
IODINE AND ENDEMIC GOITER

Optimization of a New Mass Spectrometry Method
for Measurement of Breast Milk Iodine Concentrations
and an Assessment of the Effect of Analytic Method

and Timing of Within-Feed Sample Collection
on Breast Milk Iodine Concentrations

Susanne Dold,1 Jeannine Baumgartner,2 Christophe Zeder,1 Adam Krzystek,1

Jennifer Osei,2 Max Haldimann,3 Michael B. Zimmermann,1,4 and Maria Andersson1,4

Background: Breast milk iodine concentration (BMIC) may be an indicator of iodine status during lactation,
but there are few data comparing different analytical methods or timing of sampling. The aims of this study
were: (i) to optimize a new inductively coupled plasma mass spectrometry (ICP-MS) method; and (ii) to
evaluate the effect of analytical method and timing of within-feed sample collection on BMIC.
Methods: The colorimetric Sandell–Kolthoff method was evaluated with (a) or without (b) alkaline ashing, and
ICP-MS was evaluated using a new 129I isotope ratio approach including Tellurium (Te) for mass bias correction
(c) or external standard curve (d). From iodine-sufficient lactating women (n = 97), three samples were collected
within one breast-feeding session (fore-, mid-, and hind-feed samples) and BMIC was analyzed using (c) and (d).
Results: Iodine recovery from NIST SRM1549a whole milk powder for methods (a)–(d) was 67%, 24%, 105%,
and 102%, respectively. Intra- and inter-assay coefficients of variation for ICP-MS comparing (c) and (d) were 1.3%
versus 5.6% ( p = 0.04) and 1.1% versus 2.4% ( p = 0.33). The limit of detection (LOD) was lower for (c) (0.26 lg/kg)
than it was for (d) (2.54 lg/kg; p = 0.02). Using (c), the median [95% confidence interval (CI) obtained by bootstrap]
BMIC (lg/kg) in foremilk (179 [CI 161–206]) and in mid-feed milk (184 [CI 160–220]) were not significantly
different ( p = 0.017), but were higher than in hindmilk (175 [CI 153–216]; p < 0.001). In foremilk using (d), BMIC
was 199 ([CI 182–257]; p < 0.001 vs. (c)). The variation in BMIC comparing (c) and (d) (13%) was greater than
variation within feeding (5%; p < 0.001).
Conclusions: Because of poor recoveries, (a) and (b) should not be used to measure BMIC. Compared with (d), (c)
has the advantages of higher precision and a lower LOD. In iodine-sufficient women, BMIC shows low variation
within a breast-feeding session, so timing of sampling is not a major determinant of BMIC.

Introduction

Iodine deficiency during infancy may impair growth
and development (1–4). Infants have low thyroidal iodine

stores and are dependent on iodine in breast milk or infant
formula to meet their requirements (2,5). However, there is
no scientific consensus on optimal dietary iodine intake
during infancy or on optimal breast milk iodine concentration
(BMIC) (1,2,6–8). BMIC is influenced by maternal iodine
status (1,9–11), recent maternal iodine intake (12), duration
of lactation (13–17), and maternal fluid intake (17). Sampling
procedures may also be important. One study found differ-

ences in BMIC between fore- and hind-milk samples (17)
while another did not (18). Broad ranges of BMIC have been
reported in iodine-sufficient countries (9–11,19), but com-
paring BMIC across studies is difficult because of differences
in study design, analytical methods, and the lack of external
quality control (9,17,20–24).

Breast milk is a complex sample matrix (20,21,25), and in-
ductively coupled plasma mass spectrometry (ICP-MS) is
considered the standard method for iodine determination in such
matrices, providing high levels of accuracy and precision and
low detection limits (20–23,26). However, obtaining accurate
measurements using ICP-MS requires optimization of sample
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preparation and measurement parameters (20–23,26). Isotope
dilution analysis (IDA) for ICP-MS uses the determination of
isotope intensity ratios for quantification and is a promising
approach for improving iodine measurements in breast milk.
This is because, compared with conventional standard curve
applications, IDA allows for correction for losses, matrix ef-
fects, and instrumental drifts (20,21,25–28).

