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A B S T R A C T

Background: Given that both insufficient and excess maternal iodine have adverse consequences such as poor
cognitive performance, delayed physical development and increased fetal and infant mortality, the determina-
tion of maternal iodine status is very important. In this study, we established and verified a method involving
inductively coupled plasma-mass spectrometry (ICP-MS) technology for the rapid determination of the amniotic
fluid iodine concentration (AFIC), breast milk iodine concentration (BMIC) and cerebrospinal fluid (CSF) iodine
concentration (CSFIC).
Method: Amniotic fluid, breast milk and CSF were collected from residual samples at Peking Union Medical
College Hospital (PUMCH). The linearity, detection limit, precision, recovery, carryover and matrix effect of the
testing method using ICP-MS technology were thoroughly evaluated according to the EP-10-A2 evaluation
protocol approved by the Clinical and Laboratory Standards Institute (CLSI) guidelines. Furthermore, we eval-
uated the AFIC, BMIC and CSFIC distributions among clinical patients from PUMCH.
Results: The correlation coefficient (r) was higher than 0.99 (0.995–1.000). The limit of detection (LOD) was
0.233 µg/L, and the limit of quantification (LOQ) was 0.778 µg/L. For amniotic fluid, breast milk and CSF, the
assay repeatabilities were 1.5%–1.8%, 1.9%–4.0% and 1.8%–4.0%, respectively, and the within-laboratory
coefficient of variations (CV%) over five days were 3.3%–9.2%, 7.2%–8.0% and 3.2%–7.8%, respectively. The
recovery rates ranged from 97.7% to 109.8%. Moreover, the median concentrations of iodine in the amniotic
fluid, breast milk and CSF of the patients from PUMCH were 176.3 µg/L, 136.0 µg/L, and 81.8 µg/L, respec-
tively.
Conclusion: A rapid, stable and accurate method that incorporates ICP-MS technology for the determination of
iodine concentration was established for amniotic fluid, breast milk and CSF in this study.

1. Introduction

Iodine, an important trace element, is necessary for the synthesis of
thyroid hormones (THs), which are essential for normal growth, de-
velopment and metabolism [1]. Iodine deficiency is the largest single
reason for preventable brain damage worldwide [2], and iodine defi-
ciency disorders can affect individuals throughout their entire lifespans,
especially during pregnancy. In 2011, approximately 1.8 billion in-
dividuals (28.5%) worldwide had inadequate iodine intake [3], and

maternal iodine intake was insufficient in China [4]. The demand for
iodine increases by 50% in pregnancy, and pregnant women are
therefore more vulnerable to iodine insufficiency [5]. Iodine in-
sufficiency can lead to endemic cretinism, spontaneous abortion, pre-
term delivery and stillbirth or adversely affect offspring development,
with potentially lifelong consequences [6,7]. For the fetus, an adequate
supply of iodine from the mother is particularly important during the
second trimester of pregnancy and continues to be important in chil-
dren up to 3 years of age [2]. When the iodine supply is inadequate,
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congenital abnormalities, perinatal mortality or irreversible mental
retardation can occur [8]. Therefore, there is an urgent need to monitor
and evaluate maternal iodine concentrations.

