Data acquisition
Peak pattern 1 point

Replicates 3
Sweeps/replicate 100

Integration time 1 s (7Li)
0.1 s (72Ge)

2.3. Rinse Program Between Injections

The rinse between every injection was as follows: 10 s 2% nitric acid (autosampler
probe rinse), 10 s 5% hydrochloric acid (rinse 1), 15 s 2% nitric acid (autosampler probe
rinse), and lastly Intelligent Rinse in 0.05% triton X-100 in 2% nitric acid (rinse 2). The
Intelligent Rinse function in the software was enabled with a 7Li-threshold of 2500 CPS and
a maximum rinse time of 180 s.

2.4. Solutions

Diluent solution consisted of 10 µg/L germanium internal standard and 0.1% w/v
triton X-100 in 2% nitric acid.

The blank solution consisted of 1:1 dilution of 2% nitric acid and diluent solution. The
blank solution was measured between every injection of standard and sample solution.
The blank solution was also used for blank offset.

Calibration solutions at final concentrations of 0.001, 0.0075, and 0.015 mmol/L were
prepared in 2% nitric acid and diluted 1:1 with the diluent solution.

A drift check was included in the analytical series by measuring the highest calibrator
(0.015 mmol/L) after every third biological sample to verify signal stability.
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2.5. Quality Control Samples

Blank whole blood (QC0) was fortified with lithium to obtain quality control (QC)
samples with concentrations of 0.10 (QC1), 0.50 (QC2), and 2.0 mmol/L (QC3), respectively.
All QC samples were stored at −70 ◦C until use.

The external serum reference material (HK19) had a reference lithium concentration
of 0.87 mmol/L, which represents a concentration level in the therapeutic range. The
freeze-dried material was solubilized according to the manufacturers guidelines and stored
at −70 ◦C until use.

Four of the QC samples (HK19, QC0, QC2, QC3) were included in every routine series
with 100-fold dilution except for QC3, which was diluted 200-fold.

2.6. Sample Preparation

A total of 40 µL of whole blood or serum was diluted 100-fold with 1960 µL 2%
nitric acid and 2 mL diluent solution. The solution was mixed with a vortex mixer and
centrifuged with a g-force of 2000 for 5 min, and the supernatant was analyzed by ICP-MS.

2.7. Method Development
2.7.1. Nebulizer Gas Flow Rate

The 7Li signal was measured during an infusion of a blank solution and a 0.015 mmol/L
lithium standard solution. The nebulizer gas flow rate was adjusted from 1.00 to 1.40 L/min
by increments of 0.01 L/min and the 7Li signal was recorded at each increment.

2.7.2. Carry-Over (Rinse Solution)

Rinse solutions consisted of Milli-Q water only, 1, 5, and 10% hydrochloric acid.
Solutions were prepared by dilution of 36% hydrochloric acid with Milli-Q water. A
0.015 mmol/L lithium standard solution was measured, followed by 10 injections of a
blank solution. The rinse between every injection consisted of hydrochloric acid preceded
and followed by a probe rinse in 2% nitric acid for 10 s.

2.7.3. Selection of Internal Standard

Internal Standard Mix, containing Bi, Ge, In, Sc, Tb, Y, and 6Li at 10 µg/L, was added
to the diluent solution. The analyzed samples were the five QC samples (HK19, QC0, QC1,
QC2, QC3) and three authentic postmortem blood case samples with endogenous concen-
trations of lithium. The QC samples and case samples were analyzed in a random order.

2.7.4. Effect of Sodium and Potassium on Accuracy

Sodium chloride (NaCl) and potassium chloride (KCl) were dissolved separately in
2% nitric acid to obtain intermediate solutions of 0.5 and 0.25% w/v, respectively. These
solutions were added separately to the unpreserved pooled whole blood and fortified with
either 0.50 or 1.5 mmol/L lithium to obtain final concentrations of 0.075 or 0.15% w/v NaCl
and 0.01 or 0.02% w/v KCl. Whole blood without the addition of NaCl or KCl was also
included as a control.

2.8. Method Validation

The method was validated according to internal validation guidelines based on
SOFT/AAFS Forensic Laboratory Guidelines [26] and Peters et al. [27].

