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Abstract
There is a dearth of data on the iodine balance studies of Chinese population. In the present study, we aimed to explore the appropriate
recommended nutrient intake (RNI) of iodine based on healthy Chinese women. A 4-week study was conducted in twenty-ﬁve Chinese
euthyroid women. Uniform diets with different iodine contents were provided in two different periods, in which non-iodised salt was given in
the ﬁrst 3 weeks, followed by 1 week of iodised salt administration. The total iodine intake from diet, water and air as well as the total iodine
excretion through urine, faeces and respiration were monitored and determined. The sweat iodine loss was also considered. Moreover, the
regression curve model was established between the 24 h iodine intake and 24 h iodine excretion. The 24 h iodine intake in the two periods
was 194·8 (SD 62·9) and 487·1 (SD 177·3) μg/d, respectively. The 24 h iodine excretion was 130·9 (SD 39·5) and 265·4 (SD 71·8) μg/d, respectively.
Both 24 h iodine intake and 24 h iodine excretion of the two periods were signiﬁcantly different (all P < 0·05). The iodised salt contributed
approximately 62·7 % of the total daily iodine intake. Moreover, 92·3 % (277/300) of samples were in positive balance, while twenty-three
cases were in negative balance. Our data show that the estimated average requirement for iodine was 110·5 μg/d. Therefore, the RNI for iodine
to non-pregnant, non-lactating Chinese women was 154·7 μg/d.
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Iodine deﬁciency severely impaired public health in China
during the last century. To eliminate the hazard of iodine
deﬁciency, universal salt iodisation has been implemented since
1995, and iodine deﬁciency disorders (IDD) have been successfully controlled during the past 22 years(1,2). The prevalence
of IDD in 8- to 10-year-old children has sharply decreased from
20·4 % in 1995 to 2·4 % in 2011(3). However, ﬁndings from
recent studies(4) have linked high iodine exposure with adverse
effects and disorders due to excess iodine intake(5). Therefore, it
is urgently necessary to establish reasonable and reliable dietary
reference intakes (DRI) for the Chinese population. DRI is a
collective term which includes a set of reference values. In
China, DRI consist of estimated average requirement (EAR),
recommended nutrient intake (RNI) or adequate intake and
tolerable upper intake level. In 2013, the China Nutrition Science Congress (CNSC) adjusted and modiﬁed DRI for Chinese
population, which are mostly calculated indirectly by

referencing the studies from other countries. EAR and RNI (RNI
in China is equivalent to the RDA in the USA) of iodine for adult
in the new edition are 85 and 120 μg/d, respectively(6). However, we have observed that Chinese adults have a lower tolerance to iodine than American adults(7), suggesting that those
recommendations should be revised based on data from Chinese residents.
Iodine mainly comes from diet and water, and it is largely
excreted through urine and faeces(8). Theoretically, the atmosphere also contains measurable amounts of iodine, which can
be absorbed by human via respiration, and people can also
excrete iodine by respiration(9).
Balance studies are classical method to determine the iodine
requirement(10,11). However, only few studies on iodine balance
have been carried out largely because of logistical and ethical
challenges of ensuring complete sample collection and carefully controlling iodine intakes(12). Some negative balances have
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been reported in previous iodine balance studies by foreign
researchers, which are mostly conducted in the metabolic ward
or in patients with normal thyroid function(12–16). However, in
China, there is a dearth of data on the iodine balance. Moreover,
it is difﬁcult to control the intake of iodine from diet. The iodine
content greatly varies in different foods. As a result, it is hard to
analyse the data of balance studies in the past(17). To optimise
the balance study, more information should be extracted from
data by appropriate analytical methods.
In the present study, we carried out an iodine balance
experiment based on the theory of balance study(12,15). To
explore the recommended iodine intake for adult females, data
of dietary iodine intake and iodine excretion were collected.
The zero iodine balance was calculated based on the daily
iodine intake and excretion. EAR and RNI were explored
according to the theory of balance experiment. This study was a
pivotal report on the iodine balance experiment of Chinese
females. Our ﬁndings provided the basic evidence for the
optimisation of RNI of iodine in China and also offered crucial
reference for other countries and organisations.

the World Medical Association (Declaration of Helsinki). Written
informed consent was obtained from each participant. This information on the research has been registered on ClinicalTrials.gov
(ID: NCT03279315).

Experimental design
The experiment was conducted in November and December of
2014, for a total duration of 1 month. Allowing for the possibility
of negative iodine balance(12,14) in the ﬁrst 3 weeks, the diet
which included non-iodised salt was provided, while the diet
with iodised salt was offered in the 4th week. The total daily
iodine intake consisted of dietary iodine intake (D), water iodine
intake (W) and iodine from breathing (B1), while iodine could be
excreted out of human body by urine (U), faeces (F), sweat (S)
and breathing (B2). The 24 h iodine intake and 24 h iodine
excretion were determined in each individual participant, and
the iodine balance was calculated accordingly. The samples were
collected in three continuous days of every 7-d. The 3-d include
two working days and one weekend day. The sampling started
from 08.00 hours of the day to 08.00 hours the next day.