Although the WHO recommends using the median urine iodine
concentration (UIC) as a biomarker for the assessment of maternal io-
dine status [2], previous studies have reported controversial results
[9,10]. In utero, the fetus directly uses THs synthesized by the mother
during the first 20 weeks of gestation [11] and then obtains iodine from
the mother to produce THs independently of the mother, and these THs
are also stored in the fetal thyroid to partly support the demand for THs
after birth [12]. Thus, the amniotic fluid iodine concentration (AFIC)
can be a direct or better index than the maternal UIC to represent the
fetal iodine status. Additionally, the breastfed infant is more vulnerable
to iodine deficiency because they completely depend on the iodine
supply of his mother [13]. Some studies have noted that the mammary
gland can change the fractional uptake of circulating iodine when
dietary consumption varies, especially in iodine-sufficient regions [14],
which means that some pregnant women could be overtreated due to
their low UICs even if they can actually supply enough iodine to their
infants via breast milk. Excessive intake can also cause disorders for
both mothers and children, such as the Wolff–Chaikoff effect [15] and
autoimmune thyroiditis [16]. Therefore, the breast milk iodine con-
centration (BMIC) is considered as a more sensitive and accurate
measurement for the maternal iodine status and the amount they can
supply for their children [17]. Although there is no research that clearly
indicates the role that iodine in cerebral spinal fluid (CSF) plays in the
human body, we still pay attention to this index. Because the substances
secreted and emanated from tissues can be readily accessible in body
fluids [18], the cerebrospinal fluid iodine concentration (CSFIC) may be
closely associated with not only adjacent tissues but also whole-body
functions [19]. It was also reported that iodine can induce inflamma-
tion by regulating the expression of several proteins such as IL-17 [20],
therefore, CSFIC may reflect abnormalities in the human body, espe-
cially inflammation of the brain.

Several methods are commonly used to determine iodine con-
centrations. The Sandell–Kolthoff (S–K) method is recommended as the
routine and standard method for iodine monitoring, and widely used in
hundreds of laboratories. Even if an automated method involving rou-
tine biochemical analyzers has been developed in recent years, all
methods based on the S–K principle have obvious limitations, such as
the requirement for a high temperature, the long digestion time, and
the release of toxic products [21]. Additionally, an ion-selective elec-
trode method and high-performance liquid chromatography were de-
veloped for the determination of free iodine, but these methods are also
complicated, and incomplete iodine extraction can lead to a low re-
covery [22]. Due to its higher accuracy, precision and lower detection
limit, inductively coupled plasma-mass spectrometry (ICP-MS) has re-
cently been considered to be the best way to simultaneously quantify
many elements in biological fluids [23], and the gold standard for the
determination of low iodine concentrations in complex matrices such as
breast milk [24].

To date, only a few studies have focused on the establishment of
methods to determine the BMIC [25,26], and no studies have been
conducted to identify methods to determine the AFIC or CSFIC. Because
the method using ICP-MS technology has been developed and applied in
the clinical laboratory of PUMCH [27], we aimed to establish and
evaluate a very rapid testing method using ICP-MS technology for the
determination of the AFIC, BMIC and CSFIC in this study.

2. Materials and methods

2.1. Machines and materials

The analysis was performed using an iCAP-Q ICP-MS, assisted by the
ASX-520 CETAC Automatic Sampling Instrument (Thermo Scientific,
Waltham, MA). Additionally, the Sorvall ST16R Centrifuge was

purchased from Thermo Scientific. The ICP-MS equipment was tuned
before sampling, and the collision-kinetic energy discrimination (KED)
mode was used to monitor the signals at 127I and 185Re. Some detailed
parameters of the ICP-MS equipment are as follows: plasma power,
1550 W; nebulizer gas flow (Ar), 1 L/min; spray chamber temperature,
2.7 ℃; CCT1 flow (He), 4.8 mL/min; and KED, 3 V.

Standard potassium iodide (KI, purity: 99.6%, batch number:
100194-200502) and internal standard rhenium (Re, 106 µg/L, in 10%
hydrochloric acid medium, batch number: 14040372) were purchased
from the National Research Center for Certified Reference Materials of
China. Pure isopropyl alcohol (batch number: 182060) and pure am-
monia solution (batch number: 711706) were purchased from Fisher
Scientific (Pittsburgh, PA). Tuning solution (with 1 µg/L lithium, co-
balt, uranium and indium in 2% HNO3 and 0.5% HCl) was purchased
from Thermo Scientific. Ultrapure deionized water was produced by a
Millipore Advantage Water Purifier (Billerica, MA) in our laboratory.