2.8.1. Linearity

Linearity was evaluated by analysis of standard solutions with lithium concentrations
of 0, 0.0010, 0.0038, 0.0075, 0.011, and 0.015 mmol/L. These levels correspond to a range
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of 0.1–1.5 mmol/L in whole blood before a 100-fold dilution. Three solutions at each
concentration level were independently prepared and analyzed.

2.8.2. Accuracy, Precision, LLOQ, and Dilution Integrity

The accuracy and precision of the method were investigated with the external serum
reference material at 0.87 mmol/L and with QC1, QC2, and QC3 with concentrations of
0.10, 0.50, and 2.0 mmol/L, respectively. Two replicates at each concentration level were
analyzed on five different days. Calculations for precision followed Linnet’s method [28]
and was expressed as within-run, between-run, and total coefficient of variation (CV). The
accuracy was expressed as the percentage of the nominal value. The acceptance criteria for
accuracy and precision were ±15%.

A lower limit of quantification (LLOQ) of 0.10 mmol/L was chosen based on the
desired measurement range of the method and was confirmed to fulfill criteria for precision
and accuracy.

Dilution integrity was determined by the dilution of QC3. Dilution factors of 100, 200,
300, 400, and 500 were employed and each sample was prepared in duplicate.

2.8.3. Accuracy in Postmortem Whole Blood

Accuracy was evaluated in femoral blood from 15 forensic autopsy cases fortified
with lithium at 0.50 or 1.5 mmol/L. The case samples were confirmed to contain only
endogenous lithium concentrations (<LLOQ) before fortification. One measurement was
performed at each lithium concentration. The accuracy was evaluated as the percentage
recovery of the fortified concentration.

2.9. Analysis of Whole Blood from 103 Consecutive Autopsy Cases

Lithium was measured in whole blood from 103 consecutive medico-legal autopsy
cases from Eastern Denmark received in the period from March to June 2024. Whole blood
from the autopsies was preserved in Venosafe sample tubes (VF-109SFX07) containing
100 mg sodium fluoride and 22.5 mg potassium oxalate and stored at −20 ◦C until analysis.

The case samples were measured across 14 analytical series in duplicates. The
acceptance range for the recovery of internal standard was 80–120% relative to the
calibration blank.

2.10. Data Analysis

Data were acquired with Agilent MassHunter 5.2 software. Figures were generated in
RStudio version 2023.12.1 using R version 4.3.2 and the package ggplot2 version 3.4.2.

3. Results and Discussion
Firstly, the method was optimized concerning nebulizer gas flow rate and carry-over.

An appropriate internal standard was determined, and the effect of different concentrations
of sodium and potassium on the accuracy was evaluated. Subsequently, the method was
validated and applied to a series of authentic autopsy cases.

3.1. Method Development
3.1.1. Nebulizer Gas Flow Rate

The nebulizer gas flow rate can affect the analyte signal in a mass dependent manner,
as proposed by Vanhaecke et al. in the “Zone Model” [29]. In the zone model, every nuclide
has a zone in the central channel of the plasma where a maximum density of singly charged
ions occurs. The position of the zone depends on the mass of the nuclide as well as several
instrumental parameters, especially the nebulizer gas flow rate. Alteration of the nebulizer
gas flow rate causes a spatial displacement of the zone, which leads to a change in the



Forensic Sci. 2025, 5, 22 6 of 15

distance between the center of the zone and the sampling cone. An increase in the nebulizer
gas flow rate shifts the zone in the direction of the sampling cone. A maximum signal is
obtained when the sampling cone orifice is in the center of the zone, as a further increase
in the flow rate leads to a decrease in the signal intensity as the zone will no longer be
sampled efficiently.

In addition to a potential increase in sensitivity, optimization of the nebulizer gas flow
rate can decrease the formation of doubly charged species [30]. Due to its low mass, lithium
has no isobaric and polyatomic interferences [6], making it suitable for ICP-MS analysis
without the necessity of using a collision reaction cell. However, a potential 7Li interference
is 14N2+ [30], which may be reduced by optimization of the nebulizer gas flow rate.

The nebulizer gas flow rate established by the automated instrument startup optimiza-
tion was around 1.0 L/min. As illustrated in Figure 1, the 0.015 mmol/L lithium standard
solution had a lithium signal optimum approximately at a flow rate of 1.1 L/min with an
attenuation of the signal at higher flow rates. This may be explained by the M+ zone for
lithium being positioned too far away from the sampling cone at a flow rate of 1.0 L/min
and increasing the flow rate results in a more optimal position.