The European Committee for Standardization and the
AOAC International have adopted ICP-MS-based methods
for the determination of iodine content in foods, infant for-
mula, and nutritional products (22,26,29,30), but no refer-
ence analytical method has been recommended for BMIC.
Thus, the aim of this study was to evaluate differences in
BMIC by analytical method and timing of sample collection
within a feeding session. Specifically, (i) two methods for
measurement of BMIC were compared: the spectrophoto-
metric Sandell–Kolthoff method and ICP-MS analysis; (ii) an
ICP-MS method based on IDA with 129I and Tellurium (Te)
for mass bias correction was optimized to quantify BMIC,
and then this ICP-MS 129I isotope ratio method was com-
pared with an ICP-MS procedure using external iodine cali-
brators for quantification; and (iii) breast milk samples were
collected from an iodine-sufficient population and BMIC was
compared between fore-, mid-feed, and hind-milk samples.

It was hypothesized that:

H1: The spectrophotometric method will not obtain reli-
able BMIC results.

H2: The new ICP-MS method based on IDA with 129I and
Te for mass bias correction will improve precision of BMIC
analysis compared with conventional ICP-MS approaches.

H3: Differences in BMIC by sampling time point within a
breast-feeding session will be negligible in iodine-sufficient
women.

Subjects and Methods

Subjects

Breast milk samples were obtained as part of a cross-sectional
study conducted in the Potchefstroom municipal area of the
North-West Province, South Africa. Briefly, a convenience
sample of lactating women (n = 100) was recruited at local health
centers during a routine infant polio vaccination visit. Inclusion
criteria were: (i) apparently healthy lactating women; (ii) no
history of thyroid disease; (iii) currently breast-feeding a sin-
gleton infant; and (iv) not consuming iodine-containing dietary
supplements. Trained study assistants explained the study pro-
tocol to the women in the local language (Setswana or Afrikaans).
Written informed consent was obtained from the participating
women. The Health Research Ethics Committee of the Faculty of
Health Sciences of the North-West University, South Africa,
approved the study protocol (NWU-00016-13-S1). Permission
was also granted from the Provincial and District Health De-
partments, South Africa. South Africa has a long-standing
salt iodization program with mandatory table salt iodization at
35–65 ppm (31). The median urinary iodine concentration (UIC)
of the participating women was 118 lg/L (interquartile range
67–179lg/L), indicating adequate iodine intake.

Study design

The subjects provided three consecutive breast milk sam-
ples from one feeding session by manual expression, following

a sample collection scheme adapted from Neville et al. (32).
After cleaning the breast with a wet cloth, mothers expressed a
5 mL milk sample before breast-feeding to obtain a foremilk
sample. The baby was then put to the breast to suckle for 2–
2.5 min after letdown, judged as the time when the baby began
to swallow actively. Another 5 mL of breast milk was then
collected to obtain a mid-feed sample. The baby then suckled
on the breast until fully satisfied, and a third 5 mL sample (the
hindmilk sample) was collected when the feeding was finished.
When sample volume allowed, a pooled milk sample was
generated from equal parts of the fore-, mid-, and hind-feed
samples. All breast milk samples were collected between 8:00
am and 12:00 am. The breast milk samples were frozen within
an hour after collection, shipped frozen to the Human Nutrition
Laboratory of the ETH Zurich, and stored at -25�C until
analysis.

BMIC analysis: Sandell–Kolthoff methods

The milk iodine concentration was analyzed using the
colorimetric Sandell–Kolthoff procedure (33) with and
without prior alkaline ashing. Alkaline ashing was applied to
remove interfering substances using modified procedures
from Jones et al. (34) and Aumont and Tressol (35).

Reagents. Analytical grade reagents were used for all an-
alyses: potassium hydroxide pellets (Merck, Darmstadt, Ger-
many), ammonium persulfate (Riedel de Haën; Sigma-Aldrich,
St. Louis, MO), sodium hydroxide pellets (Sigma-Aldrich),
arsenic trioxide (Fluka; Sigma-Aldrich), sulfuric acid 95–97%
(Sigma-Aldrich), sodium chloride (Sigma-Aldrich), ammonium
cerium(IV) sulfate dihydrate (Sigma-Aldrich), and potassium
iodate (Fluka; Sigma-Aldrich). Water (18 MO cm) was gener-
ated by an ultrapure water purification system (Barnstead E-
Pure; Thermo Scientific, Waltham, MA).

Ashing. For the ashing procedure, 0.5 mL of milk was
pipetted into a ceramic crucible, and 0.5 mL of 4 M potassium
hydroxide solution was added. The samples were dried in a
heat cabinet at 105�C for 20 h. Then, the samples were placed
in a muffle furnace and heated at 150�C for 30 min. The
temperature was raised to 600�C and maintained for 1 h.
After cooling, the ash was dissolved in 1 mL of ultrapure
water by putting the ceramic crucibles into an ultrasonic bath
for 10 min. The solution was filtered into microtubes using
3 mL syringes and microfilters (Chromafil MV, A-45/25;
Macherey-Nagel, Dueren, Germany). The calibration blanks
were prepared using ultrapure water.