Subjects and design

Dietary iodine intake (μg/d)

Subjects

Before the study, the iodine content of all commercially available
foods with a regular consumption was determined with As–Ce
catalytic spectrophotometry, and data are shown in Table 2.
Based on these results, a 4 d nutritionally and energetically adequate diet containing about 100 µg/d was devised that was
satisfactory to public taste. A typical day is shown (Table 3). These
meal plans involved adjustment of the iodine-rich foods, principally milk and eggs, to achieve the planned intake levels, but kelp
and seaweed were prohibited. Diets contained different levels of
iodine in different periods (weeks 1–3 v. week 4), and it was
necessary to supplement the diets with iodised salt at the higher
levels of intake (above 300 μg/d)(15). All salt and condiments were
purchased from a supermarket by our investigators, while other
raw materials were obtained by restaurant staff.
Everyone was issued a uniﬁed tableware to maintain consistent dietary pattern as another six lunch boxes were used as
six duplicates. All volunteers were maintained on the prescribed
4-d diet cycle prepared by the university kitchen with duplicate
portions retained for 4 weeks(19). In the ﬁrst 3 weeks, volunteers
were supplied with diet cooked with non-iodised salt. The diet
cooked with iodised salt was provided in the 4th week. No table
salt was supplied in the dining hall. Subjects were requested to
provide the duplicate samples and not allowed to add salt at the
table if they ate out. During the study, leftovers of each participant and the six duplicate diets per meal were weighed,
homogenised, lyophilised and preserved in the freezer at –20°C
until further analyses(7).

In the present study, non-pregnant and non-lactating female
volunteers were recruited from the students of Tianjin Medical
University, and those with thyroid disorders or who used drugs
for thyroid diseases were excluded. A total of thirty-seven
participants provided morning spot urine sample and fasting
blood samples for screening. Those with an abnormal (i.e.
outside the pre-established reference ranges, see Table 1)
urinary iodine concentration (UIC) and thyroid hormone level
or auto-antibody-positive were excluded from the study.
According to the inclusion and exclusion criteria (Table 1),
twenty-ﬁve volunteers were eventually included, and all of
them had no medication history of iodine in the past 2 weeks.
The purpose and procedure of the balance experiment was
carefully explained to all the volunteers. Participants were
required not to eat kelp, seaweed and other foods with high
iodine content and were provided with the restrictive diet in
the experiment. Subjects were free to engage in normal activities(18). All procedures were approved by the Ethics Committee
of Tianjin Medical University according to the Code of Ethics of
Table 1. Inclusion and exclusion criteria for screening volunteers
Screening index
UIC (μg/l)
Adjusted UIC by UCr (μg/g)
FT3 (pmol/l)
FT4 (pmol/l)
TSH (mIU/l)
Tg (ng/ml)
TGAb (IU/ml)
TPOAb (IU/ml)

Reference ranges

Non-qualified number*

100–300
67–200
3·5–6·5
11·5–23·5
0·3–5·0
0–55
0–40
0–35

1
3
1
1
2
3
2
5

UIC, urinary iodine concentration; UCr, urinary creatinine; FT3, free triiodothyronine;
FT4, free thyroxine; TSH, thyrotropin; Tg, thyroglobulin; TGAb, thyroglobulin
antibody; TPOAb, thyroid peroxidase antibody.
* Nine of twelve volunteers were not qualified for more than one indicator.

Water iodine intake (μg/d)
Before the balance study, iodine-free plastic cups with tick
marks were distributed to each volunteer. All the volunteers
were requested to drink water using the plastic cups and record
the volume during the experiment, while beer and other drinks
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Table 2. Iodine content of foods consumed by healthy Chinese adults*
Category

Name

Grain cereal

Rice
Flour
Millet
Maize
Potato
Sweet potato
Pork
Beef
Chicken
Crucian
Grass carp
Hairtail
Milk
Yogurt
Henapple
Duck egg
Mung beans
Soyabeans
Juglans semen
Peanuts
Sunflower seeds
Green pepper
Eggplant
Tomato
Chinese watermelon
Chinese cabbage
Celery
Foeniculum vulgare
Spinach
Cucumber
Broccoli
Lotus root
Cabbage
Carrot
Agaric

Meat, poultry and fish

Dairy products and eggs

Beans and nuts

Vegetables

Iodine content (μg/100 g)
6·3
5·3
6·9
6·8
1·2
1·0
1·1
4·1
2·8
4·7
2·4
5·5
13·1
14·7
15·7
34·1
5·6
16·1
5·2
7·8
3·4
3·7
3·0
1·5
1·8
3·3
6·9
4·1
5·4
2·6
5·5
3·9
3·1
4·4
14

Category

Name

Fruits

Beverages and water

Oil and fat

Flavour

Oilseed rape
Chinese chives
Green Chinese onion
Radish
Onion
Hyacinth beans
Coriander
Apple
Banana
Water melon
Pear
Orange
Coffee
Nectar
Coca cola
Sprite
Soyabean milk
Cold boiled water
Purified water
Mineral water
Salad oil
Soyabean oil
Blend oil
Sesame oil
Iodised salt
Non-iodised salt
Chicken powder
Aginomoto
Soya sauce
Thick broad-bean sauce
Thick chilli sauce
Oyster
Vinegar

Iodine content (μg/100 g)
4·0
6·4
5·0
1·5
3·1
2·2
4·5
1·3
2·5
0·6
0·7
5·3
1·9
0·5
0·3
0·8
4·4
12·1
0·2
0·5
0·5
0·4
0·2
0·1
2500
121
6·1
13·7
45
19·8
32·5
4·2
2·1

* The iodine content of foods was detected with As–Ce catalytic spectrophotometry. Every food was measured in triplicate. The data shown in this table are the mean of the parallel
samples.