Figure 1. The effect of the nebulizer gas flow rate on lithium signal in a blank solution and a
0.015 mmol/L lithium standard solution. The signal of the blank is shown on the left Y-axis, while
the signal of the lithium standard solution is shown on the right Y-axis. CPS: counts per second.

For the blank solution, the lithium signal decreased almost linearly with increasing
flow rate. Thus, an increase in the nebulizer gas flow rate reduced the lithium background
and increased the lithium signal of the standard solution. Similar results were obtained by
Choi et al. [31]. A possible explanation for the reduction in lithium background at higher
nebulizer gas flow rates may be the reduction in doubly charged nitrogen [30,32].

In this study, a nebulizer gas flow rate of 1.15 L/min was chosen for the final
method. At this rate, an optimum sensitivity was achieved, while sufficiently minimizing
the background.

3.1.2. Effect of Hydrochloric Acid on Carry-Over

Carry-over is a common phenomenon for lithium measurements [13,20,33]. Carry-over
and memory effect are often used interchangeably in the field of ICP-MS analysis. Carry-
over is when the signal from a previous sample is measurable in subsequent samples [34].
This phenomenon was also present in the current study. A potential mechanism for the
carry-over of lithium is the deposition of lithium on the skimmer cone with a subsequent
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secondary release during analysis [33,35]. Previous studies suggested that the deposition
of lithium on the cone was alleviated by pre-coating with a NaCl solution resulting in a
lower lithium background [33,35,36]. This may be due to the similar chemical properties of
lithium and sodium as they both are alkali metals, resulting in binding sites on the cone
being occupied by Na. In the current study, pre-coating the cone with a NaCl solution was
not successful in lowering the lithium background.

Recommendations for carry-over in forensic toxicology specify a maximum carry-over
of 20% relative to a sample at LLOQ after measurement of a high-concentration sample [37].
Minimization of carry-over is also important to reduce the risk of instrumental drift within
an analytical series.

In the optimization of carry-over, rinse solutions with variable concentrations of
hydrochloric acid were evaluated. As illustrated in Figure 2, the lithium signal decreased
in the blank injections and became stable after approximately injection six. Carry-over
decreased with increasing hydrochloric acid concentration in the rinse solution.

Figure 2. Carry-over for lithium in 10 blank injections following the injection of a 0.015 mmol/L
standard solution and using rinse solutions with different hydrochloric acid concentrations. The
signal in a blank solution prior to the standard solution is illustrated on the X-axis as −1, while
0 indicates the standard solution. A rinse time of 10 s was employed. The data represent the mean
signal of duplicate measurements. CPS: counts per second, HCl: hydrochloric acid.

The signal of the first blank injection after the 0.015 mmol/L standard solution corre-
sponds to 0.7 to 1% of a sample at the LLOQ. All the tested rinse solutions thus provide
a sufficiently low carry-over for measurement in the therapeutic and toxic concentration
range. The optimal reduction in carry-over was achieved with 10% hydrochloric acid.
However, as high acid concentrations can cause more wear and damage to equipment
parts such as tubing and autosampler interior, a rinse solution of 5% hydrochloric acid was
chosen for the final method. Additionally, one blank injection between every sample was
implemented to monitor the background level.

3.1.3. Selection of Internal Standard

Internal standard (IS) is used to correct for potential variations in instrument sensitivity,
sample preparation, and matrix effect. The analyzed samples were HK19, QC0 (blank
blood), QC1, QC2, QC3, and whole blood from three authentic postmortem cases.
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The evaluated internal standards were Bi, Ge, In, Sc, Tb, and Y. The internal standard
mixture also contained 6Li, but it was excluded as 6Li reference material contained 7Li as
an impurity and therefore resulted in an elevated 7Li background.

As illustrated in Figure 3A, the IS recovery during an analytical series for Ge, Y, In, and
Tb was within 90–110% for all the measured samples. The signal for Sc and Bi was clearly
suppressed in the serum and whole blood samples and most severely for Bi in postmortem
blood samples, resulting in IS recoveries below 65%.