Sandell–Kolthoff procedure. The iodine content in the
untreated milk samples and in the dissolved ash samples was
measured using the modification by Pino et al. of the Sandell–
Kolthoff reaction with spectrophotometric detection (33).
For each sample, 250 lL was pipetted in duplicate into Pyrex
tubes. The samples were digested by adding 1 mL of 1 M
ammonium persulfate solution to all tubes and by heating
them on a heating block for 60 min at 95�C. After cooling,
50 lL of each sample was pipetted onto a flat-bottom 96-well
PS microplate (Greiner Bio-One, Kremsmuenster, Austria),
and 100 lL of arsenious acid solution (0.05 M) was added.
The plate was placed on a microplate shaker for 15 min.
Then, 50 lL of ceric ammonium solution (0.019 M) was
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added to all wells, and the plate was shaken for another
28 min before the absorbance was measured at 405 nm using a
microplate reader (PowerWave HT; BioTek, Winooski, VT).

The authors’ laboratory routinely uses the described modi-
fication by Pino et al. of the Sandell–Kolthoff method for UIC
analysis. The laboratory is certified by the Program to Ensure
the Quality of Urinary Iodine Procedures (EQUIP; Centers for
Disease Control and Prevention, Atlanta, GA), and participates
successfully in its quarterly external validation.

Calculations. Iodine calibrators for a concentration range
between 0 and 600 lg/L were prepared for each Sandell–
Kolthoff run from a 1 g/L iodine stock solution using potas-
sium iodate and ultrapure water. The calibration curve was
established by linear regression of the iodine concentrations of
the standards versus the logarithm of the absorbance at 405 nm.
The iodine concentrations in the milk samples were calculated
using the calibration curve obtained for each run and the di-
lution factors for each milk sample.

ICP-MS methods

The BMIC was analyzed using a two-step procedure. First,
iodine was extracted from the breast milk samples using
tetramethylammonium hydroxide (TMAH) with a procedure
modified from Fecher et al. (22) and Andrey et al. (36). Then,
the iodine content in the TMAH extracts was measured using
multicollector (MC) ICP-MS. The quantification was done
using two different approaches based on: (i) ICP-MS IDA
using 129I, and (ii) ICP-MS standard curve analysis using
external potassium iodide calibrators in an aqueous 0.25%
TMAH solution. Instrumentation, operation, reagents, and
sample preparation procedure were identical for both ICP-
MS methods under study.

Instrumentation and operation. A Finnigan NEPTUNE
high-resolution double focusing MC-ICP-MS (Thermo Scien-
tific) equipped with an ASX-520 Autosampler (Cetac, Omaha,
NE), a Perimax pump (Spetec, Erding, Germany) for sample
introduction, a Scott Style combined cyclonic-double-pass high-
stability quartz Spray Chamber for NEPTUNE (Thermo Sci-
entific), and a MicroFlow PFA-ST self-aspirating or pumped
nebulizer, 50lL/min uptake version (Epond, Vevey, Switzer-
land), were used for the analysis. The MC-ICP-MS was oper-
ated with the conditions listed in Table 1. Signals were measured
in volts (V). The low-resolution mode was used in order to
obtain higher ICP-MS signals. The instrument was tuned before
each run using iodide standards in 0.25% TMAH.

Reagents. Tama pure-AA TMAH 25% (Tama, Kawasa-
ki, Japan) and argon with a purity grade of 99.998% (Carbagas,
Guemligen, Switzerland) were used. Water (18 MO cm) was
generated by an ultrapure water purification system (Barnstead
E-Pure; Thermo Scientific).

Sample preparation. To assure homogeneity of the fro-
zen breast milk samples, the samples were defrosted on a
Speci-Mix mixer for 1 h. Any coagulates were dissolved by
placing the defrosted samples in a 40�C oven for 15–30 min.
After cooling, the samples were thoroughly homogenized by
using a vortex mixer immediately before pipetting. For the
sample preparation procedure, 1.5 mL of each milk sample

was pipetted into a graduated disposable 50 mL PP-tube with
a screw cap (Sarstedt, Nuembrecht, Germany), and the exact
weight was noted. Further, 0.5 mL of 25% TMAH was added
to each tube. After mixing, the screw caps of the tubes were
closed, and the samples were put in the heat cabinet for 3 h at
90 – 3�C for iodine extraction. The samples were shaken
carefully by hand from time to time during the extraction.
After cooling to room temperature, the tubes were filled to
50 mL with ultrapure water, resulting in a TMAH concen-
tration of 0.25%. The tubes were closed, mixed, and left for
sedimentation at room temperature overnight. The next day,
10 mL aliquots of the extract were taken from the middle of
the tubes, and they were filled into graduated disposable
15 mL PP-tubes with screw caps (Semadeni, Ostermundigen,
Switzerland). Sediments from the bottom or parts of the fat
fraction floating on the top of the extract were avoided. The
calibration blanks were prepared using ultrapure water.