Table 3. Typical daily meal plan*
Diet

Dietary components

Breakfast

Fennel (Foeniculum vulgare) stuffed bun
Millet mung bean porridge

Lunch

Stir-fried chicken with green pepper
Celery salad

Supper

Meat and white gourd soup
Scrambled eggs with tomatoes

Foeniculum vulgare 60 g, egg 15 g, flour 60 g, salad oil 3 g
Millet 30 g, mung beans 20 g
Milk 220 g, banana 150 g
Green pepper 100 g, chicken 70 g, soyabean oil 3 g
Celery 100 g, peanuts 20 g, salad oil 2 g
Rice 120 g, yogurt 150 g, water melon 150 g
White gourd 80 g, lean meat 10 g, soyabean oil 2 g
Egg 35 g, tomato 60 g, soyabean oil 2 g
Rice 120 g
104

Total iodine content (μg)

* The total energy was 2300 kcal (9623 kJ). The total iodine content of meal plan was calculated according to China Food Composition (edition 2, Beijing Medical University Press,
2009). The energy proportion of protein, fat and carbohydrate, referred to the 2013 Reference Intake of Dietary Nutrients for Chinese Residents, were 10–12, 20–30 and 55–65 %,
respectively.

were prohibited. Given that volunteers spent most of their time
in the campus during the experimental period, drinking water
samples were collected in three cafeterias and water rooms,
which were the main sources of drinking water in Tianjin
Medical University. The water samples were collected and
processed at least every 7 d, and occasionally several water
samples were obtained during a 7-d period. All the samples
were collected using 50 ml iodine-free plastic pipe and then
preserved in the freezer at −20°C before further analyses.

Breathing iodine intake (μg/d)
Previous studies have demonstrated that hospital room atmosphere contains signiﬁcant amounts of iodine(9). However, an
iodine balance study by Vought & London(15) has noted that no
signiﬁcant amount of iodine is trapped (i.e. the amount of trapped iodine does not exceed 0.1 μg/m3). In a previous study, we
measured atmospheric iodine concentration three times over the
course of the study period using an air atomiser and cascade
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sampling cutter(20). Following collection, pyrohydrolysis was
employed to digest the samples and further determinations were
carried out. We next estimated the vital capacity at the calm state
and the 1-d inspiratory capacity for each participant. Subsequently, we used these measurements to determine the breathing
iodine intake (B1).

this study, volunteers’ BSA was calculated by Zhao’s formula(23):
BSA (m2) = 0·00586 × height (cm) + 0·0126 × weight (kg)
−0·0461. According to Mao’s study, the sweat iodine concentration of health adults is about 37 μg/l(24). Therefore, the
sweat iodine loss (S) was calculated as follows: S (μg/d) = water
loss by skin (ml/d) × 0·037 (μg/ml).

Total iodine intake (μg/d)

Breathing iodine excretion (μg/d)

The pathway of iodine intake in human body mainly includes
above-mentioned three aspects: diet (D), drinking water (W)
and breathing (B1). Therefore, the total iodine intake (TI) was
calculated as follows: TI = D + W + B1.

Exhaled gas was collected by a U-shaped iodine-free glass tube,
which was specially connected with a cascade sampling cutter.
Volunteers were requested to breathe for 1 h at a normal
respiratory rate. Each glass tube was connected with a rubber tube
at the other end. Volunteers should place the rubber tube into the
mouth, always breathe in through nose and breathe out through
mouth. Air subjected to alkaline fusing and dissolution using a
fusion mixture(20). The concentration was measured according to
the detection of water iodine. During the experiment, three tests
were carried out, and the average value was taken as B2.

Urinary iodine excretion (μg/d)
Participants were provided with a wide-necked jug and a
2·5 litre leak-proof container (both were acid-washed and
rinsed before use), and they were advised not to wash the jug
between urine collections and to ensure that the container lid
was well sealed. Total iodine excretion (TE) in a 24 h urine
collection is a good method to avoid the effects of diurnal
variation and satisfy the needs of the balance study(16,18). On 3 d
of each week (two working days and one weekend day), 24 h
specimens of urine were collected from 08.00 hours in the ﬁrst
day to 08.00 hours in the next day, and the urine volume was
measured once the 24 h collection was completed. Subsamples
of 24 h urine specimens (approximately 5 ml of each) were
sealed and stored at –20°C in the freezer upon arrival at our
laboratory. Total 24 h iodine excretion was calculated for each
subject by multiplying UIC (μg/l) by total urine volume (litre).

Total iodine excretion (μg/d)
Iodine is mainly excreted from human body through the urine,
faeces and exhaled breath. Therefore, the TE was calculated as
follows: TE = U + F + S + B2.

Iodine balance value (μg/d)
Iodine equilibrium state of the human body can be expressed
by the iodine balance (IB) value, which is equal to the TI minus
the TE: IB = TI – TE.