Figure 3. (A) Internal standard (IS) recovery during an analytical series. The X-axis shows the
injected samples in the first part of the analytical series while the Y-axis shows the internal standard
recovery expressed as a percentage of the signal in the sample solution relative to the calibration
blank. (B) The accuracy of lithium in the quality control samples (QC) quantified with different
internal standards. The columns represent mean values while the error bars represent +/− standard
deviations of three replicates.

Figure 3B shows the achieved lithium accuracies in the QC samples when quantifi-
cation was performed with the six evaluated internal standards. All internal standards
provided accuracies within the acceptable range of 80–120% except Bi where inaccuracies
as high as 130% were observed. Ge provided the best accuracy for lithium with a narrow
range of 102 to 107%.
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When selecting an internal standard in ICP-MS analysis, an element with a similar
mass and first ionization potential is usually preferable [13,38]. Of the evaluated internal
standards that performed adequately, Ge was most similar to lithium and resulted in the
best accuracy. Ge was therefore determined to be the most optimal internal standard in
this analysis.

3.1.4. Effect of Sodium and Potassium on Accuracy

At the Department of Forensic Medicine, blood from autopsy cases is stored in 9 mL
tubes containing 100 mg sodium fluoride and 22.5 mg potassium oxalate. The additives
may potentially affect the lithium signal, as it has previously been shown that elements with
low ionization potential can cause signal suppression of elements with higher ionization
potentials [13,39,40]. As the ionization potential of Na and K are 5.1 and 4.3 eV, respectively,
they may potentially affect the lithium signal, which has a slightly higher ionization
potential of 5.4 eV [41]. An experiment was therefore conducted to evaluate the influence
of Na and K additives on lithium signal and assess the necessity of matrix-matching for
calibration solutions.

As the blank blood from the blood bank was preserved with 1% sodium fluoride, it was
necessary to obtain blank whole blood without additives. The experiment was executed
by the addition of NaCl or KCl to the additive-free whole blood. As a variable amount of
blood is extracted at autopsy, the final concentration of the additives may vary. A putative
lowest possible blood volume in the sample tube of 1 mL was used for the calculations.
The added amount of NaCl and KCl was then based on the sum of endogenous blood
levels and the calculated highest possible concentration of Na and K from the sample tube
additives. Reported maximal endogenous levels of Na and K in postmortem blood of
140 and 66 mmol/L, respectively, were employed [42]. This resulted in NaCl and KCl
concentrations of 0.15 and 0.02% w/v, respectively. To assess a potential concentration–
response relationship, samples at half the concentration were also included (0.075% NaCl
and 0.01% KCl).

As the first ionization potential of chlorine is high (13 eV) [41], chlorine would be
unlikely to affect the lithium signal [40], which is similar for fluorine with a first ionization
potential at 17.4 eV [41]. The influence of these elements was therefore not investigated.

As illustrated in Figure 4, the addition of NaCl or KCl resulted in a concentration-
dependent increase in the Li/Ge ratio compared to the whole blood with no additives.
However, since the enhancement was less than 10%, the influence of these additives on the
lithium measurement was determined to be acceptable and matrix-matching of calibration
solutions was deemed unnecessary.

3.2. Validation
3.2.1. Linearity

Linearity was evaluated in standard solutions with lithium concentrations from
0.001 to 0.015 mmol/L. As illustrated in Figure 5, good linearity was achieved with blank
offset and no weighting, resulting in a coefficient of determination (R2) ≥ 0.999 and resid-
uals between −3.0% and 5.9% of the nominal concentration. A linear relationship was
found in lithium concentrations between the investigated range of 0.001–0.015 mmol/L.
The investigated range corresponds to unknown samples with a concentration range of
0.10–1.5 mmol/L after a 100-fold dilution.
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Figure 4. The effect of NaCl or KCl on the Li/Ge ratio in unpreserved whole blood. The blood was
fortified with lithium at two concentration levels. The ratio was normalized to samples with no
added NaCl and KCl (Control). The columns represent mean values while the error bars represent
+/− standard deviations of three replicates.

Figure 5. (A) Calibration curve of lithium based on triplicate measurements of calibration solutions
at five concentration levels. The calibration equation was based on ordinary least squares linear
regression with a blank offset (0.001–0.015 mmol/L). CPS: counts per second. (B) Residual plot of the
calibration curve. The dashed lines represent the acceptance range for the residuals at +/−15%.

