Propositions

I
Iodine concentrations above 300 1g/L in drinking water or 800
pg/L in the urine of adults represent a public health risk (this
thesis).

II
Exposure to high iodine intakes is related to a small but significant
decline in IQ of schoolchildren (this thesis).

II1
A change in the source of drinking water can not only control
cholera (John Snow, 1813- 1858), but also reduce thyroid size and
partially normalize thyroid function (this thesis).

v
Close monitoring of iodine concentration in salt and in drinking
water is essential for elimination of adverse effects of both iodine
deficiency and iodine excess.

A%
Epidemiology is the study of counting and comparing.

VI
To learn without thinking is useless, to think without learning is
dangerous (Confucius, 551-479 BC).

VII
Knowing is not enough; we must apply. Willingness is not enough;
we must do (Goethe, 1749-1832).

VIII
The denser the population, the more bikes.
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Abstract

Iodine deficiency and iodine excess in Jiangsu Province, China

PhD thesis by Jinkou Zhao, Division of Human Nutrition and Epidemiology,
‘Wageningen University, The Netherlands, 4 September, 2001.

Endemic goiter can be caused both by iodine deficiency and iodine excess. Iodine
deficiency was a public health problem in Jiangsu Province, China and has been
eliminated through salt iodization in a majority of counties in Jiangsu. In Feng, Pei
and Tongshan Counties in Xuzhou Municipality, endemic goiter has been found to be
associated with iodine excess. This thesis describes the relationship of iodine intakes
ranging from norma! to excessive with thyroid size, thyroid function, goiter
prevalence, inteliectual development, physical development and hearing capacity, and
the efficacy and effectiveness of iodine intervention programs in schoolchildren.

An ecological relationship of iodine intakes ranging from normal to excessive
with an enlarged thyroid size, an increased prevalence of goiter and a perturbed
thyroid function has been found in three counties in Xuzhou Municipality. A negative
relationship of iodine intake from normal to excessive with intellectual quotient (IQQ)
in schoolchildren aged >11 y indicates that excessive iodine intake is associated with
a decline in IQ. This was supported by the results of a meta-analysis of 16 studies
where iodine excess was found to be related to a small but significant deficit in
intellectual attainment of schoolchildren, Reduction of iodine intake from excessive
to normal is accompanied by a reduction in thyroid size, a decreased urinary iodine
concentration and a partial normalization of thyroid function. It is now estimated that
iodine excess is a public health risk for nearly 16 million people in 92 counties of 10
provinees in China.

Comparison of thyroid volumes collected from schoolchildren in the US and in
Bangladesh with those in Europe found that the new WHO reference for the upper
limit of normal thyroid volume is not applicable worldwide. A randomized trial in an
iodine deficient area showed that it takes 12 months for enlarged thyroid glands to
reduce to normal if iodine supply is consistently adequate. This period is longer if the
iodine supply fluctuates. An evaluation of the effectiveness of iodine intervention
programs in 9 counties of Jiangsu Province indicated that iodine deficiency has been
eliminated in these counties.

Based on the evidence from the work described in this thesis, a maximum
allowable iodine concentration can be set at 300 |g/L in drinking water or at 800 pg/L
in urine of adults. Jodine concentrations above these levels should be regarded as a
public health risk.
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Chapter I

Todine is essential for human health as it is a constiuent of thyroid hormones,
which play an important role in physical and mental development. Like other trace
elements, iodine intake should be within a normal range, otherwise either deficiency
or excess will cause health problems. The adverse consequences of iodine deficiency
on growth and development are collectively known as iodine deficiency disorders
(IDD; Hetzel, 1983). Excessive iodine intake may also induce goiter in certain
subjects and is associated with an increase in hypothyroidism, hyperthyroidism, and
other thyroid abnormalities (Suzuki, 1980; WHO, 1994).

Metabolism of iodine and daily requirements

Through geological time, the trace element iodine has been leached from the soil
and carried into the sea (Hetzel & Maberly, 1986). Generaily, drinking water is a
minor source of dietary iodine with most dietary iodine coming from food. The iodine
content of foods and of total diets differs appreciably and is influenced by
geochemical, soil and cultural conditions, which modify the iodine uptake of crops
and animals.

To ensure an adequate supply of thyroid hormones, the thyroid must trap about 60
pg iodine per day (Underwood, 1977). Most of the iodine in the human body enters
the circulation as iodide, where it becomes part of the iodine pool, which comprises
15-20 mg iodine (Underwood, 1981). About 70-80% of iodine in healthy adult
humans is in the thyroid gland, which weighs only 15-25 g,

The daily requirement of 1odine is egual to the amount of hormone released by the
thyroid gland and subsequently degraded on a daily basis. This is sufficient to
maintain normal thyroid function essential for normal growth and development. The
recommended iodine intake is 100-150 pg/day (WHO/UNICEF /ICCIDD, 1997). In
the presence of goitrogens in the diet, intake needs to be increased to 200-300 pg/day.
Iodine in excess of requirements is mostly excreted by the kidneys. Thus the level of
excretion correlates well with the level of intake so that urinary iodine excretion can
be used to assess the level of iodine intake (Vought et al. 1963). Dietary Reference
Intakes (DRIs) of iodine differ among life stage groups. The Food and Nutrition
Board of the Institute of Medicine of the National Academy Sciences in the United
States recornmended DRIs, including estimated average requirement (EAR) and
recommended dietary allowance (RDA) as shown in Table ! (Institute of Medicine,
2000).