We poured 30 mL isopropanol and 1 mL ammonia solution
(14 mmol/L) into a clean plastic bottle, and ultrapure deionized water
was added to 2 L at a constant volume. The prepared 1.5% isopropanol
and 7 mmol/L ammonia solution was used as the diluent in this
method. With the weighing method, standard KI and the diluent were
weighed accurately and concentrated to 10 mg/L reserved solution by a
densitometer. The solution was divided into aliquots, sealed and cryo-
preserved at −80 °C. Before every testing session, it was gradually di-
luted to 1 µg/L, 5 µg/L, 10 µg/L, 25 µg/L, 50 µg/L and 100 µg/L with
the diluent as a standard solution for the calibration curve. With the
three-way valve, Re was diluted to 20 µg/L with the diluent as an in-
ternal standard solution to correct the matrix effect and stability of
plasma between samples and standard solutions. Method blank samples
were prepared by mixing 500 µL ultrapure water with 4.5 mL diluent.
The 7 µmol/L hydrous ammonium diluted with ultrapure deionized
water, as the washing solution, could effectively eliminate the memory
effect of iodine in this study [27].

2.2. Sample collection

All samples were collected from the residuals of patient samples in
the clinical laboratory of PUMCH, and mixed into several pooled fluids
of different iodine concentrations. According to the distribution of io-
dine in patients, we obtained pooled amniotic fluid with three different
concentrations, pooled breast milk with two different concentrations
and pooled CSF with four different concentrations. These pooled sam-
ples were stored at 4 °C, and all measurements were finished within one
week. Before each analysis, all samples and controls were equilibrated
to room temperature (25 °C) and thoroughly mixed. Furthermore, 53
amniotic fluid and matched plasma samples, which were drawn from
the same person within one day, and 150 CSF and matched serum
samples were collected from the clinical laboratory in PUMCH.

2.3. Preparation and analysis

Two hundred microliters of amniotic fluid, CSF samples or control
solutions of two different concentrations were directly transferred into
a clean 10-mL plastic tube and mixed with 1.8 mL diluent, resulting in a
10-fold dilution. Before dilution, breast milk samples were stored at
4 °C to spontaneously split into two layers, and 200 µL aqueous frac-
tions were drawn and diluted in the same way. If the test result was
higher than the upper limit of the linear range, the sample was ad-
ditionally diluted and retested. Then, the tubes were centrifuged at
1500 rpm/min for 3 min to remove the precipitate.

We used an internal standard method to quantify substances. With
the concentration of the standard solution as the X-axis and the cor-
rected response intensity as the Y-axis, the linear equation was ob-
tained. Then, the actual concentration of the sample could be obtained
by introducing the corrected strength into the equation. Before each
measurement, standard curves were redrawn. The final concentration
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was the average of three repeated measurements, corrected by cali-
bration curve and multiplied by a dilution factor. It took 1.56 min to
analyze a sample, including 40 s for reading, 30 s for suction and 60 s
for washing, which meant that approximately 150 samples could be
measured within eight hours.

2.4. Method validation

Linearity evaluation was carried out with polynomial regression of
the calibrator concentrations on the theoretical peak area ratios of the
target substance and the internal standard. The linearity was considered
to be satisfactory when the R value was higher than 0.99. The LOD and
LOQ were defined as 3 times and 10 times the standard deviation (SD)
of blank samples, respectively, multiplied by the slope of the regression
curve [28].

Precision was evaluated by analyzing all pooled samples for five
successive days, and each pooled sample was analyzed five times per
day according to the CLSI EP15-A3 guidelines. Due to the lack of cer-
tified reference materials, accuracy was evaluated by the calculation of
recovery. Recovery was calculated by spiking 100 µL pooled human
fluids with 100 µL calibrators of two different concentrations and
comparing the iodine concentrations after subtracting the value of the
initial pooled samples with that of the added calibrators. The accuracy
was considered to be satisfying if the recovery was within 90%–110%.

After measuring a high-concentration sample (H), a reagent blank
was tested in triplicate as L1, L2 and L3. The carryover rate was defined
as L1 minus L3 divided by H minus L3. The background signal of iodine
in the diluent and the Re in both the diluent and samples were mea-
sured to evaluate the interference of the reagent with the samples.