Faecal iodine excretion (μg/d)

Laboratory analysis

Similar to urine sample collection, complete collections of faeces were carried out under strict nursing supervision(15) on
three consecutive days (two working days and one weekend
day) of each week. For stool collection, the subjects were
provided with a plastic bedpan, in the hollow part of which an
iodine-free plastic bag was placed, and each stool was collected
into a different bag(21). Soon after the completion of a 1-d collection, the stools were weighed, homogenised as described in
earlier reports(17) and then frozen at –20°C within 12 h after
collection. An aliquot was taken for analysis, and the 3-d
average iodine content was determined within 1 week. The
faecal iodine excretion was directly calculated by multiplying
the 3-d stool weight times the average iodine content.

Chemical analyses of food, excreta and serum for iodine and
other chemical compounds were carried out at the Central
Laboratory of Preventive Medicine in Tianjin Medical University
using nationally standardised and validated methods.
The contents of dietary iodine and faecal iodine(25) were
determined using As–Ce catalytic spectrophotometry(2,26,27).
Specimens were blindly measured in duplicate. Drinking water
iodine(28) was also determined with the As–Ce catalytic spectrophotometry(2,27). Urinary samples were analysed using a revised
method as suggested by Yan(29) for determination of urinary
iodine with low usage amount of arsenic trioxide and using As
(III)-Ce4+ catalytic spectrophotometry using ammonium persulphate digestion. For breathing iodine intake and excretion, after
the pyrohydrolysis was applied to sample digestion, further
determination of iodine was conducted by As–Ce catalytic spectrophotometry(2,20,27). Urinary creatinine (UCr) was measured by
a national spectrophotometric standard method(30). The national
standard method (As–Ce catalytic spectrophotometry) was used
for measurements of dietary iodine, faecal iodine, drinking water
iodine, UIC and breathing iodine with quality control. Two levels
of certiﬁed reference materials (CRM) – lyophilised human urine
(lot no. GBW09108h and GBW09110k; National Reference
Laboratory, Beijing) – with mean certiﬁed iodine concentrations
of 88 (95 % central interval 79, 97) lg/l and 212 (95 % central

Sweat iodine loss (μg/d)
The experiment was conducted in winter. The room temperature was controlled at 22 ± 2°C. The sensible perspiration (from
activity, exercise and heat) was considered minimal. Insensible
evaporation was considered the main route of sweat iodine
excretion and was estimated from the pre-existing data. The
daily insensible evaporation from skin of healthy adults was
calculated based on Lamke’s study(22): the water loss by skin
(ml/d) = body surface area (BSA, m2) × 500 (ml/d)/1·75 (m2). In
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interval 202, 222) lg/l were run with each batch of samples
(applied as the CRM for urine, water and breathing iodine samples). The standardised reference material for diet iodine detection was purchased from National Institute of Standards and
Technology (SRM 1548a for typical diet and faeces, SRM 3530 for
iodised table salt). The total within- and between-assay CV (n 6)
in our laboratory were 1·5–3·9 and 2·8–5·5 % (for urine and water
samples), 1·9–5·1 and 4·0–6·2 % (for food and faecal samples),
4·5–5·1 and 3·7–6·2 % (for breathing iodine), respectively. Based
on the analyses of the relevant CRM, the analytical recovery from
urine and water was 92·6–107·0 %, from food and faecal was
91·0–109·4 % and from breathing iodine samples was 87·5–97·5 %.
The CV for UCr concentration was 0·2–3·2 %.
Serum concentrations of the thyroid hormones FT4, FT3,
thyrotropin (TSH) and thyroglobulin (Tg) were measured in all
participants with an automated chemiluminescent immunoassay (model: ADVIA Centaur, Bayer Healthcare, Siemens)
using diagnostic kits from Bayer Health Care, Siemens. Accuracy was assessed by analysing CRM of each batch. Three
concentrations of CRM (Siemens) for FT3, FT4 and TSH were
run with each batch of samples with certiﬁed concentrations of
3·68 (95 % CI 2·95, 4·42), 9·68 (95 % CI 7·74, 11·6) and 14·2 (95 %
CI 11·4, 17·1) pmol/l for FT3; 11·2 (95 % CI 9·00, 13·5), 23·2
(95 % CI 18·6, 27·9) and 55·6 (95 % CI 44·5, 66·7) pmol/l for FT4
and 0·556 (95 % CI 0·445, 0·667), 5·93 (95 % CI 4·74, 7·12) and
38·7 (95 % CI 31·0, 46·5) mIU/l for TSH. The within- and
between-assay CV (n 20) of middle-level CRM in our laboratory
were 2·7 and 4·7 % for TSH, 3·2 and 5·5 % for FT4, 2·4 and 4·2 %
for FT3 and 3·2 and 4·5 % for Tg, respectively. The sensitivities
for each assay were as follows: 0·01 mIU/l for TSH, 1·3 pmol/l
for FT4, 0·3 pmol/l for FT3 and 0·05 ng/ml for Tg.
Serum concentrations of the thyroid peroxidase antibodies
(TPOAb) and thyroglobulin antibodies (TGAb) were measured
by RIA with kits from the Beijing North Institution. The TPOAb
and TGAb assays were run with the standard reference materials that were produced by Tianjin Nine Tripods Medical &
Biological Co., Ltd. Two levels of standard reference materials
with reference concentrations of 28·3 and 64·9 and 59·4 and
66·8 % for TGAb and TPOAb were run with each batch of
samples, the total inter-assay CV was 8·5 % and the intra-assay
CV was 14·3 % for TGAb. The inter-assay CV was 7·6 %, the
intra-assay CV was 13·2 % for TPOAb and the results of the
analyses of standard reference materials were 23·6 and 63·7 %
for TGAb and 56·8 and 66·4 % for TPOAb, respectively.