The safe upper limit of iodine intake is less well established than iodine
requirements. Suggested upper limits range from 100 to 2000 pg/day. Todine intakes
of less than 100 pg/day pose no risk for patients with autonomous thyroid tissue
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Chapter I

caused by previous deficiency (Bourdoux et al. 1978). For such subjects the critical
iodine intake probably lies between 100-200 pg/day (Joseph, 1980). The iodization of
bread in Tasmania resulted in thyrotoxicosis for some individuals at levels of iodine
intake of about 200 pg/day (Stuart et al. 1971). Todized bread in the Netherlands
contributed an additional 120-160 pg of iodine per day and increased the incidence of
thyrotoxicosis (Stanbury, et al. 1998). A Spring-Summer peak of thyrotoxicosis
attributed to higher iodine levels in milk has been reported from England,
corresponding to iodine intakes of 236 pg/day in women and 306 ug/day in men
(Nelson & Philips, 1985). Patients with endemic iodide goiter arising from iodine
intakes of several milligrams per day are, generally speaking, clinically and
biochemically enthyroid (Suzuki, 1980). Wolff (1969) suggested that intakes > 2000
Ng of iodine/day in humans should be regarded as excessive or potentially harmful.
The Tolerable Upper Intake Levels (Uls) recommended recently by the Institute of
Medicine (2000) for different life stages are shown in Table 1.

Iodine excess
General description

Most people are very tolerant to excessive iodine intake from food (Pennington,
1990). Certain subgroups, such as those with autoimmune thyroid disease and iodine
deficiency, respond adversely to intakes considered safe for the general population.
For the general population, high iodine intakes from food, water or supplements have
been associated with thyroiditis, goiter, hypothyroidism, hyperthyroidism, sensitivity
reactions, thyroid papillary cancer, and acute responses in some individuals (Table 2).

Table 2 Consequences of iodine excess

Populations groups Effects

All Acute effects (iodine peoisoning), iodermia

Fetal to infantile Goiter

Schoolchildren Goiter, hypothyroidism, elevated TSH, possible
impaired cognitive development, hyperthyroidism

Adults Goiter, hyperthyroidism, hypothyrotdism, thyroid
papillary cancer

Those with autoimmune  Hyperthyroidism, hypothyroidism, lymphocytic
thyroid disease thyroiditis, positive antibodies

There is no generally accepted definition of iodine excess. Suzuki (1980) once
defined iodine excess as that resulting from intakes exceeding the 'requirements for
normal thyroid hormone synthesis. Iodine excess is relative. At the population level,

14




General introduction

whether or not iodine excess occurs depends on the usual or baseline iedine level.
Thus, in severe iodine deficient areas, a small increase in jodine intake may cause
health problems while in populations with very high iodine intakes, no overt adverse
health effects may be observed.

Iodine toxicity has been studied extensively in laboratory animals such as poultry,
pigs and cattle, and in human being. Although results and conclusions are
controversial, Wolff (1969) has defined four degrees of iodine excess in humans, as
follows:

a. A relative modest excess, promoling temporary increases in the absolute uptake
of iodine by the thyroid and the formation of organic iodine, but without
inhibiting the capacity to release iodine in response to physiological demand.

b. A large excess, which can inhibit iodine release from the thyrotoxic human
thyroid or from thyroids in which iodine release has been accelerated by an
increased concentration of TSH.

c. A slightly greater intake, which inhibits organic icdine formation and which
probably causes iodide goiter (the so-called Wolff-Chaikoff effect).

d. Very high levels of iodine, which saturate the active transport mechanism for
this ion. The acute pharmacological effects of iodine can usually be
demonstrated before saturation becomes significant.

Normal diets composed of natural foods are unlikely to supply very high levels of
iodine and the most would supply < 1000 ug of iodine/day. Exceptions occur when
dicts are exceptionally high in marine fish or seaweed, or where foods are
contaminated with iodine from adventitious sources, or where drinking water is highly
rich in iodine.

Epidemiology of indine excess

lodine-induced hyperthyroidism ([IH}: Administration of iodine in almost any
chemical form may induce an episode of IH (Stanbury et al. 1998). [TH was first
reported in Tasmania in the 1960s when the iodine comtent in bread increased
(Steward et al. 1971; Vidor et al. 1973). From 1964 to 1967, a sharp increase in the
incidence of hyperthyroidism was observed. This increased incidence subsided
afterwards, and completely disappeared in 1975 (Marins et al. 1989). It affected only
people aged > 40 years. Similar studies in South America (Guatemala and Brazil) and
Europe (England and The Netherlands) reported small increases of ITH in older people
in the later 1950s after the introduction of iodized salt or iodized bread (Stanbury et
al. 1998). Recently, a multi-center study in Africa found that there has been an
increase in the number of adults affected by symptomatic and asymptomatic
hyperthyroidism attending health care facilities during the past few years, shortly
following the introduction of iodized salt, some of which were over-iodized in order
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Chapter I

to compensate for possible losses during storage and food preparation
(WHO/NICEF/ICCIDD, 1997).

Based on studies up until now, it is generally accepted that independent of the
actual iodine intake, IIH can occur at iodine intakes necessary for physiological
thyroid function, but may not occur at iodine intakes 100 times normal. Thus, there is
no strict correlation between urinary iodine concentration and the incidence of IIH.
ITH is usually found in previously iodine deficient or sufficient areas (Stanbury et al.
1998). It occurs when subjects are exposed to increased iodine intake, usually
resulting from an iodine supplemental program for the control of iodine deficiency. It
would therefore seem to be an inevitable consequence of iodine supplemental

programs.

lodine excess caused by medications and water purification: Medications and
purifying tablets used to purify (sterilize) water which contain large quantities of
iodine may increase iodine levels in the human body shortly after administration, and
cause transient thyroid abnormalities. Such cases are sporadic (Suzuki, 1980; Wollff,
1969). Under certain circumstances, thyroid abnormalities may become endemic,
even epidemic, when these drugs or water-purifying agents were applied to a
population on a large scale. Thyroid abnormalities related to iodine excess from water
purification units were reported among Peace Corps volunteers in Niger, West Africa
(Khan et al. 1998). Of 144 volunteers, 66 (46%) had enlarged thyroids (goiter). Of 96
volunteers in whom thyroid function was examined, 33 (34%) had thyroid
dysfunction: both hypothyroidism (serum TSH concentration 2 4.2 mU/L, n = 29) and
hyperthyroidism (serum TSH concentration < 0.4 mU/L, n = 4). The mean
concentration of iodine in drinking water was 10 mg/L. Because of the hot arid
environment, most Peace Corps volunteers reported consuming at least 5 L of water
daily, which led to an intake of at least 50 mg iodine per day through the drinking
water. This is over 330 times the recommended dietary allowance of 150 pug iodine
and led to mean urinary iodine concentration of 11 mg/L which is extremely high.