ICP-MS 129I isotope ratio method

Standards. The NIST SRM 4949C 129I radioactivity
standard (Standard Reference Material 4949C; National In-
stitute of Standards and Technology, Gaithersburg, MD) was
used for IDA. The specific activity of the solution was cer-
tified at 3451 Bq/g (RSD 0.6%), which is equal to a con-
centration of 528 lg/g 129I. A 129I stock solution was prepared
with a concentration of 174 lg/g 129I, corresponding to a
specific activity of 1136 Bq/g, by diluting the NIST SRM
4949C 129I radioactivity standard in a 0.01 M NaOH solution.
The stock solution was used to prepare a 129I spike solution in
a 0.01% TMAH solution with a concentration of 1.3 lg/g
129I, corresponding to a specific activity of 9 Bq/g. Then,
50 lL of the 129I spike solution was added to each 10 mL
extracted sample. The concentration of 127I in NIST SRM
4949C 129I radioactivity standard was not certified by the

Table 1. MC-ICP-MS Operating Conditions

for the Analysis

Settings
Operation power 1.3 kW
Auxiliary gas flow rate 0.4 L/min
Cooling gas flow rate 16.2 L/min
Sample gas flow rate 0.9 L/min
Sample uptake 50 lL/min

Vacuum conditions
Plasma interface 10e-004 mbar
Electrostatic analyzer (ESA) 10e-008 mbar
Ion getter press 10e-009 mbar

Data acquisition
Monitored ions (m/z) 124 (Te), 125 (Te),

126 (Te), 127 (I)
128 (Te), 129 (I),
130 (Te), 131 (Xe)

Mode Low resolution
(m/Dm& 2000)

Measurement cycles
per sample

20

Time per measurement
cycle

4 s

Take-up time 105 s
Wash time 10 s

MC-ICP-MS, multicollector inductively coupled plasma mass
spectrometry.
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producer. By doing standard additions of 127I, an isotopic
fraction of 14% 127I and 86% 129I was obtained, corre-
sponding to a 127I/129I ratio Riso true of 0.16, in agreement with
Platzner (37). For each ICP-MS run, 50 lL 129I spike solution
was added to 10 mL 0.25% TMAH solution and the 127I/129I
intensity ratio Riso was measured at the beginning, middle,
and end of each run, and was used for the IDA calculations.

Te was used for mass bias correction, and the spike solution
(10 mg/L) was prepared from a 1000 mg/L standard solution
for ICP (AppliChem, Darmstadt, Germany). Te isotope ratios
in the standard solution were not specified by the producer
and were assumed to be equivalent to the relative abundances
of naturally occurring isotopes (38). A total of 50 lL of the
10 mg/L Te spike solution was added to each 10 mL sample.

Calculations. The 127I/129I intensity ratio Rmeas was mea-
sured for all samples. Solvent blanks (0.25% TMAH) were
analyzed before and after each sample, and were used for re-
spective blank correction of the acquired sample ICP-MS in-
tensities. Microsoft Excel 2010 (Microsoft, Redmond, WA)
was used for all calculations. Rmeas results from the 127I in the
milk samples and the 129I and 127I added with the 129I spike
solution. It can be described as:

R
127I
129I

� �
meas

¼ nnþ ns
�127hs

ns
�129hs

(1)

with nn representing the number of moles of 127I in the milk
samples and ns representing the number of moles of 129I re-
spectively 127I added with the spike solution. The isotopic
abundance in the spike solution is described by hs. By
substituting the number of moles for the respective m/M
terms and rearranging equation 1, the unknown mass of 127I
in the milk samples can be calculated as:

m127I
¼ R

127I
129I

� �
meas

�R
127I
129I

� �
iso

� �
� m129I

M129I

�M127I
(2)

with m129I representing the mass of added 129I, M re-
presenting the molar masses of 127I respectively 129I, and Riso

representing the 127I/129I intensity ratio measured for the
50 lL 129I spike solution that was added to 10 mL 0.25%
TMAH solution.