Statistical analysis
Referred to Dworkin’s research(12), the average iodine balance is
–10·0 (SD 5·7) μg/d. The statistical power (1–β error probability) is
set at 0·8, α error probability at 0·05, effect size at 1·4, the power
calculation revealed a minimum sample size of 191 samples
(using a cross-over research design). In this study, the differences
among three groups were analysed by one-way ANOVA with
expected mean difference at 20 % and standard deviation at 50 %.
The sample size was based on Dworkin’s research(12), which
suggested that the iodine balance experiment should include
more than 129 samples to ensure the stability and reliability of
the results. Our proposed sample size should double at least than
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Dworkin suggested to control the individual variation to provide
more power data when considering multiple comparisons. In this
study, twenty-ﬁve volunteers were observed 3 d/week for
4 weeks over a month to collect 300 eligible samples.
Normally distributed data were expressed as the means and
standard deviations. Non-normally distributed data were
expressed as the median (M), with 25th and 75th percentiles (P25,
P75). Two-sided analysis was performed with the SPSS (version
17.0). Differences in normally distributed data were analysed by
independent samples t tests, and non-normally distributed data
were analysed by the Kruskal–Wallis test or Wilcoxon rank-sum
test. The differences among the ﬁrst 3 weeks (i.e. the ﬁrst period)
were analysed with repeated-measures ANOVA for normally
distributed indexes and evaluated with Kruskal–Wallis test for
non-normally distributed indexes. Bonferroni correction was
used to adjust multiple comparisons if there were signiﬁcant
differences between different weeks.
Analysis of the correlation between two continuous variables
was conducted using Pearson correlation when both variables were
normally distributed or Spearman correlation when variables did
not conform to bivariate normal distribution. A χ2 test was conducted to compare the difference in distribution proportion.
Because of the characteristics and complexity of the balance
experiment design and calculations used to estimate turnover,
the RNI for iodine is set using a CV of 20 % of the EAR, rather
than 10 % CV based on the variation in BMR. The RNI is deﬁned
as equal to the EAR plus twice the CV to cover the needs of 97–
98 % of the individuals in the group (therefore, for iodine the
RNI is 140 % of the EAR)(31).

Results
Screening results of subjects
A total of twenty-ﬁve volunteers were enroled in this iodine
balance experiment. The information about age, height and
weight was collected. The baseline data of median of UIC,
serum FT3 concentrations, FT4 concentrations, TSH concentrations and Tg concentrations are shown in Table 4.

Table 4. Screening results of the volunteers (n 25)
(Mean values and standard deviations; medians and interquartile
ranges (IQR))
Measurements

Mean

SD

Age (years)
Height (cm)
Weight (kg)
MUIC (μg/l)
Median
IQR
FT3 (pmol/l)
FT4 (pmol/l)
TSH (mIU/l)
Tg (ng/ml)
Median
IQR

22·0
158·6
50·4

1·4
5·7
6·9
129·4
102·1–149·1

5·00
15·49
1·64

0·50
1·41
0·60
10·30
7·50–15·70

MUIC, median of urinary iodine concentration; FT3, free triiodothyronine; FT4, free
thyroxine; Tg, thyroglobulin; TSH, thyrotropin; Tg, thyroglobulin.
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Table 5. Summary of iodine intake, excretion and iodine balance study in the first period*
First period
1st week (n 75) (μg/d)
Mean
Intake of iodine

Excretion of iodine

Balance of iodine

D (μg/d)‡
W (μg/d)‡
B1 (μg/d)‡
TI (μg/d)‡
F (μg/d)¶
Median
IQR
U (μg/d)¶
Median
IQR
Urine volume (ml)‡
B2 (μg/d)‡
S (μg/d)‡
TE (μg/d)‡
IB (μg/d)¶
Median
IQR
Negative balance (n)

164·6
21·5
0·7
186·8

2nd week (n 75†) (μg/d)

SD

Mean

49·6
10·0
0·0
50·5

201·4 §
22·6
0·7
222·1 §

3rd week (n 75) (μg/d)