Todine excess originating from iodine-rich drinking water: Todine-induced goiter has
been reported from many areas in China where average water iodine concentrations
were > 300 pg/L or the median urinary iodine concentrations were > 800 ug/L. Goiter
rates were all above 10% and thyroid functions were generally normal (Zhao et al.
2000).

16




General introduction

lodine excess originating from iodine-rich food: Seafood is generally rich in iodine.
People in coastal areas of Japan and China obtain large quantity of iodine by eating
seafood such as seaweed (Suzuki, 1980; Ma et al. 1982).

In 1965, it was reported from Japan that in Hidaka, on the southern coast of the
Island of Hokkaido and on Rishiri Island, that goiter prevalences among
schoolchildren were 9.0% and 2.6% respectively, compared with a prevalence of only
1.3% among schoolchildren in the inland town of Sapporo (Suzuki et al. 1965). The
population of Hidaka and Rishiri consumed about 10-50 g of dry seaweed (kelp) per
day, while the people of Sapporo, far from the coast, did not eat any kelp. The iodine
content in kelp is 0.8-4.5 g/kg. Goitrous individuals were euthyroid although urinary
iodine excretions were up to 20 mg per day.

There have been reports from China of iodine excess of food origin (Yu at al.
1987; Zhao & He 1997). Population in four counties of Shangdong and Hebei
Provinces consumed kelp salt containing as much as 440-1080 mg/kg of iodine. This
led to urinary iodine excretions of 1423-2007 nug/day in local residents.

It is still not well documented if iodine excess, like iodine deficiency (Bleichrodt
et al. 1989), has any adverse effect on intellectual and physical development. Only a
few studies have been carried out. Some studies (Sun et al. 1985; Xie et al. 1987; Ma
et al. 1991; Hu et al. 1994) found iodine excess may impair cognitive function in
schoolchildren while many (Li et al. 1987; Jupp et al. 1988; Wang et al. 1987; Ling,
1993; Wang et al. 1993; Yang et al. 1994) indicated it did not. All these studies on
iodine excess were carried out comparing one group with excessive iodine intake with
another group consuming a normal amount of iodine. All studies were conducted in
different areas with different educational background, using different intelligence
tests, even using different definitions of iodine excess. Because these studies gave
different results, it is hard to answer the question as to whether iodine excess causes
reduction in mental performance. No data were available dealing with the
consequences of excessive iodine intake on hearing capacity.

It is biologically plausible that, in an iodine excess area, reduction of iodine intake
will reduce thyroid size, urinary iodine excretion, and eliminate thyroid abnormalities
if any. But it is generally unclear whether thyroid size decreases as a result of
reducing iodine intake and how long it takes for eniarged thyroids to reduce to normal
size. It is also unknown if reduction of iodine intake to within the normal range has
any effects on thyroid function. Experimental evidence from Japan (Namba et al.
1993) shows that enlarged thyroids resulting from an acute increase of iodine intake
returned to baseline size within 28 days after discontinuation of the high iodine
supply. Whether long term chronic excessive exposure to iodine wili affect the speed
of normalization of thyroid size or reversibility of perturbed thyroid function remains

unclear.
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Todine excess in Jiangsu Province

Jiangsu Province is in the eastern part of China, with a population of 72 million
(1999) in 75 counties in an area of 102,600 km?. Jiangsu is also one of the most
developed parts in China, with a gross domestic product (GDP) of 1300 USD per
head in 1999. Although 70% of the population live in rural areas, industrialization is
proceeding at a rapid pace not only in the cities but also down to the village level.
Industries include iron and steel, and the production of automobiles, textiles and
electronics. Many foreign companies such as Philips have joint ventures in the
province. The health system is highly developed ranging from large modern hospitals
to village clinics. Much emphasis is given to disease prevention within the health
system,

An investigation of endemic goiter about 15 years ago found that high goiter rates
were accompanied by high iodine concentrations in urine and in water in certain
townships in Xuzhou Municipality (Zheng & Yang, 1986). In 1995, before the
universal salt iodization program was launched in the province, a pilot study (Zhao et
al. 1997) in two townships and subsequent epidemiclogical studies in Xuzhou found
that goiter among schoolchildren was endemic. Studies revealed that excessive iodine
in the drinking water from shallow or deep wells is the primary causative factor of
goiter (Zhao, 1997; Zhao et al. 2000). Iodine excess exists in at least 67 townships of
5 counties in Xuzhou, with a population of about 2.9 million. No iodine prophylaxis
programs have been implemented in these areas.

Todine deficiency

The most common cause of iodine deficiency is inadequate iodine in the diet
resulting from a lack of this element in the environment. It usually coexists with
poverty and remoteness, where foods from the outside world are out of reach of the
locat people. Poverty, poor sanitation and malnutrition are among the contributing
factors to the etiology of iodine deficiency.

General description

The effects of iodine deficiency are seen at all stages of human development
(Table 3), particularly in the fetus and in the neonate and infants, that is, in the period
of rapid growth (Delange, 1994). Fetal survival and development are both sensitive to
jodine deficiency. Development of the brain in the fetus and neonate is particolarly
affected. The effects form a continuum with the severity of the consequences
increasing as the severity of iodine deficiency increases. The consequences resulted
from the influence of a low maternal thyroxine level on the fetus associated with
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iodine intakes < 25% of normal. Intakes < 50% of normal are associated with goiter.
Data indicating that goitrous children have poor school performance have been
reported. All these effects are fully preventable if the iodine deficiency is corrected
before pregnancy (Hetzel & Maberly, 1986).