The Russell’s law model was applied for mass bias correc-
tion. A calibrator with known isotope ratio (Te) is measured.
From the difference between the known isotope ratios and the
measured isotope ratios, a correction factor f(t) is calculated,
and this correction factor f(t) is then applied to correct the
measured isotope ratios of the measurand (iodine). For the
present instrumental settings, Russell’s law was found to be
suitable to correct for mass bias of the 126Te/128Te intensity
ratio, and it was used further to correct the measured 127I/129I
intensity ratios (39). Using MC-ICP-MS, the 126Te/128Te in-
tensity ratio was measured simultaneously to the 127I/129I ratio.
It was thus not susceptible to variation in the magnitude of bias.
The mass bias correction factors f were calculated as:

f ¼
ln R

126Te
128Te

� �
meas

=R
126Te
128Te

� �
true

� �
ln

m126Te

m128Te

(3)

with mTe representing the mass of 126Te respectively of 128Te
added with the Te spike solution, RTe meas being the experi-
mentally measured 126Te/128Te intensity ratio, and RTe true

being the true 126Te/128Te intensity ratio obtained from the
relative abundances of naturally occurring isotopes (38).
Then, the correction factors were applied to calculate the
mass bias corrected 127I/129I intensity ratios Rcorr from the
measured 127I/129I intensity ratios Rmeas:

R
127I
129I

� �
corr

¼
R

127I
129I

� �
meas

m127I

m129I

� �f
(4)

Then, the mass bias corrected 127I/129I intensity ratios Rcorr

were applied to calculate the unknown mass of 127I in the
milk samples corresponding to:

m127I
¼ R

127I
129I

� �
corr

�R
127I
129I

� �
iso

� �
� m129I

M129I

�M127I
(5)

The iodine concentration in the milk samples was calculated
using the dilution factors applied to each sample.

ICP-MS standard curve method

Standards. A 1000 lg/g iodide stock solution was pre-
pared from analytical grade potassium iodide (Riedel de
Haën; Sigma-Aldrich). A 1 lg/g iodine spike solution was
prepared from the stock solution, and it was used to prepare
iodine standards of 0, 5, 10, 20, and 40 ng/g in 0.25%
TMAH solutions. Te was used for continuous monitoring of
the ICP-MS signal, and it was prepared from a 1000 mg/L
standard solution for ICP (AppliChem). Then, 50 lL of the
10 mg/L Te spike solution was added to each 10 mL iodine
standard. All standards were prepared gravimetrically, and
the concentrations were verified using ICP-MS IDA. To
account for possible variations and drifts during an ICP-MS
run consisting of 40 milk samples, the set of iodine stan-
dards were measured at the beginning, middle, and end of
each run. The same standard solutions were used for all
ICP-MS measurements reported.

Calculations. The calibration curve was established by
linear regression of the iodine concentrations of the three
measurements of the set of iodine standards for each ICP-MS
run versus the measured intensity at m/z 127. The standard
curve was linear and the correlation coefficient was consis-
tently >0.978. If required, the samples were diluted so that the
measured BMIC fell within the calibration range of the cal-
ibration curve. Solvent blanks (0.25% TMAH) were analyzed
before and after each sample and were used for respective
blank correction of the acquired sample ICP-MS intensities.
Microsoft Excel 2010 was used for all calculations. The
BMIC in the samples were calculated using the calibration
curve obtained for each ICP-MS run and the dilution factors
obtained for each milk sample.

Validation of analytical methods for BMIC analysis

Accuracy and precision of the four methods described
above were determined by analyzing the iodine content in
NIST SRM1549a whole milk powder (Standard Reference
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Material 1549a; National Institute of Standards and Tech-
nology). The reference milk powder was dissolved in ultra-
pure water according to instructions, and the iodine content
was analyzed using (i) the Sandell–Kolthoff method after al-
kaline ashing, (ii) the Sandell–Kolthoff method without alkline
ashing, (iii) the ICP-MS 129I isotope ratio method, and (iv) the
ICP-MS standard curve method. The intra-assay variability
was determined by analyzing the NIST SRM1549a sample
four times or more in a single assay. The inter-assay variability
was determined by analyzing the reference sample two times
or more in at least two separate assays on two different days.
The NIST SRM1549a reference material was used as quality
control sample and analyzed with each run for all methods and
all samples.

The limit of detection (LOD) of the four methods was
calculated as the mean concentration – 3 standard deviations
(SD) of the iodine concentration of a calibration blank mea-
sured at least seven times in different assays.