SD

Mean

SD

74·5
9·8
0·0
78·4

154·8 ||
20·1
0·7
175·6 ||

41·3
10·3
0·0
45·6

9·0
7·8–11·3

9·7
3·7–14·0

10·0
5·8–19·0

115·1
94·9–151·2
1449
513
0·6
0·2
16·1
1·2
149·4
42·4

88·2
74·1–103·5§
1340
468
0·6
0·2
16·1
1·2
118·6 ¶
35·5

94·2
79·6–107·3§
1304
537
0·6
0·2
16·1
1·2
124·7 §
33·6

38·0
18·2–56·1
5

111·5
45·9–168·7§
3

44·77
15·3–88·7||
7

P
<0·001
0·197
–
<0·001
0·056
<0·001

0·193
–
–
<0·001
<0·001
–

* Full names of the abbreviations: dietary iodine intake (D), water iodine intake (W), iodine from breathing (B1), total iodine intake (TI), iodine excreted by urine (U), iodine excreted
by faeces (F), iodine excreted by sweat (S), iodine excreted by breathing (B2), total iodine excretion (TE), iodine balance value (IB). n 25 × 3 (25 participants sampled 3 times
per week).
† One dietary sample was missed, and the number of dietary samples was 74.
‡ Values are mean ± SD, adjusted for multiple comparisons and analysed using a repeated-measures ANOVA in the first period, Bonferroni correction was used to adjust for multiple
comparisons.
§ Significantly different from 1st week, P <0·05.
|| Significantly different from 2nd week, P <0·05.
¶ Values are median (interquartile range (IQR)), adjusted for multiple comparisons and analysed using a Kruskal–Wallis test in the first period, Bonferroni correction was used to
adjust for multiple comparisons.

Intake of iodine in volunteers
Table 5 summarises the values of iodine intake, iodine excretion and iodine balance in the ﬁrst period (the 1st to 3rd week).
A total of 299 dietary samples were collected in this study, and
224 samples were gathered in the ﬁrst period, while one sample
was lost.
Signiﬁcant differences in the dietary iodine intake (D) were
found among the ﬁrst 3 weeks. Though D in the 2nd week was
signiﬁcantly higher than that of the 1st (P = 0·028) and 3rd
weeks (P = 0·005), the TI was approximately at the recommended level during the experimental period. D was sharply
increased when the diet was supplemented with iodised salt in
the 4th week, which was signiﬁcantly higher than that of the
ﬁrst period (F = 159·237, P < 0·001). Similar changing patterns of
TI were observed. The iodised salt considerably contributed to
the daily TI, accounting for approximately 62·7 % ((467–174)/
467) of the total intake in week 4. Tables 5 and 6 illustrate the
distribution of dietary iodine intake.
The W was stable during the experiment. No statistical difference
was observed in W among the ﬁrst 3 weeks v. week 4, even though
different table salts were provided between the two periods.

(quartiles: 181·0, 259·9 μg/l) in the second phase. No signiﬁcant
difference in U (μg/d) was observed between the 2nd week and
3rd week (P = 0·853). However, in the 1st week, it was higher
than that in the 2nd week (P < 0·001) and 3rd week (P < 0·001).
As expected, greater changes in U were observed in the second
period compared with the ﬁrst period (χ2 = 168·382, P < 0·001).
The urine volume had no signiﬁcant difference among different
weeks (F = 1·783, P = 0·151) and also had no obvious difference
between two periods (t = 1·390, P = 0·166).
F was also associated with the TI (r 0·366, P < 0·001). No signiﬁcant differences were observed in F among the ﬁrst 3 weeks
(P > 0·05). A signiﬁcant increase in F was observed when the diet
was supplemented with iodised salt. It was obviously higher than
that of the ﬁrst period (χ2 = 10·396, P = 0·015).
In addition, S was calculated based on the BSA of volunteers.
According to the previous research, the average sweat iodine
loss of volunteers was 16·1 (SD 1·2) μg/d.
Signiﬁcant differences were found in TE. It was higher in the 1st
week than that in the 2nd week (149·4 v. 118·6 μg/d, P < 0·001)
and 3rd week (149·4 v. 124·7 μg/d, P = 0·002), while no statistical
difference was found between the 2nd and 3rd week (P = 0·442).
Table 6 reveals that TE in the second period was signiﬁcantly
higher than that in the ﬁrst period (F = 150·918, P < 0·001).

Excretion of iodine in volunteers
Our data showed that the UIC did not synchronously ﬂuctuate
along with iodine intake, but it was still correlated with iodine
intake (Spearman r 0·648, P < 0·001). The UIC in the ﬁrst phase
was 97·2 μg/l (quartiles: 81·6, 117·8 μg/l), while it was 216·4 μg/l

Iodine balance in volunteers
In 300 samples, 92·3 % of them were in positive balance, while
twenty-three samples presented negative balance. Five, three,
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Table 6. Distribution of iodine intake and iodine excretion, and the proportion for each component in each period*
First period (μg/d)

Second period (μg/d)

1st to 3rd week (n 225)
Mean
Iodine intake

Iodine excretion

Balance of iodine

D (μg/d)†
W (μg/d)†
B1 (μg/d)†
TI (μg/d)†
F (μg/d)‡
Median
IQR
U (μg/d)‡
Median
IQR
Urine volume (ml)†
B2 (μg/d)†
S (μg/d)†
TE (μg/d)†
IB (μg/d)§
Median
IQR
Negative balance (n)

4th week (n 75)

SD

173·5
21·4
0·7
194·8

Proportion (%)

Mean

88·7
10·9
0·4

467·3
19·1
0·7
487·1

60·0
10·0
0·0
62·9

SD

Proportion (%)