2.5. Method application

Furthermore, to evaluate the distribution of iodine in patients from
PUMCH, we analyzed matched amniotic fluid and plasma from 53
pregnant women, as well as matched CSF and serum from 150 clinical
patients in the clinical laboratory of PUMCH. Since methods for the
measurement of iodine in urine, serum and breast milk have been es-
tablished and developed in our laboratory, we directly obtained and
evaluated all BMIC results during from 2015 to 2019 from the Hospital
Information System (HIS) and Laboratory Information System (LIS) of
PUMCH. We also collected and measured matched serum and plasma
samples from 40 patients who had blood drawn on the same day in the
clinical laboratory of PUMCH to evaluate the consistency between
serum and plasma samples.

This study was reviewed and approved by the Ethics Committee of
PUMCH of the Chinese Academy of Medical Sciences (S-K766).

2.6. Statistical analysis

Excel 2010 (Microsoft Inc., Redmond, WA, USA) and SPSS 20.0
software (IBM Inc., Armonk, NY, USA) were used for analyses. The
Kolmogorov-Smirnov test was applied to evaluate the distribution.
Normally distributed data were presented as the means ± SDs, and
non-normally distributed data were presented as the medians (quar-
tiles). The Pearson or Spearman rank correlation (r) was used to assess
the correlations between two measurements. A nonparametric test was
applied for comparisons across different groups, and differences were
considered statistically significant when the p-values were < 0.05.

3. Results

3.1. Linearity and LOD/LOQ

Excellent linearity was observed in this study. All R-values were
higher than 0.99 (0.995–1.000) with the standard concentration ran-
ging from 1 µg/L to 100 µg/L, which is equivalent to 10–1000 µg/L in

undiluted samples. The LOD was 0.233 µg/L, and the LOQ was
0.778 µg/L, which are sensitive enough for clinical application.

3.2. Precision and accuracy

The evaluation of precision is shown in Table 1. The repeatability
was 1.5%–1.8%, 1.9%–4.0% and 1.8%–4.0%, and the within-laboratory
coefficient of variation (CV%) over the period of five days was
3.3%–9.2%, 7.2%–8.0% and 3.2%–7.8% for amniotic fluid, breast milk
and CSF, respectively. As shown in Table 2, the recovery rates were
99.3% and 101.9% for amniotic fluid, 109.8% and 109.0% for breast
milk, and 97.7% and 101.8% for CSF, which represented satisfactory
accuracy and implied that the use of Re as an internal standard could
compensate for the possible ion suppression or strengthening from the
matrix. Furthermore, two levels of NIST SRM 3668 were analyzed to
evaluate and verify the accuracy of this method for the determination of
urinary and serum iodine in our previous study [27]. Also, a method
comparison with the classic S–K principle-based method was con-
ducted. Regression analysis showed a correlation of 0.984 with a slope
of 1.0419 and an intercept of –7.2069. The CUSUM test and Blan-
d–Altman plots also suggested fair consistency between the two
methods, which implied the good accuracy of this method using ICP-MS
technology in this study.

3.3. Carryover and matrix effect

Respectively, the carryover rates were 0.046% (0.018%–0.062%),
0.068% (0.052%–0.088%) and 0.010% (0.001%–0.017%) for amniotic
fluid, breast milk and CSF, which were negligible for clinical applica-
tion. The iodine content in the diluent was 0.454 µg/L, and the Re
contents in the diluent, amniotic fluid, breast milk and CSF samples
were 0.19%, 0.07%, 0.13% and 0.00% of the internal standard, which
would not interfere with clinical measurements. Furthermore, the
memory effect was also evaluated and deemed negligible in our pre-
vious study [27].

Table 1
The precision of the ICP-MS method.

Mean ± SD (µg/L) Repeatability (%) Within-laboratory CV
(%)

amniotic
fluidL

58.3 ± 5.4 1.8 9.2

amniotic
fluidM

280.2 ± 9.8 1.5 3.3

amniotic
fluidH

783.2 ± 24.7 1.6 3.3

lacticL 145.6 ± 11.0 1.9 7.2
lacticH 185.9 ± 15.6 4.0 8.0
CSFL 5.8 ± 0.5 4.0 7.8
CSFM1 48.1 ± 1.5 2.0 3.3
CSFM2 174.0 ± 6.0 2.1 3.2
CSFH 5373.5 ± 176.6 1.8 3.4

Table 2
The recovery of the ICP-MS method.

