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bstract

An analytical method was developed for the determination of potassium in vitreous humor by low pressure ion chromatography (LPIC).
xperimental conditions for LPIC analysis were optimized. High sensitivity and selectivity were obtained using this method. The LOD and LOQ

−1 −1
ere 1 and 2 mmol l , respectively. The linearity was demonstrated from 2 to 20 mmol l . The intra- and inter-day precision (CV) based on three
oncentrations was less than 5.0%. It was a simple and fast method to measure potassium and was suitable for evaluating the postmortem interval
PMI) in relatively well-preserved bodies. Sixty-two samples from medical-legal autopsies with known PMI were analyzed. A linear correlation
quation for potassium concentration in the vitreous humor and PMI was established: [K+] = 0.1702PMI + 5.5678, r = 0.8692.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The estimation of the postmortem interval (PMI) is crucial to
he practice of certain forensic cases. Many techniques have been
sed to estimate PMI. In the 1960s, a novel method was proposed
o estimate PMI, which related to the potassium concentration in
he vitreous humor. Researchers found that potassium released
rom the intracellular compartment increase its concentration in
he vitreous humor in a time-dependant manner since an individ-
al died [1,2]. Many equations have been estalished to describe
he linear correlation between the potassium concentration in
he vitreous humor and PMI. However, the values of the slope
nd intercept made significant difference from each other [3].

any factors contribute to the significant variation, including

he modalities of death, ambient temperature and putrefaction.
nother important factor is the analytical method. Two major

ypes of techniques, non-separation and separation techniques,
ave been used to measure potassium concentration [2,4]. Com-
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tem interval

ared with the non-separation analytical techniques, especially
he flame photometry and ion selective electrode, the result of the
eparation analytical techniques were not influenced by the fluc-
uation of components concentration in the vitreous humor (such
s ionic intensity, pH, amines, peptides, and so no). Capillary
lectrophoresis (CE) and ion chromatography, as two separation
ethods, have been used to measure the concentration of the

norganic ions. However, many applications have been limited
ecause of the analytical costs and instrument complexity.

The purpose of our work was to develop and validate a
imple, accurate and fast method for the determination of
otassium in vitreous humor and estimation of postmortem inter-
al. Sixty-two vitreous humor samples collected from selected
edical-legal autopsies that had relatively well preservation

onditions were subjected to analysis by low pressure ion chro-
atography (LPIC), a type of ion chromatography without the

uppressor column that works at a low-pressure of 1.96 × 105 to

.94 × 105 Pa [5–8]. Many inorganic cations, i.e., alkali metals,
lkaline earth metals, transition-metals, and inorganic anions as
ell as organic acids have been well separated and analyzed
y LPIC [9]. A significant linear correlation between the PMI
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The number of points was eight and the data were based on
three replicates.
B. Zhou et al. / J. Chrom

nd the potassium concentration in the vitreous humor has been
stablished, which can be described by the following equation:
K+] = 0.1702PMI + 5.5678, r = 0.8692.

. Experimental

.1. Apparatus

The analytical system consisted of a HL-2 electronic pump
Model ZJ-3, Shanghai, China), a high sensitivity self-made
onductivity detector and a hand-control sampler. The data
cquisition and processing was completed by the Data Work-
ng Station Software. A specific ion chromatography column

ade by our laboratory for detecting Na+, K+, NH4
+ was used

o measure the potassium concentration [9,10].

.2. Chemicals and reagents

All reagents including nitric acid (HNO3), potassium chlo-
ide (KCl) and sodium chloride (NaCl) of analytical grade were
urchased from Jiulong Company (Chengdu, China). The deion-
zed water was purified by “Easy pure RF compact” ultrapure
ater system (Barnstead/Thermolyne, American). The eluent

0.96 mmol l−1) was prepared by diluting 66.7 �l nitric acid in
l deionized water and must be prepared daily. For the establish-
ent of the linearity range, calibration curves in deionized water
ere prepared in the concentration range of 2–20 mmol l−1 (2,
, 6, 8, 10, 12, 16 and 20 mmol l−1, respectively).

.3. Samples preparation

Sixty-two vitreous humor samples were collected from
edical-legal autopsies. All the subjects studied were adults

nd the exact time since death was known (1–27 h). Those sub-
ects who had ocular injury or diseases, or craniocerebral trauma
ere excluded from this study. A total volume of 100 �l of vit-

eous humor was collected. Four microliters was assayed by
irect injection into the chromatography system and the rest
ere stored at 4 ◦C.

.4. Chromatographic conditions

The separation of potassium was performed on a self-made
PIC column (7.0 cm × 0.6 cm, I.D., 20–25 �m), supplied by
inshen Zhang, Ph.D. The eluent was 0.96 mmol l−1 nitric

cid aqueous solution, and was delivered at a low flow rate of
.8 ml min−1. The column temperature was ambient tempera-
ure. The elution time for potassium was 6.7 min.