177·7
10·4
0·0
177·3

95·9
3·9
0·2

7·8

11·2

9·7
5·7–14·0

29·3
14·5–41·0
78·7

82·5

97·2
81·6–117·8
1364
0·6
16·1
130·9

216·4
181·0–259·9
1271
477
0·6
0·2
16·1
1·2
265·4
71·8

–
0·5
13·0

508
0·2
1·2
39·5

66·0
39·0–113·2
15

–
0·2
6·1

235·5
58·3–356·5||
8

* Full names of the abbreviations: dietary iodine intake (D), water iodine intake (W), iodine from breathing (B1), total iodine intake (TI), iodine excreted by urine (U), iodine excreted
by faeces (F), iodine excreted by sweat (S), iodine excreted by breathing (B2), total iodine excretion (TE), iodine balance value (IB). n 25 × 3 (25 participants sampled 3 times
per week).
† Values are mean ± SD, analysed by t test.
‡ Values are median (interquartile range (IQR)), analysed by using the Wilcoxon rank sum test.
§ Values are median (interquartile range (IQR)), adjusted for multiple comparisons and analysed by using a Kruskal–Wallis test in the first period, Bonferroni correction was used to
adjust for multiple comparisons.
|| Significantly different from the first period, P < 0·05.
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Y = 0.3432X + 72.59

500
Total excretion (µg/d)

seven and eight cases with negative balance were found in the
1st, 2nd, 3rd and 4th weeks, respectively.
The scatter diagram indicated a linear relationship between
TE and TI. Fig. 1 reveals that the equation of the least squares
line was TE = 0·3432 × TI + 72·6 μg/d, and the slope was
0·3432. It represented the fraction of iodine intake excreted
per d, which was signiﬁcantly different from zero
(P < 0·0001). The intercept, 72·6, of the regression with the
ordinate (TE) would represent any excretion of iodine independent of intake, which was also different from zero
(P < 0·001). The correlation coefﬁcients were high (r 0·7350,
P < 0·001), emphasising the close relationship between
iodine intake and excretion.
The dotted line was a regression through the origin with a
slope of 1 shown in Fig. 1, representing the ideal case if iodine
intake was exactly equal to iodine excretion on a day-to-day
basis. The intersection point of the solid and dotted lines
represents the iodine intake under the zero balance condition of
iodine (such as iodine intake was equal to iodine excretion),
which was 110·5 μg/d.
A plot of the daily balance against the daily intake suggested
that these two might be correlated, and the differences in intake
might explain these apparent differences in balance. Fig. 2
shows the relationship between TI and IB, and the regression
lines were ﬁtted to the observations with the least squares
technique(12). The equation was as follows: IB = 0·6568 × TI–
72·6 μg/d. The intercept, –72·6, and the slope, 0·6568, both
were signiﬁcantly different from zero (P < 0·001). The correlation coefﬁcient (r 0·911, P < 0·001) indicated that the iodine
balance was almost entirely dependent on the TI.

400
300
200
R 2 0.5402

100
0
0

200

400

600

800

1000

Total intake (µg/d)

Fig. 1. Regression of daily iodine excretion on dietary intake. Each point gives
the total excretion for 1 d, on which both iodine intake and iodine excretion were
measured. Equation for the dotted line: y = x. Data included 299 samples from
twenty-five women.

The intersection point of regression line and horizontal axis
also represents the iodine intake under a zero balance of iodine,
indicating that the level of the EAR is 110·5 μg/d. The same EAR
values were obtained by two regressions. According to the
relevant CV, the calculated iodine RNI is 154·7 μg/d.

Distribution of iodine intake and excretion
Table 6 shows the distribution of iodine intake and iodine
excretion as well as the proportion of each part. A χ2 test showed
that the differences in both distributions of iodine intake
(χ2 = 3·532, P = 0·171) and excretion (χ2 = 4·033, P = 0·211)
between the ﬁrst period and second period were not signiﬁcant.
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Fig. 2. Scattergram between daily iodine balance and daily iodine intake. Each
point gives the balance for 1 d, on which both 24 h iodine intake and 24 h iodine
excretion were measured. Data included 299 samples from twenty-five women.

Though volunteers were supplied the diet prepared with different table salts in different periods, the percentages of the different
portions in the total intake or excretion were similar.

Discussion
RNI is the normal reference intake of certain nutrients in particular situation, including age, sex and physiological status.
Therefore, it varies in different countries and regions. According
to Fisher(32) and DeGroot’s(33) studies in 1960s, USA and
Canada take 95 μg/d as an adult EAR, which is further conﬁrmed by Harrison(11), and then they deﬁned 150 μg/d as the
adult iodine RDA (same as the RNI in China)(31). It has been
reported that the iodine balance is established when the iodine
intake exceeds 100 μg/d in a previous iodine balance experiment(18). Referred to this result and another study conducted on
New Zealand adults by Thomson(34), Australia and New Zealand ﬁnally determined that the value of EAR is 100 μg/d, and
the calculated RNI value is 150 μg/d with a CV of 20 %. The
European Scientiﬁc Committee for Food believed that the
iodine in the thyroid gland can reach a stable concentration
with a total intake of 100 μg/d, so the EAR and RNI of iodine are
recommended as 100 and 130 μg/d, respectively. However, for
China and some other countries, they have to calculate RNI
indirectly by referencing studies from other countries and the
weight data due to the lack of related research support. CNSC
has modiﬁed the DRI 2000 as a great deal of evidence suggest
that the recommendation of iodine needs to be optimised. Our
previous research and some other evidences have also suggested that the RNI should better ﬁt to the situation of the
Chinese population(7,35).
In the present study, the iodised salt contributed approximately 62·7 % of the daily TI in week 4. This result was consistent with a previous study that the iodised salt contributes to
63·5 % of the daily TI(36). Iodine excretion (especially faecal
iodine excretion) on any given day depends not only on the
iodine intake of that day but also on the iodine intake of the
preceding day(s). To overcome this difﬁculty and obtain valid
tests with statistically signiﬁcant slope, intercepts and correlation coefﬁcients, data only for the last 3 d of each 7-d balance
period were used(15). The intercept (72·6) of the regression