Table 3. The spectrum of iodine deficiency disorders (IDD)

Life span Disorders

Fetus Abortions, stillbirths, congenital anomalies

Increased perinatal and infant mortality

Neurclogical cretinism

(mental deficiency, deqf mutism, spastic diplegia, squint)

Myxoedematous cretinism (dwarfism, mental deficiency}

Psychomotor defects

Increased susceptibility to the consequences of nuclear fallout
Neonate Neonatal goiter

Neonatal hypothyroidism

Increased susceptibility to the consequences of nuclear fallout
Child and Goiter
adolescent Juvenile hypothyroidism

Impaired mental function

Retarded physical development

Increased susceptibility to the consequences of nuclear fallout
Adult Goiter with its complications

Hypothyroidism

Impaired mental function

Iodine induced hyperthyroidism

Increased susceptibility to the consequences of nuclear fallout

Iodine deficiency is the leading preventable cause of brain damage and mental
retardation worldwide. It has been a significant public health problem in more than
118 countries with about 1.6 billion population at risk globally (WHO, 1991). Most of
populations at risk of IDD are concentrated in Asia, Africa, Latin America and South
America, The elimination of IDI} was determined to be a global public health priority
at the World Summit for Children in 1990 (UNICEF, 1990). Over last decade, the
elimination of iodine deficiency through national salt iodization programs has been a
global development priority and much progress has been made. Estimates by UNICEF
{Mason et al, 2001) revealed that about two thirds of all edible salt has been iodized in
the world by the year of 1998. Many developing countries have achieved the goal of
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eliminating IDD. Thus the number of people worldwide at risk of IDD is now less
than 0.5 billion.

The primary intervention used to prevent IDD has been the iodization of salt,
which has been proven effective in eliminating IDD in a number of countries. WHO
(1997) recommends that salt be iodized in the range of 20-40 mg/kg at the point of
production in order to assure that median urinary iodine levels are in the range of 100-
200 pg/L.

There has been little information on how long it takes for thyroids, which increase
in size as a consequence of the deficiency, to return to normal size following the
introduction of iodized salt into iodine deficient population. This is an important
question is because the prevalences of goiter and abnormal thyroid volumes in
schoolchildren are used as an indicator of the magnitude of IDD. Many countries
observed persistence of goiter in schoolchildren despite salt iodization which appears
to be almost universal.

Iodine deficiency in Jiangsu Province

In China, IDD was a large public health problem, with approximately 725 million
population at risk of iodine deficiency according to a national survey in 1995. The
prevalence of goiter among schoolchildren was found to be > 10% in 27 of 30
provinces. In Jiangsu Province, endemic goiter and mental retardation have long been
recognized as a public health problem. Provincial surveys of iodine deficiency
indicators during the early 1980s showed that on average the prevalence of goiter
among schoolchildren aged 7-14 years was 25% and the mean concentration of iodine
in urine was 76 pg/l..

Since 1993, when the Chinese government proclaimed the national goal of
elimination of IDD by the year 2000, substantial human and financial resources have
been mobilized throughout the country. Universal salt iodization was started in
Jiangsu province in 1995. Before iodine interventions, a provincial survey based on
pepulation proportionate sampling (PPS) found a total goiter rate in schoolchildren of
17% and median urinary iodine concentration of 85 pg/L. In 1997, after two years of
implementation of universal salt iodization, a similar PPS survey found that total
goiter rates had been reduced to 8.8% and median urinary iodine concentrations had
increased to 300 pg/L. Another PPS survey was conducted in 1999 to measure
effectiveness of the salt iodization program. Total geiter rates had decreased further to
4.4% and median urinary iodine concentrations had risen to 406 ng/L, indicating that
IDD had been eliminated from this province.
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Indicators for assessing iodine status: iodine deficiency and iodine

€XCess

Indicators are essential for measuring the extent of iodine deficiency and excess,
whether and which intervention is necessary, and for evaluating program
implementation and impact. Indicators can be classified as outcome indicators
(thyroid size, urinary iodine excretion) and process indicators (water iodine
concentration or salt iodine content). A summary of outcome indicators for IDD and
criteria for classifying the severity of IDD as a public health problem are given in
Table 4. There are no generally agreed cut-off points for iodine excess. Usually, a
prevalence of iodide goiter above 5% or urinary iodine concentration greater than 800
Mg/, poses a public health problem (Zhao, 1997).

Table 4. Summary of outcome indicators for IDD and criteria for classifying the
severity of IDD as a public health problem (WHO/UNICEF/ICCIDD, 1994)

) Target Classification of IDD severity
Indicators \ - -
population None Low Intermediate  High
Goiter, grade L and2 (%)  School-aged <5 5199 20299 > 130
children
Thyroid volume > 57th School-aged <5 5199 20299 =130
percentile by ultrasound (%)  children
Median urinary iodine School-aged =100 30-99 2049 <20
(ug/L) children
TSH > 5mU/L whole blood  Neonates <3 3-199  20-39.9 240
(%)
" See Table 3.
Thyroid size

The size of the thyroid gland changes in response to alteration in iodine intake.
‘Goiter’ has been used for many years to describe enlargement of the thyroid gland
due to both iodine deficiency and iodine excess. Prevalence of goiter is the most
commonly used indicator to assess severity of both iodine deficiency and excess, and
to monitor intervention programs. Thyroid size can be determined by palpation and
ultrasonography. The classification of goiter by palpation is shown in Table 5 and the
criteria for classifying the severity of IDD are given in Table 4.

Palpation is quantitative only in the crude sense. It is a technique that requires no
instruments, is relatively easy to conduct, can reach large number of subjects in a
short period of time, is not invasive, and needs relatively limited skills of observers.
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Total goiter rate describes the proportion of goiter of grade 1 and 2 in the population
observed.

Table 5. Simplified classification of goiter (WHO/UNICEF/ICCIDD, 1994)
Grade O: No palpable or visible goiter.
Grade 1: A mass in the neck that is consistent with an enlarged

thyroid that is palpable but not visible when the neck is
in the normal position. It moves upward in the neck as
the subject swallows. Nodular alteration(s) can occur
even when the thyroid is not visibly enlarged.