Statistical analysis

Microsoft Excel 2010 and IBM SPSS Statistics for Win-
dows v22 (IBM Corp., Armonk, NY) were used for data
processing and analysis. Normally distributed data were ex-
pressed as mean – SD; non-normally distributed data were
expressed as median – confidence interval (CI) obtained by
1000 bootstrapped samples. Differences between the ICP-MS
isotope ratio and the ICP-MS standard curve method were
tested using Wilcoxon signed-rank test, and the correlation
was tested using linear regression. Differences between the
three sampling time points were tested using Friedman’s
analysis of variance (ANOVA) followed by Wilcoxon
signed-rank tests with Bonferroni correction of the signifi-
cance level. A p-value of <0.05 was considered significant.

Results

Fore-, mid-, and hind-feed milk samples were obtained
from 97, 95, and 94 women, respectively, and the samples
were analyzed using the ICP-MS isotope ratio and the ICP-
MS standard curve method. A pooled breast milk sample was
generated from 66 women.

Evaluation of analytical methods for BMIC analysis:
Sandell–Kolthoff methods

The mean – SD iodine content obtained in the NIST
SRM1549a reference sample was 2236 – 313 lg/kg (n = 12)
with prior alkaline ashing, and 790 – 253 lg/kg (n = 11)
without prior ashing, both below the certified acceptable range
(3040–3640 lg/kg), equaling to recoveries of 67% and 24%,
respectively (Table 2). The intra-assay coefficient of variation
(CV) for the iodine content of the NIST SRM1549a whole
milk sample was 3.6% (n = 4) with and 8.5% (n = 4) without
prior ashing. The inter-assay variability was 9.3% (n = 4) with
and 28.7% (n = 4) without prior ashing. The LOD for the
method was 10.22 lg/kg (n = 7) with and 10.18 lg/kg (n = 10)
without prior ashing. Because of incomplete recovery using
the Sandell–Kolthoff method, with or without prior alkaline
ashing, this method was not used in further experiments.

Evaluation of analytical methods for BMIC analysis:
ICP-MS methods

The mean – SD iodine content for the NIST SRM1549a
reference sample was 3502 – 89 lg/kg (n = 16) for the 129I
isotope ratio method and 3396 – 370 lg/kg (n = 16) for the
standard curve method, both well within the certified ac-
ceptable range (3040–3640 lg/kg) and equaling to recoveries
of 105% and 102%, respectively (Table 2).

The 129I isotope ratio method quantified the iodine content
with higher precision than the standard curve method; the intra-
assay variability (n = 14) was 1.3% for the 129I isotope ratio
method and 5.6% for the standard curve method ( p = 0.04).
The inter-assay variability (n = 16) was comparable for the two
methods: 1.1% for the 129I isotope ratio method and 2.6% for
the standard curve method ( p = 0.33). The LOD (n = 10) was
lower for the 129I isotope ratio method (0.26 lg/kg) than it was
for the standard curve method (2.54 lg/kg; p = 0.02).

Influence of choice of analytical method
and of within-feed sampling time on BMIC

The BMIC measured by the two different ICP-MS meth-
ods in the fore-, mid-, and hind-feed milk samples are shown

Table 2. Precision, Accuracy, and LOD of the Sandell–Kolthoff Method with Prior Alkaline

Ashing, the Sandell–Kolthoff Method Without Ashing, the ICP-MS
129

I Isotope Ratio Method,

and the ICP-MS Standard Curve Method

Sandell–Kolthoff ICP-MS

With ashing Without ashing 129I isotope ratio Standard curve

Iodine content of NIST SRM1549a whole milk samplea

Mean – SD (lg/kg) 2236 – 313 790 – 253 3502 – 89 3396 – 370
Range (lg/kg) 1934–3061 413–1150 3321–3655 2617–4377
Total assay variability (%) 14.0 32.1 2.6 10.9
Inter-assay variability (%) 9.3 28.7 1.1 2.4
Intra-assay variability (%) 3.6 8.5 1.3 5.6

LOD
LOD (lg/kg) 10.22 10.18 0.26 2.54

Precision and accuracy of the methods was determined by analyzing NIST SRM1549a whole milk powder sample. The LOD was
determined by analyzing calibration blanks.