Analytes Added calibrator
(µg/L)

Mean (µg/
L)

SD Recovery (%) Bias (%)

Amniotic fluid 50 49.67 0.42 99.3 0.66
100 101.88 0.89 101.9 −1.88

Breast milk 100 109.80 1.63 109.8 −9.80
200 217.90 4.38 109.0 −8.95

CSF 100 97.69 9.65 97.7 2.31
200 203.63 4.73 101.8 −1.81
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3.4. Clinical application

The median AFIC of 53 pregnant women (age: 35 ± 5 years) in
Beijing was 176.3 µg/L (range: 61.4 µg/L–372.3 µg/L), while the
median iodine concentration of matched plasma was 77.2 µg/L (range:
69.8 µg/L–83.5 µg/L). The correlation between the iodine content of
amniotic fluid and that of plasma was weak (r = 0.174; p = 0.214)
(Fig. 1). Unlike the stable distribution of plasma iodine, the individual
variation of iodine in amniotic fluid was very large, which indicated
that the level of iodine accessible to the fetus was notably different
among different individuals and needed to be monitored.

The BMIC distribution was evaluated in 547 lactating women (age:
34 ± 4 years) for five consecutive years in PUMCH using data from the
HIS and LIS. The median BMIC was 136.0 µg/L, and the values ranged
from 89.0 µg/L to 222.0 µg/L. There was no significant difference be-
tween the different years or age groups, while the iodine distribution of
hyperthyroidism patients was significantly higher than that of hy-
pothyroidism patients (median: 185.0 µg/L vs 129.5 µg/L, p = 0.018).
Similar to the AFIC distribution, the individual variation of iodine in
breast milk was also large.

As shown in Fig. 2, the median CSFIC of 150 patients (age:
43 ± 19 years), including 62 males and 88 females without thyroid
diseases, from PUMCH was 81.8 µg/L (range: 22.3 µg/L–306.6 µg/L),
while the median iodine concentration of matched serum was 59.2 µg/L
(range: 46.7 µg/L–93.1 µg/L). The correlation between CSFIC and io-
dine in serum was weak (r = 0.192; p < 0.05). The individual var-
iation in iodine in CSF was also wider than that in serum iodine.

Furthermore, matched serum and plasma samples from 40 patients
from PUMCH were analyzed. Since the serum and plasma iodine dis-
tribution was normal, the Pearson correlation was calculated. With r
equal to 0.988, the consistency between the two types of samples was
deemed excellent (Fig. 3).

4. Discussion

In this study, we established and evaluated a very rapid and accu-
rate method using ICP-MS technology by diluting samples with an
ammonia solution for the determination of iodine in amniotic fluid,
breast milk and CSF. Linearity, LOD/LOQ, precision, recovery, carry-
over and matrix effects were thoroughly evaluated and verified, and the
whole preparation and analysis of this method was maneuverable, time-
effective and safe. However, due to the lack of certified reference ma-
terials mainly for amniotic fluid and CSF, the accuracy of this method

was evaluated in a less reliable way.
Using Re as an internal standard, the possible ion suppression or

strengthening from the matrix could have been compensated for.
However, there are other studies using different elements, such as
tellurium, germanium and antimony, as internal standards, and dif-
ferent studies had different results [26,29]. Since the stability of Re as
an internal standard for the determination of iodine in this ICP-MS
method has been found not only in this study but also in its long-term
application in the clinical laboratory of PUMCH, we still chose it as our
internal standard. Notably, further studies need to be conducted to
explore the best choice for the determination of the concentrations of
different elements using different methods.