Grade 2: A swelling in the neck that is visible when the neck is
in a normal position and is consistent with an enlarged
thyroid when the neck is palpated.

Ultrascnography is a sale, non-invasive specialized technique, which should be
performed by trained operators who can perform up to 200 examinations per day. The
degree of subjectivity in assessing results, however, points up the importance of
developing standardized interpretation criteria (Delange et al. 1997; Hess &
Zimmermann, 2000). Thyroid volume can be easily calculated using a calculator or a
microcomputer during data entry. Ultrasonography provides a more precise
measurement of thyroid volume compared with palpation. This becomes especially
significant when the prevalence of visible goiters is small, and in monitoring iodine
control programs where thyroid volumes are expected to decrease over time.

Normative thyroid volume size data from ultrasound on iodine-replete children in
Europe and in China are depicled in Table 6 and criteria for classifying the severity of
IDD are given in Table 4.

For each thyroid lobe, the depth (d), width (w) and length (f) are measured in mm.
The volume of each lobe (mL) is calculated as 0.479 x d x w x [ /100{} and the thyroid
volume is the sum of the lobes. As described by Dubois and Dubois (1916), body
surface area (BSA, mz) can be calculated as follows:

BSA = wt""® x ht""™ x 0.007184
where wt = weight in kg and

ht = height in cm.

From Table 6, it can be seen that the age-specific upper limits derived from European
schoolchildren are distinctively greater than those from China, which are similar to those
obtained in a study in German children by Gutekonst and Martin-Teichert (1993), which
were used as the WHO reference before the data from several countries in Europe
{Delange et al. 1997) were published. As the US population has been iodine sufficient for
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decades, it would be interesting to compare the US data on thyroid volume with those
collected in Eurcope.

Table 6. Standards for upper limit of normal thyroid volume {ml) (> 97" percentile)
based on measurements in iodine-replete children in Europe and China (China
National Committee of Experts on Iodine, 1994; Delange et al. 1997)

By age By body surface area (BSA)
Age Upper limit of thyroid BSA (m?) Upper limit of thyroid
{year) volume (mL) volume (mL)
Europe China Boys Girls
Boys Girls (Europe) (Europe)
6.0-69 54 50 35 0.75-0.84 47 48
7.0-79 57 59 40 0.85-0.94 53 59
8.0-89 61 69 45 0.95-1.04 6.0 7.1
9.0-99 68 80 50 1.05-1.14 7.0 8.3
100-109 78 92 6.0 1.15-1.24 8.0 9.5
11.0-11.9 90 104 70 1.25-1.34 93 10.7
12.0-129 104 117 80 1.35-1.44 107 11.9
13.0-13.9 120 131 9.0 145-1.54 122 13.1
14.0-149 139 146 105 1.55-1.64 140 143
15.0-1539 160 161 120 165-174 158 15.6
Urinary iodine excretion

The concentration of iodine in urine is currently the most widely used biochemical
marker of 1odine intake. Usually > 90% iodine ingested is excreted in urine. Thus, the
iodine level in urine reflects the subject’s iodine intake. Urine is ecasy to obtain in the
field, in contrast to serum. Iodine in urine is stable and can withstand collection and
transport under field conditions (Dunn et al. 1993). Criteria for classifying the severity
of IDD based on vrinary iodine excretion are given in Table 4.

Objectives of the study and outline of the thesis

Jiangsu Province has not only the problem of iodine deficiency but also the
problem of iodine excess. This sitvation provides the opportunity to conduct research
on both of the problems. To address the problems, goiter prevalence has been used as
an indicator and much attention has been paid to the use of ultrasonography for
measurement of thyroid volume. Normative reference values are important for
classification of thyroid volume. In order to validate the WHO reference for upper
limits of normal thyroid volume, research was conducted in the US and Bangladesh.
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The US is regarded as being iodine replete for many decades while Bangladesh still

has a severe problem of iodine deficiency.

The objectives of the studies, mostly carried out between 1995 and 2000 are as
follows,

1. To investigate the possible contribution of high iodine intakes to endemic goiter
and their relationship with iodine concentrations in urine as well as their effects
on thyroid function (Chapter II).

2. To demonstrate the magnitude of the problem of iodine excess and to examine
the relationship of normal to excessive iodine intake with intellectual
development, physical development and hearing capacity in Chinese school
children using cross-sectional and ecological approaches (Chapters III and IV).

3. To compare the efficacy of reduction of iodine intake from excessive to normal
on thyroid size and thyroid function (Chapter V).

4. To examine the efficacy and effectiveness of iodine intervention programs
(Chapters VI and VII).

5. To validate the WHO reference for normal thyroid volume based on ultrasonic
measurement of thyroid volume of schoolchildren in the United States and in
Bangladesh (Chapter VIII).

Thus the outline of the remainder of this thesis is as follows.

Chapter II describes the ecology of high iodine intakes and endemic goiter in
three counties of Jiangsu Province, China (Objective 1).

Chapter III describes the relationship of normal to excessive iodine intake with
intellectval development, physical development and hearing capacity (Objective 2).

Chapter IV describes the magnitude of the problem of iodine excess and its
possible relationship with cognitive development in schoolchildren (Objective 2).

Chapter V describes how reduction of iodine intake from excessive to normal
counteracts enlarged thyroid glands and thyroid dysfunction caused by iodine excess
(Objective 3).

Chapter VI compares the efficacy of three iodine intervention methods on thyroid
size, goiter prevalence and urinary iodine concentrations (Objective 4).

Chapter VII describes the effectiveness of universal salt iodization in 9 counties
of Jiangsu Province (Objective 4).

Chapter VIII describes the thyroid volumes measured by ultrasonography in US
and Bangladeshi schoolchildren and compares these with Enropean schoolchildren
{Objective 5).