3.2.2. Precision and Accuracy

Table 2 provides an overview of the results from the executed precision and accuracy
experiments. Despite the small sample volume of 40 µL, the precision and accuracy studies
resulted in total CV values between 1.1 and 2.3% and the corresponding accuracy range
was 105–108% for all QC samples. Precision and accuracy were therefore considered
acceptable, even though a slight bias was observed. Possible explanations for the minor
bias may be instrument drift during an analytical series or lack of matrix-matching for
the calibration solutions. As the accuracy was within the acceptable range, no further
optimization was performed.
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Table 2. Accuracy and precision from analysis of quality control samples at four concentration levels.
Samples were measured in duplicate on five independent analytical series.

Samples Matrix Accuracy (%)
Mean (Range)

Within-Run
CV (%)

Between-Run
CV (%) Total CV (%)

QC1 (0.10 mmol/L) Whole blood 105 (101–108) 1.5 1.7 2.3

QC2 (0.50 mmol/L) Whole blood 108 (104–110) 1.4 1.2 1.8

QC3 (2.0 mmol/L) Whole blood 105 (103–109) 2.1 0.0 2.1

HK19 (0.87 mmol/L) Serum 105 (103–107) 1.1 0.0 1.1

The LLOQ was confirmed in a whole blood sample fortified with lithium at
0.10 mmol/L (QC1). A lower LLOQ was not investigated further as the method was
intended for measurement in the therapeutic and toxic concentration range.

3.2.3. Dilution Integrity

Dilution integrity in samples prepared with different dilution factors showed CVs
from 0.8 to 4.9% and corresponding accuracies ranging from 99.8 to 104% in all samples.
Therefore, the method performed adequately when additional dilution was applied for
samples with concentrations above the calibration range.

3.2.4. Accuracy in Postmortem Whole Blood

Accuracy in postmortem blood was assessed by the analysis of fortified blood from
15 authentic cases. As shown in Figure 6, the accuracy in the 15 cases was between
104 and 110% of fortified lithium at both concentration levels. This indicated no major bias
in the postmortem blood samples compared with the fortified antemortem blood used in
precision and accuracy experiments.

Figure 6. Accuracy of lithium in whole blood from 15 authentic forensic postmortem cases not
exposed to lithium. Samples were fortified with lithium at 0.50 or 1.5 mmol/L.

3.3. Analysis of 103 Consecutive Autopsy Samples

Whole blood from a total of 103 consecutive forensic autopsy cases was analyzed to
evaluate the performance and robustness of the method. Within the 103 samples, 101 of the
cases had values below LLOQ while two cases had lithium concentrations in the therapeutic
and toxic range, respectively. The latter case was measured with 200-fold dilution.
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The 103 samples were distributed and analyzed on 14 analytical series on different
days. Figure 7 shows the overall performance of the QC samples. A robust method was
obtained with CV values below 4%.

Figure 7. Quality control (QC) chart showing performance of three QC samples analyzed across
14 analytical series. X-axis shows number of analytical series. CV: coefficient of variation.

The median for the recovery of the internal standard in the 103 autopsy samples was
103%, the range was 85.8 to 116%, and the 10- and 90-percentiles were 98.7 and 110%,
respectively. Therefore, the acceptance criteria for the recovery of the internal standard
were fulfilled for all samples.

Instrumental drift across the 14 analytical series was assessed by re-injection of the
highest calibrator. The drift ranged from 99.4 to 114% of the nominal concentration and
was deemed acceptable.

In summary, the method was robust with regard to internal standard recovery and
instrumental drift during the analytical series, while the accuracy and precision criteria for
the quality control samples were fulfilled.

4. Conclusions
An ICP-MS method for the quantitative determination of lithium in whole blood was

developed, validated, and applied to a series of autopsy cases. The method was based
on a simple sample preparation procedure consisting of acid dilution and required only
40 µL of sample material. The method was successfully developed by the optimization
of the nebulizer gas flow rate, carry-over, and selection of an internal standard. Vali-
dation of the method included linearity, precision, accuracy, and dilution integrity with
satisfactory results.

The final method was applied to a total of 103 consecutive medico-legal autopsy cases.
Two of the cases had a lithium concentration above LLOQ, while the rest were below LLOQ.
The application of the method showed a robust method in terms of intermediate precision
for the quality control samples and recovery of internal standard in the postmortem
blood samples.
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