As shown in our previous study and another study [26,27], the
autosampler wash station and the uptake tubing/nebulizer/spray
chamber were two significant areas showing memory effects within the
ICP-MS. With 7 µmol/L hydrous ammonium diluted with ultrapure
deionized water for washing for one minute between every sample, the
memory effect of iodine in the autosampler wash station and the pi-
peline system could be effectively eliminated. The quarter bend and the
cone were also regularly cleaned with disposable dust removal paper
dipped with the diluent or ultrasonic cleaning equipment to eliminate
memory effects and possible contaminations such as carbon. Further-
more, high-purity Ar (0.8 L/min, Shiyuan Jingye, China) was used for
plasma generation and nebulization, and to purge the samples before
every analysis to remove the volatile carbon. Instrument checking and
maintenance were regularly conducted by professional engineers.

To our knowledge, few studies have focused on iodine in breast
milk, and none have focused on iodine in amniotic fluid or CSF. In this
research, we not only established a rapid and accurate method using
ICP-MS technology for the determination of the AFIC, BMIC and CSFIC,
but also evaluated their distribution and emphasized the importance of
monitoring and measuring them. Some cross-sectional studies have
reported inconsistencies between BMIC and UIC in lactating women
[9,10], and this result was also found in this study. Compared with the
stable distribution of iodine in serum and plasma, the wider distribution
of the AFIC, BMIC and CSFIC may show increased sensitivity and ac-
curacy for the determination of iodine insufficiency or excess and other
associated disorders, such as endoplasmic reticulum stress, which can
induce the overexpression of inflammatory factors [30]. Additionally,
as the main source of iodine for fetuses and infants, both amniotic fluid
and breast milk can directly reflect iodine status, and effective treat-
ment can be provided in a timely manner. In addition, the UIC can be
affected by many factors, such as changes in intake, and can vary in a

Fig. 1. Correlation of iodine levels in amniotic fluid and plasma The figure shown iodine concentrations in amniotic fluid and matched plasma of 53 pregnant
women. Spearman correlation analysis calculated r = 0.174 and p = 0.214.
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short time, even if creatinine measurements were used to correct the
results. Therefore, our study suggested that all three indexes could
better reflect the disorders of iodine in the human body, and that AFIC
and BMIC could be better indexes to monitor the concentration of io-
dine in both mothers and their offspring.

There were also limitations in our study. As a simpler pre-pre-
paration method, we centrifuged and diluted the samples prior to
analysis, which could lead to some iodine remaining adhered to the
organic portion of the samples [31]. We did not evaluate the con-
centration difference between the supernatant fluid and the whole
sample in this study. A previous study [26] showed that the iodine
concentrations in the fatty fraction of breast milk (145 ± 48 g/L) were
considerably higher than those in the aqueous fraction (88.5 ± 2.1 g/
L), which meant that the determination of the iodine concentration in
breast milk in this study was not the same as the actual concentration.

However, the iodine determination in the aqueous fraction was quite
stable, which suggested its ability to represent the concentration of the
whole sample. The method using ICP-MS technology to determine the
iodine concentration in breast milk has been applied in the clinical
laboratory of PUMCH and appears fairly related to clinical features.
Furthermore, amniotic fluid, breast milk and CSF are all complex ma-
trices consisting of many bioactive components and nutrients. With the
direct dilution method using an ammonia solution and Re as the in-
ternal standard, whether it is enough to correct some non-spectral in-
terferences requires further evaluation and verification.

In conclusion, a very rapid and accurate method using ICP-MS
technology was established to determine the iodine concentration in
amniotic fluid, breast milk and CSF. Of note, a larger continuous sample
should be included in future studies to evaluate the clinical efficacy of
the method using ICP-MS technology and the iodine concentrations in

Fig. 2. Correlation of iodine levels in CSF and serum CSF: cerebrospinal fluid. The figure shown iodine concentrations in CSF and matched serum of 150 patients
without thyroid diseases. Spearman correlation analysis calculated r = 0.192 and p < 0.05.

Fig. 3. Correlation of iodine levels in serum and plasma. The figure shown iodine concentrations in serum and matched plasma of 40 patients from clinical
laboratory. Pearson correlation analysis calculated r = 0.988, and regression equation was y = 0.9881x + 1.6576, with R2 = 0.9769.
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amniotic fluid, breast milk and CSF in Chinese people.
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