Chapter IX discusses the most important findings arising from the work carried
out and provides recommendations for public health practice and future research.
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Abstract

In order to investigate the possible contribution of high iedine intake to goiter and its
effect on icdine concentration in urine and on thyroid function, the concentration of
iodine in drinking water was determined in 65 townships in three counties in Jiangsu
Province, China. Indicators of iodine status in schoolchildren and adults were also
assessed. The water iodine content in the townships ranged from 0.003 to 22.1
pmol/L, with a median of 4.3 pmol/L. Of the townships investigated, 59 (90.2%) had
median water iodine concentrations between 1.6 and 9.5 pmoll.. Todine
concentrations in the urine of adults varied between 0.5 pmol/L and 54.8 pmol/L
(median 8.3 pumol/L} and goiter prevalence measured by ultrasound in schoolchildren
ranged from 3.3 to 16.8%, with a mean of 12.8%. In adults from townships with the
highest water iodine content, thyroid function was perturbed as evidenced by elevated
serum concentration of TSH'. Goiter prevalence in schoolchildren was positively
correlated with iodine concentrations in drinking water and in urine across townships.
Endemic goiter in this area is most probably due to excessive iodine intake from
drinking water. It is proposed that the maximum allowable concentration of iodine in
drinking water be set at 2.4 pmol/L (300 pg/L) and of iodine in urine at 6.3 pmol/L
(80D pg/L) because above these levels, prevalence of goiter measured by ultrasound is
> 5%.

Key words: » iodine excess e jodine intake ® endemic geiter e thyroid function e
iodized salt

1Abbreviation used: IDD, iodine deficiency disorders; IRMA, immunoradio monoclenal assay; RIA,
radioimmunoassay; SD, standard deviation; T,, thyroxine; T;, triiodothyronine; TSH, thyroid
stimutating hormone; WHO, World Health Organization.
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Endemic goiter has been defined by WHO to occur in populations when total
goiter rates are 2 5% in primary schoolchildren (1). The principal cause of endemic
goiter is iodine deficiency, which may be exacerbated by the consumption of
goitrogens (2). Because iodine deficiency is of a major public health concern, food-
grade salt is being iodized in most countries (3). Ieodine excess has been also reported
to be a cause of endemic goiter in a number of geographically defined areas where
drinking water, seafood, and medications are the most cominon scurces of high iodine
intake (2).

Iodine deficiency disorders (IDD) are a problem of serious public health
significance in Jiangsu Province in China, as evident from surveys conducted in 1995
based on goiter prevalence and urinary iodine excretion patterns (4). In response to
this situation, the provincial government developed plans to eliminate IDD throughout
the province through salt iodization. An exception was made for three counties in
Xuzhou Municipality where the cause of endemic goiter was not clear.

Xuzhou Municipality lies in the northwestern part of Jiangsu Province. It
comprises six counties, amongst which Feng, Pei and Tongshan Counties are located
to the west of Xuzhou City. These counties comprise a 4,000 km” plain formed by
flooding in the past of the old Yellow River. The population of 2.4 million people in
these three counties obtain their drinking water mainly from shallow wells 7-12 m
deep, and occasionally from deep wells with depths of over 60 m. There are few
central water supply systems in these counties. Surface drinking water is scarce and
rainfall is low.

Surveys in the early 1980s indicated that goiter was endemic in Xuzhou
Municipality (5). The overall prevalence of goiter among schoolchildren aged 7-14 y
was 25%, varying from 18 to 36% among townships. Follow-up studies during 1986-
1992 suggested that iodine deficiency was not the only cause of endemic goiter.
Iodine concentrations in drinking water samples ranged from 0.15 pmol/L. to 9.5
pmol/L, with a median of 1.8 pmol/L. (4, 6). Urinary iodine concentrations among
adults varied greatly from 0.36 to 9.8 umol/g creatinine in different townships, with a
median of 6.8 pumol/g creatinine (6). This was confirmed again in a study carried out
in 1995, which identified iodine excess as the major cause of endemic goiter in two
townships in Feng and Pei Counties (7). Yu et al (1987) and Zhao et al (1997)
reported that iodine concentrations = 2.36 umol/L in drinking water or iodine
concentrations in urine 2 6.30 pmol/L were associated with endemic goiter in a
population (8, 9).

The objective of the present study was to examine the relationship among iodine
intake, thyroid size and thyroid function. The study was conducted in Feng, Pei and
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Tongshan Counties of Xuzhou Municipality where the iodine content of well water
was expected to be high. Investigations in the other 3 counties (Pizhou, Shuining and
Xinyi) of Xuzhou Municipality showed normal iodine status in most people, with
median vrinary iodine concentrations in the townships varying from 1.58 to 2.76
pmol/L (5, 10).

Methods

Study design

The present study was conducted in 65 townships in Feng, Pei and Tongshan
Counties of Xuzhou Municipality {(about 500 km northwest of Shanghai), Jiangsu
Province, China. The study proceeded in two phases. The first phase conducted in
1996 assessed the iodine concentration in drinking water in all the townships, and the
second phase conducted in 1997-1998 investigated the relationship between iodine
intake and indicators of iodine status in selected townships.

For the first phase, each township was divided into five geographic locations. In
cach location, one village was identified by convenience for the collection of water
samples from at least 3 shallow wells as well as from all wells > 60 m deep. During
the second phase, based on the observed median iodine concentration in water
collected during the first phase, townships were grouped into the following categories
according to the median iodine concentrations in water: < 2.36, 2.36-3.93, 3.94-5.50,
5.51-7.08, and = 7.09 pmol/L. Two or three townships, which were easily accessible
by road from each group, were identified for further investigation. In selected
townships, the thyroid size in all pupils in grades 2-4 (aged 8-10 y} from the central
elementary school was estimated by palpation. In one township in each group, thyroid
volume was measured by ultrasonography in children whose thyroid size was
measured by palpation. A reference group was chosen from Jurong County in Jiangsu
Province where salt iodization had been in place for > 10 y and iodine intake was
known to be sufficient but not excessive (11). The reference group was investigated
using the same pratocol.