equation between TI and TE would represent any excretion of
iodine independent of intake, and it was higher than the data of
57 μg/d found in an earlier study(15).
Most of the volunteers were in positive iodine balance during
the two experimental periods of our study, which was completely different from previous studies(12,13,15). Dworkin
et al.(12) have reported that 77 out of 129 cases are in ‘negative
iodine balance’ when the iodine intake of pregnant women is
80–250 μg/d. Malvaux et al.(37) and Vought & London(15) have
also reported that a majority of volunteers are in ‘negative
iodine balance’ in their iodine balance studies. Harrison(11)
conducted an iodine balance experiment on eighteen healthy
adults in the metabolic ward, and seven subjects were in
negative iodine balance with 100 μg/d iodine intake. However,
Vought and Malvaux did not think it is a negative iodine balance, considering that the body’s thyroid iodine stocks would
be inevitably depleted in a short time, and if the body sustains a
long period of ‘negative iodine balance’, it is clearly inconsistent
with the facts(15,37). In our opinion, the ‘negative iodine balance’
observed in the classic iodine balance experiments did not
reﬂect the real iodine metabolism due to a series of experimental design ﬂaws. First, the experimental observation period
is too short, and the dietary iodine provided in their experiments may be lower than before, leading to altered iodine
metabolism(31). Second, the measurement technique and quality control are ﬂawed, resulting in failure of comprehensive and
objective assessment of iodine intake and excretion(31,37).
Although these studies have attempted to control the intake of
iodine, they only have measured the iodine intake from food,
while the iodine intake from other sources is ignored. Third,
iodine intake is more prone to present skewed distribution
when using a small sample size and a short observation
period(15). On the other hand, differences in iodine metabolism
might exist in volunteers between different experiments. First,
the physiological state is not the same, and researchers conducted experiments in metabolic disease ward and were mainly
concerned about the iodine balance states of the newborns,
pregnant women and the ones in the disease states in previous
studies(14,21,37,38). However, in our study, all the subjects
were healthy adults. ‘Positive iodine balance’ or ‘zero iodine
balance’ has been reported in iodine balance studies of healthy
people by Harrison(11) and Jahreis et al.(18). Second, the
living environment and dietary habits are not the same. Moreover, in the present study, the volunteers were all in sufﬁcient
iodine nutrition status, and the daily supply of iodine was
adequate, leading to reduced incidence of iodine negative
balance.
For iodine excretion, there is evidence that humans can
ingest a certain amount of iodine by the respiratory pathway.
Therefore, we determined the iodine intake and discharge
through the respiratory pathway. However, we found that the
iodine circulation through this way was very limited.
In addition, human sweat and women’s menstrual blood
also contain a certain amount of iodine. The total menstrual
ﬂow has been collected and determined in a balance study(12),
and the iodine excretion per menstrual period for three
patients, expressed as a percentage of the monthly iodine
excretion, was 0·09, 0·13 and 0·23 %, respectively. Therefore,
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we ignored this part of iodine excretion in our study. The
balance study was carried out in November at low temperature. Most of the volunteers spent time indoors, which was airconditioned with the controlled temperature of 22 ± 2°C.
Therefore, the sensible perspiration was controlled and
limited. The insensible evaporation is the main pathway via
skin loss. Previous research(24) has shown that iodine excretion by sweat is relatively stable under normal circumstances
and is not affected by the dietary iodine content, perspiration
amount and goitre prevalence. In our study, the calculated
sweat iodine excretion was 16·1 μg/d, which was a nonnegligible part to the iodine excretion.
There are certain limitations in our study. For instance, we
suggested that to obtain more negative iodine balance data and
to improve the accuracy and reliability of the zero iodine balance data, the nutritional iodine level of the volunteers should
be further controlled. The potential risk of overestimation of
iodine concentration when analysed by spectrophotometric
methodology should also be considered. As–Ce catalytic spectrophotometry bases on the theory of Sandell–Kolthoff reaction.
Evidences show that the catalytic effect of Na and Fe on
Sandell–Kolthoff reaction would lead to false high values in the
spectrophotometric determination of iodine(39). The compliance of the participants should also be enhanced to promote
the data quality. In addition it is advised to measure the iodine
excretion perspired and reabsorbed by skin, which will
improve the reference value of the results.
The results of this study show that the EAR level of iodine in
Chinese adult women is 110·5 μg/d and the RNI is 154·7 μg/d.
An RNI of 154·7 μg/d is higher than the RNI of 120 μg/d
(Chinese DRI 2013)(6) but close to the 150 μg/d (Chinese DRI
2000)(40) and the USA(41). Our research provides direct evidence for the optimisation of the EAR and RNI of iodine for
Chinese adult women. Dietary guidelines for iodine for other
Chinese population groups may be extrapolated from
this data.
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