. Results and discussion

.1. Selectivity
Typical chromatograms of a real vitreous humor sample and
he standard potassium solution, obtained under the optimized
xperimental conditions, are shown in Figs. 1 and 2, respectively.
s values,which were greater than 1.5, suggest good resolution.
Fig. 1. Chromatogram of a sample of vitreous humor.

.2. Calibration curves and detection limits

For the quantitative analysis of the potassium in this study,
he peak height calibration curves were used. Eight calibration
tandards with the concentration of potassium varying from

to 20 mmol l−1 (2, 4, 6, 8, 10, 12, 16 and 20 mmol l−1,
espectively) were analyzed and the calibration curves were
btained by plotting peak height versus concentration. The linear
elationship between peak height and potassium concentration
as described by Table 1. LOD was determined as S/N of
:1. LOQ was defined as the lowest concentration of the cal-
bration curve. In this study, LOD was 1 mmol l−1, LOQ was
mmol l−1.
Fig. 2. Chromatogram of a sample of the standard potassium solution.
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Table 1
Results of linearity tests

Sample K+

Linear range (mmol l−1) 2–20

Linear regression
Slope 0.2121 ± 0.0054
Intercept 0.1007 ± 0.4236
REa 0.9987

Equation yb = 0.2120xc + 0.1007

a RE: regression coefficient.
b y: peak height.
c x: concentration of K+.

Table 2
Intra-assay data

Added mount (mmol l−1) Mean S.D. CV (%) Accuracy (%)

4 4.0 0.1 2.5 1.0
10 10.1 0.2 1.5 0.8
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he data were based on five replicates.

.3. Precision and accuracy

Accuracy and precision of the method were investigated after
easuring standards of the same concentration five times each.
he intra- and inter-day precision were evaluated by the coeffi-
ient of variance (CV%). The data are shown in Tables 2 and 3.

.4. Optimization of the chromatography conditions

For the length of the column, we chose a relatively short
olumn because shorter columns have the following two advan-
ages: reduced system pressure and improved sensitivity and
recision. It was found that the resolution decreased sharply
hen the exchange capacity was less than 0.04 mmol g−1,
hile higher exchange capacity will increase analysis time

nd decrease analytic sensitivity [4–10]. The optimal col-
mn exchange capacity is 0.04 mmol g−1 in the present study.
.96 mmol l−1 HNO3 was used as the eluent, which is optimal
o reduce the background conductivity and to improve the sensi-
ivity. Results of tests for precision and linear range showed that
he system with the above parameters have good reproducibility
nd linear correlation. The linear correlation between the PMI
nd potassium concentration measured by LPIC is highly sig-

ificant. As the concentration of sodium in the vitreous humor
s about 0.1–0.15 mol l−1, which is nearly 40 times higher than
hat of potassium in the vitreous humor, the chromatographic
eak of potassium will be affected obviously by that of sodium

able 3
nter-assay data (n = 5)

dded mount (mmol l−1) Mean S.D. CV (%) Accuracy (%)

4 4.0 0.2 4.8 0.5
0 9.9 0.2 2.4 0.6
0 20.0 0.1 0.7 0.2

he data were based on five replicates.
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Fig. 3. Plot of PMI vs. K+ concentration.

hen more than 10 �l vitreous humor samples were injected
nd analyzed by the LPIC system. Different volumes of vit-
eous samples were measured by the LPIC system and in the
resent analytic system only 4 �l sample of vitreous humor is
ufficient to obtain a clear result.

.5. Application

Many equations for the correlation between potassium con-
entrations in the vitreous humor and PMI have been reported
y different groups. The primary difference among these equa-
ions is the intercept, which varies from 2.3587 to 8. Besides
he modalities of death, the state of putrefaction, ambient
emperature, analytical techniques, the sampling method and
ample storage precedures were also reported to affect the
lope and intercept of the correlation equations [11]. It has
lso been reported that the potassium concentration in the vit-
eous humor in one eye differ from the other one of the same
orpse [12]. To minimize the effect of the above factors, we
easured the potassium concentration in the vitreous humor

n selected medical-legal bodies. These bodies had relatively
ood preservation conditions with least effects of putrefac-
ion. These subjects have not ocular injury or diseases, or
raniocerebral trauma. We did not detect a significant differ-
nce between two eyes of same subject. A linear correlation
etween the PMI and the K+ concentration in vitreous humor
as found, and the correlation can be described by the following

quation: [K+] = 0.1702PMI + 5.5678, r = 0.8692. The concen-
rations of potassium measured in this study ranged from 5.6
o 10.87 mmol l−1 with the PMI values varying from 1 to 27 h.
ig. 3 shows the plot for PMI versus K+ concentration of all the
2 samples.

. Conclusion

This study was the first to measure the potassium concentra-
ion in the vitreous humor by LPIC. In this study, the factors

ffecting the results were discussed, and optimized conditions
ave been obtained.

Compared to other separative method, this method is less
omplex, cheaper and time-saving. The results show that the PMI
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an be valuably estimated based on potassium concentration of
he vitreous humor measured by LPIC.
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