The research protocol including ethical clearance, was approved by the Scientific
Research Committee of Jiangsu Provincial Center for Disease Control and Prevention,
Nanjing, China. All procedures were carefully explained to all subjects who agreed to
participate in the study.

From 50 healthy adults in each of the townships investigated, casual urine samples
were collected and handled according to a standard protocol provided by the Chinese
Institute for lodine Deficiency Disorders in Harbin. Samples of urine were not
cellected from two subjects who possibly consumed seafood, which is possibly rich in
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todine, during the previous week. Samples of urine were collected in bottles tightly
sealed and refrigerated at 4°C until laboratory analysis. Finally, from among the 50
adults in each of the two townships with the highest median water iodine
concentrations, non-fasting blood samples were obtained from 30 and 32 subjects
respectively who agreed to provide blood samples. There was strong superstition in
the population about the harmful effects of providing blood. Serum was prepared by
centrifugation within 2 h of blood collection and frozen at —20°C until analysis of
thyroid hormones. After collection of blood samples, 2 uCi "*'I was administered
orally to the subjects who agreed to provide not only blood but also to participate in
this procedure. The uptake of *'I by the thyroid was measured 24 h later using
standard methods (12).

Thyroid size estimation

The thyroid of each pupil was palpated and classified according to the WHO
guidelines (13). Thyroid volume was measured with a portable ultrasound unit
equipped with a standard 7.5 MHz linear array transducer (AKHO, Inc, Canada). The
depth (d), width (w) and length () of each lobe in millimeters were read from
longitudinal and transverse scans, and the volume of the lobe was calculated by the
formula V (mL)} = 0.479xdxwx1x10” {14). The thyroid volume was obtained as the
sum of the volumes of both lobes without including the volume of isthmus. Thyroid
volume was classified as normal or abnormally large according to the China National
Reference based on age (15), which is very similar to that proposed by Gutekunst and
Martin-Teichert (16).

Laboratory analysis

Urinary iodine was analyzed using the acid-digestion method described by Dunn
et al (17). Water iodine was determined using Barker’s modified incineration
technique and catalytic reduction of ceric ion by arsenate salt (18). All iodine analyses
were conducted in Xuzhou Municipal Laboratory, which is accredited by the
provincial iodine laboratory. Urinary iodine analysis of 18 blind control samples at
three concentrations by the municipal laboratory did not demonstrate any bias
compared to the results from the Chinese Institute for Iodine Deficiency Disorders in
Harbin.

Serum T; and T, were measured by radioimmunoassay, TSH by IRMA using kits
obtained from the Chinese Academy of Atomic Energy in Beijing and a gamma
counter (Model: Cap RIA-16, Capintec Instruments, Inc, Ramsey, NI, USA).

Data analysis
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Data were analyzed with Epi Info 6.04 (CDC, Atlanta, GA, USA) and SAS 6.12,
(SAS Institute, Cary, NC, USA). Goiter prevalence by palpation was calculated as the
proportion of pupils with grade 1 or grade 2 goiter. Goiter prevalence by ultrasound
was calculated as the proportion of pupils with thyroid volume above the age-specific
reference. Because of their skewed distributions, the median was used to measure the
central tendency of urinary iodine and water iodine concentrations. The median water
iodine content in each township was calculated to express the typical level of iodine
concentration in drinking water. It proved not possible to normalize data on iodine
concentrations in water and urine. Thus, nonparametric Spearman rank correlation
{19) was used to examine associations of iodine concentrations in water and urine
with goiter prevalence.

Results

lodine concentrations in water and urine

During the first phase of this study, a total of 1,151 samples of water in wells
were collected from 65 townships, with approximately 4% of the samples from deep
wells. The iodine content of water in wells ranged from 0.003 to 22.1 pmol/L, with a
median of 4.3 pmol/L. Overall, 76% of the samples had an iodine content > 2.36
pmol/L. Fifty-two (80%) of the 65 townships had a median water iodine
concentration > 2.36 pmol/L. The concentration of 2.36 pmol/L. corresponds to the
level, above which a high prevalence of goiter has been reported previously (8, 9).
The distribution of water iodine concentration among townships is shown in Fig. 1.
Water from both deep and shallow wells contained high iodine concentrations
although shailow wells had a higher (P < 0.05) concentration (4.63, 2.44-7.20
pmol/L; median, 25-75 percentile) than deep wells (2.98, 2.10-4.59 ymol/L).

During the second phase of the study in which data were collected on indicators of
iodine status in 12 townships, the median urinary iodine concentration from 607
adults was 8.3 pmol/L (range, 0.46-54.8 umol/L). In 61.9% of the subjects, urinary
iodine concentrations were > 6.30 pmol/L, which is the level above which endemic
goiter has been reported previously (8, 9).

Goiter prevalence

In 12 selected townships, the prevalence of goiter as measured by palpation
among 2,371 schoolchildren aged 6-15 y was 22.4%. Goiter prevalence measured by
ultrasonography in 849 of the above children was 12.8%. When measured by either
palpation or ultrasound, there was no difference in goiter prevalence between boys
and girls, but prevalence did increase with age (data not shown).
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Figure 1. Distribution of median iodine conceniration in drinking water from wells in 65
townships in Feng, Pei and Tongshan Counties. Concentrations are medians of the values
measured in each township.