aCertified iodine content 3340 lg/kg (range 3040–3640).
LOD, limit of detection; SD, standard deviation.
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in Figure 1. The median BMIC obtained by the ICP-MS 129I
isotope ratio method was 179 lg/kg [CI 161–206] in the
foremilk, 184 lg/kg [CI 160–220] in the mid-feed milk, and
175 lg/kg [CI 153–216] in the hindmilk ( p < 0.001). The
measured iodine content in the hindmilk was lower than that
in the foremilk ( p < 0.001) and in mid-feed milk ( p < 0.001).
The iodine content in the foremilk did not differ significantly
from the mid-feed milk ( p = 0.017). The pooled milk samples
(n = 66) yielded a median BMIC of 183 lg/kg [CI 158–257],
higher than the iodine content in the hindmilk ( p < 0.001) and
in the foremilk ( p < 0.01), but not different from the
mid-feed samples ( p = 0.297). In a sub-analysis, the three
sampling time points for BMIC concentrations <150 lg/kg
(n = 28) were compared. The significant difference between
the hind- and the fore- ( p < 0.001) and the hind- and the mid-
feed samples ( p < 0.001) remained. The median BMIC ob-
tained by the ICP-MS standard curve method in the fore-,
mid-, and hind-milk samples were 199 lg/kg [CI 182–257],
236 lg/kg [CI 206–264], and 225 lg/kg [CI 192–273], re-
spectively ( p = 0.47). The pooled milk samples (n = 25)
yielded a median BMIC of 245 lg/kg [CI 189–364].

The 129I isotope ratio method and the standard curve method
strongly correlated (R2 = 0.855, p < 0.001; b = 18.3lg/kg, p =
0.009), but the median BMIC measured by the ICP-MS stan-
dard curve method in the fore-, mid-, and hind-milk samples,
and in the pooled samples, were significantly higher than the
median BMIC obtained by the ICP-MS 129I isotope ratio
method ( p < 0.001) for all time points and pooled samples.

The mean relative standard deviation (RSD) for BMIC
(n = 286) between the ICP-MS 129I isotope ratio method and
the ICP-MS standard curve method was 13% (Fig. 2A). The
mean RSD for BMIC between the three within-feed sampling
time points (n = 94) was 5% (Fig. 2B). The variation in BMIC
for the two different ICP-MS methods was significantly
higher than the variation in BMIC between the three different
within-feed sampling time points ( p < 0.001).

Discussion

The Sandell–Kolthoff method is a standard method for
measurement of UIC and is used for this analysis in more than
100 laboratories worldwide (40). It has also been applied and
reported for iodine analysis of breast milk samples
(12,17,41). However, with the Sandell-Kolthoff method, we
were unable to retrieve iodine concentrations within the ac-
ceptable range for the whole milk reference sample; the io-
dine recovered, with and without prior alkaline ashing, was
only 67% and 24% of the certified iodine content. Possible
reasons may be losses during the ashing procedure, incom-
plete dissolution of the ash, inadequate mineralization, and
interferences with the catalytic effect of iodide on the
Sandell–Kolthoff reaction (23,42). Because volatile iodine
species may be formed at low pH, alkaline ashing to prevent

FIG. 1. Breast milk iodine concentration (BMIC, lg/kg)
of fore-, mid-, and hind-milk samples obtained by the in-
ductively coupled plasma mass spectrometry (ICP-MS) 129I
isotope ratio method and the ICP-MS standard curve
method. Data are medians, and error bars are 95% confi-
dence intervals obtained by 1000 bootstrapped samples.
*Significant at p < 0.05.

FIG. 2. The relative standard deviation (RSD, %) for
BMIC. (A) RSD between the ICP-MS 129I isotope ratio
method and the ICP-MS standard curve method (n = 286).
(B) RSD between the three different within-feed sampling
time points (n = 94) using the ICP-MS 129I isotope ratio
method. The dashed line shows the mean RSD of the BMIC
obtained by the two methods and for the three sampling time
points.
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losses and an ultrasonic bath to allow complete dissolution
of the ash were used, but without success. The sensitivity
and repeatability of the analysis were also low. Taken to-
gether, these data do not support the use of the Sandell–
Kolthoff method, with or without prior alkaline ashing, for
BMIC analysis. Studies reporting BMIC using the Sandell-
Kolthoff method without reporting information on external
quality control should be interpreted cautiously.

ICP-MS is the gold standard for determination of low-
iodine concentrations in complex matrices (21,22,26,29,30)
and the preferred method for BMIC. The data demonstrate
the importance of the choice of ICP-MS quantification
procedure for BMIC. Although both ICP-MS methods
measured satisfactory iodine concentrations in the NIST
reference sample, the BMIC differed by 13% between the
two methods. The ICP-MS standard curve method mea-
sured on average 18 lg/kg higher BMIC than the ICP-MS
129I isotope ratio method. While the standard curve method
quantification was done using external iodine calibrators in
aqueous TMAH solution, the 129I isotope ratio method is
based on IDA, which allowed for correction of analyte
losses, matrix effects, and instrumental drifts (27). The si-
multaneous isotope measurement provided by MC-ICP-MS
further allowed for continuous and simultaneous correc-
tions of the acquired ratios. Due to processes in the ICP-MS
instrument that favor the transmission of heavier isotopes,
measured isotope ratios can defer from the true values by up
to 25% (37). To achieve accurate isotope ratios, it is
therefore essential to correct the ratios acquired with ICP-
MS for this instrumental mass discrimination (37). In the
present 129I isotope ratio method, Te and Russell’s law
model was used for continuous and simultaneous mass bias
correction (39). The 129I isotope ratio method showed a
higher precision and a lower LOD compared with the
standard curve method.

In this study, samples were extracted at elevated tempera-
tures using TMAH, a procedure previously validated for
several foods including milk and infant formula (22,25,29).
Other ICP-MS methods proposed for BMIC determination
include digestion with ammonia (25) and quantification pro-
cedures using different internal standards, such as rhodium
(Rh) (25), antimony (Sb) (21), or Te (21). The authors prefer to
use TMAH for sample preparation, as it has been validated and
documented to perform complete iodine extractions from
breast milk (21). The high recovery rates of iodine in the NIST
SRM1549a reference sample (105% for the 129I isotope ratio
method and 102% for the standard curve method) confirm
complete iodine extraction using TMAH. Further digestion
procedures such as ashing or filtration are likely superfluous
and would rather increase the risk for iodine losses. Huynh
et al. (21) recently proposed a method for BMIC determination
using external iodine calibrators in aqueous TMAH solution
for quantification and Sb as internal standard, and report a
precision and accuracy similar to the present 129I isotope ratio
method. However, the current findings show that when using
the same instrumental setup, quantification using IDA with
129I and Te for mass bias correction provides more precise
results than an external standard curve approach. Dyke et al.
(28) tested several internal standards for milk iodine deter-
mination by ICP-MS and found that the iodine isotope 129I is
the preferred standard. The half-life of 129I is 15.7 million
years, and the radiation hazard during analysis is negligible

(27,28,43). In many countries, including Switzerland, use of
129I for ICP-MS IDA does not require radiological controls.

The present data show only small differences in BMIC
between the within-feed sampling time points. Although the
iodine content was statistically lower in the hindfeed samples
compared with the fore- and mid-feed milk samples, the
differences could only be detected by the more precise ICP-
MS 129I isotope ratio method. The lower BMIC in the hind-
milk samples may be explained by the physiological change
in breast milk composition during feeding: as the fat content
of breast milk increases toward the end of the feed, the
iodine-containing water phase may decrease (32). However,
these small differences are unlikely to be physiologically
relevant. The present findings are consistent with a small
study in 13 borderline iodine deficient lactating women
(BMIC 83 lg/L and median urinary iodine concentration 72
lg/L) that found a small (4 lg/L) but statistically significant
difference between the iodine content of fore- and hind-milk
samples (17). Another study of three lactating women did not
observe a difference in BMIC between fore- and hind-milk;
the average BMIC of participating women was 142 lg/kg
(18). Neither of the two studies measured BMIC using ICP-
MS. The present results suggest that BMIC from studies
using the same analytical method and using breast milk from
fore-, mid-, or pooled milk samples can be compared.
However, data are limited, and because maternal iodine sta-
tus and the prevailing BMIC concentration may play a role,
the findings need confirmation in other populations with
varying iodine status. The results also indicate that the ICP-
MS 129I isotope ratio method with Te for mass bias correction
may be preferable to detect small differences in BMIC, which
may not be discriminated by conventional ICP-MS methods
that do not offer simultaneous and continuous correction of
ICP-MS signals.

For iodine status monitoring in population-based studies,
the World Health Organization recommends reference
methods along with reference ranges for the determination of
iodine in urine and salt (44), but not for BMIC. BMIC is a
promising indicator for monitoring iodine nutrition in lactat-
ing women and breastfed infants. However, to establish ref-
erence ranges for BMIC, standardized procedures for sample
collection and timing of collection, as well as the optimal
analytical method, need to be defined. If future studies in
populations with varying iodine status confirm the findings that
the BMIC of foremilk samples does not differ significantly
from mid-feed samples or pooled samples, collection of
foremilk samples may be preferable in population-based
studies; foremilk samples are easy to collect and do not in-
terfere with the mother–infant interaction. The present find-
ings also suggest that for BMIC analysis, the method
described in this paper, based on extraction with TMAH fol-
lowed by ICP-MS IDA using 129I and Te for mass bias cor-
rection, may have advantages over other available methods.
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