Relationships among water iodine, urinary iodine, and goiter prevalence

The relationship of the iodine concentration in urine with that in well water in 13
townships is shown in Fig. 2. The median iodine concentrations in water varied from
1.47 to 9.02 pmol/L, the corresponding iodine concentrations in the urine of adults
ranged from 4.1 to 15.5 pmol/L, the values were highly correlated. Likewise, as
shown in Fig. 3 and Fig. 4, goiter prevalence measured by palpation and by
ultrasound  in  schoolchildren was positively correlated to median iodine

concentrations in water and in vrine.
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Figure 2. Relationship between median iodine concentration in drinking water from wells and
those in urine of adults in 13 townships in Jiangsu Province, China. For Spearman rank
correlation, the township with the lowest iodine concentration in water was excluded because
this township was supplied with iodized salt. (Coefficient r, = 0.95; P = 0.0001).
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Figure 3. Relationship of goiter prevalence measured by palpation and ultrasound with
median iodine concentration in drinking water from wells in 13 townships of Jiangsu
Province, China (o = goiter prevalence by ultrasound, e = goiter prevalence by palpation).
Spearman rank correlation: by ultrasound, r; = 0.97, P = 0.001; by palpation, r, = 0.95, P =
0.0001.
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Figure 4. Relationship of goiter prevalence measured by palpation and ultrasound with
median iodine concentration in urine of adults in 13 townships of Jiangsu Province, China (o
= goiter prevalence by ultrasound, » = goiter prevalence by palpation). Spearman rank
correlation: by ultrasound, 1, = 0.97, P = 0.001; by palpation, r, = 0.94, P = 0.0001.
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Iodine excess and candemic goiter in China

Thyroid function

Of the 62 adults from the two townships with the highest water iodine contents, 32
(52%) had an elevated serum TSH concentration (normal range according to the
manufacture 0.4-3.6 mU/L). The concentration of TSH (median, 25-75 percentile) in
serum was 5.60 (3.04-11.30) mU/L. The median serum T, concentration was 119
(106-135) nmol/L, with two cases above the normal range. The median serum T3 was
1.08 (0.95-1.42) nmol/L, all within the normal range. The 24-h thyroid *'I uptake was
4.6 = 0.3% (mean + SD; range 0.2-15.8%), which is significantly lower than the
normal range of 10-30% in popuiations with normal iodine intake (20).

Discussion

In this study, goiter prevalence is clearly associated with high iodine intake from
drinking water. Goiter prevalence assessed both by palpation and by ultrasound is
positively associated with iodine concentrations in well water and in the urine of
adults. Water from the wells appears to be the most important source of iodine
because there is a strong retationship across townships of the median concentration of
iodine in urine with that in drinking water. It would be expected that the concentration
of iodine in well water would be affected in the food chain. However, an early study
in this area (7) and studies in other provinces in China (21-23) with elevated
concentration of jodine in well water were not accompanied by elevated iodine
concentrations in soil or in grain, flour, fruits, and vegetables grown in the area.
Although genetic factors and goitrogens may have played some role, endemic goiter
observed in these three counties is most likely caused by excessive iodine in drinking
water.

In general, it is thought goiter is caused by low iodine intake (24). However, there
were very few adults (2/607) with urinary iodine concentrations < 0.8 pmol/L,
indicating that there is no iodine deficiency. Goiter in this study population is
associated with high iodine intake. This is supported by the low 24-h uptake of "*'T by
adults in the two townships with the highest iodine concentration in water. This
indicates that the thyroid gland in these subjects is relatively saturated with iodine.

Endemic goiter associated with iodine excess has been reported in other locations
(21-23, 25, 26). But all the reports thus far were of studies of only small areas or
populations. The present study covered a 4,000 km? arca with a population of 2.4
million, the largest affected population or area ever reported.

In this study, concentrations of TSH in serum were elevated while concentrations
of Ty and T3 were generally in the normal range. Similar results have been reported in
China and in U.S. Peace Corps Volunteers working in Niger consuming disinfected
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water from a filter with an iodine resin (26). In Japan, elevated serum TSH levels
were reported from an area with iodine excess (25). A large single dose of iodide has
been shown to inhibit thyroid hormone synthesis (27). Slightly elevated serum T,
levels, normal serum Ti levels, but raised serurn TSH levels in adults from the
townships with the highest water iodine in this study imply that with a chronic high
intake of iodide, the population fails to maintain euthyroid status.

The thyroid gland in iodide goiter is exclusively diffuse. No nodular goiter was
seen in iodine excess subjects, as is the case for severe iodine deficiency. In the
thyroid gland of animals fed excessive iodine and of goitrous human subjects (28-31),
the follicles are filled with colloid and the epithelial cells are flattened. This is
different to the situation in iodine deficiency where parenchymal cells are abundant,
follicular epithelial cells are thicker with papillary infolding and there is very litte
colloid. The thyroid gland of subjects with a grade I iodide goiter is firm, easily
palpated, and has a pronounced boundary, as compared with a grade I goiter induced
by iodine deficiency. Using ultrasound, the thyroid gland in iodide goiter is distinct
from neighboring tissues with a clear boundary while the gland itself appears rough
and uneven. This compares with the consistent distribution of the thyroid echogram
seen in goiter caused by iodine deficiency. Because ultrasound apparatus used in this
study was not fitted with a camera, no photographs are available.

At which level should iodine intake be considered excessive? Suzuki defined
iodine excess as the amount of iodide beyond the physiological requirement for
adequate thyroid hormone synthesis (2). For maintaining the intrathyroidal iodine
concentration needed for normal thyroid hormone secretion in adults, a daily supply
of between 0.4 and 3.9 pmol iodine should suffice (32). Other reports suggest,
however, that iodine intake up to 15.8 pmol/day causes no adverse physiological
reactions in healthy adults, and 7.9 pmol/day produces no physiological abnormalities
in children (33). In our study, thyroid function appears to be perturbed in populations
with a median iodine concentration in urine of 10.1 pmol/L or in drinking water of 7.5
umol/L. The safe maximum allowable iodine concentrations should therefore be
below these levels, Findings in this study show that when iodine concentrations reach
2.4 pmol/L in drinking water or 6.3 umol/L in urine of adults, goiter prevalence
measured by ultrasound becomes > 5%. This seems {o support a maximum allowable
iodine concentration of 6.3 pmol/L in urine or of 2.4 pmol/L in drinking water. This is
consistent with other studies in China (8, 9, 34). Thus, iodine concentrations above
these levels should be considered as a public health risk. However, further studies at
lower iodine concentrations are stili needed.

In this study, there is a substantial difference between goiter prevalence assessed
by palpation and by ultrasound. The likely explanation is that the goiter caused by
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