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effects of other mercury compounds 
(la, 2). The primary signs and symp- 
toms of methylmercury poisoning re- 
sult from damage to the nervous system 
and are characterized by loss of sensa- 
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and feet and in areas around the mouth 
(paresthesia), loss of coordination in 
gait (ataxia), slurred speech (dysarth- 
ia), diminution of vision (concentric 
constriction of the visual field), and 
loss of hearing. Severe poisoning can 
cause blindness, coma, and death. 
There is a latent period of weeks or 
months between exposure to methyl- 
mercury and the development of 
poisoning symptoms. Ataxia may sub- 
sequently decrease but general recovery 
is poor. Prenatal exposure to methyl- 
mercury has resulted in mental retarda- 
tion with cerebral palsy. Prior to the 
present outbreak in Iraq, between 200 
and 300 cases of methylmercury 
poisoning had been reported in Iraq 
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and in other parts of the world and 
more than 1000 cases had been as- 
cribed to exposure to the ethylmercury 
homolog (la, 2). The earliest cases 
were due to occupational exposure fol- 
lowing the introduction of methylmer- 
cury compounds as antifungal seed 
dressing agents. In the 1950's, reports 
of poisonings from nonoccupational 
sources appeared in the literature with 
increasing frequency. These included a 
few cases arising from the treatment 
of fungal skin infections as well as 
accidental and suicidal ingestion. Sev- 
eral large incidents of poisoning have 
occurred in Iraq, Pakistan, and Guate- 
mala due to the ingestion of flour and 
wheat seed treated with methyl- and 
ethylmercury compounds. The fungi- 
cide ethylmercury-p-toluene sulfonani- 
lide was claimed to be responsible for 
two outbreaks in Iraq in 1956 and 
1960. 

In the 1960 outbreak, an estimated 
1000 patients were affected by methyl- 
mercury poisoning and 370 were ad- 
mitted to hospital. In Guatemala, cases 
that were originally thought to be viral 
encephalitis were reported during the 
wheat growing seasons of 1963, 1964, 
and 1965. Forty-five people were af- 
fected and 20 died. Methylmercury di- 
cyandiamide, used to treat the seed 
wheat before distribution to farmers, 
was later established as the causative 
agent. A similar outbreak occurred in 
Pakistan in 1969. 

Despite the large number of people 
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affected, these incidents arising from 
the misuse and careless handling of 
alkyl mercury compounds have not 
constituted a threat to the general 
population. The first indication that 
methylmercury may present a threat to 
public health came from the epidemics 
of Minamata Bay and Niigata, Japan 
(la). In what came to be referred to as 
"Minamata disease" a total of 121 peo- 
ple living in villages around Minamata 
Bay were poisoned during 1953 to 
1960. Twenty-two infants were poi- 
soned prenatally. Forty-six people died. 
A similar outbreak occurred in Niigata. 
As of 1970, 47 cases had been officially 
documented, and six deaths were re- 
corded. Careful investigation revealed 
that the poisonings were due to the 
consumption of fish having high con- 
centrations of methylmercury. The 
contamination of the waters of Mina- 
mata Bay and of the Agano River was 
traced to the release of methylmercury 
compounds from plastic industries in 
which inorganic mercury compounds 
were used as catalysts. 

A more generalized threat to public 
health became apparent as a result of 
studies initiated in the 1960's in Sweden 
(la). Increasing industrial and agricul- 
tural use and broad dissemination of 
mercury compounds resulted in in- 
creased amounts of mercury being 
found in birds and fish as well as in 
people consuming large quantities of 
fisl caught in polluted waters. The 
mercury in fish was found to be en- 
tirely in the form of methylmercury, a 
surprising and disturbing discovery be- 
cause the fish had been caught in lakes 
and rivers into which no discharge of 
methylmercury had occurred. Subse- 
quent investigations revealed that 
microorganisms present in the sedi- 
ments of rivers, lakes, and canals are 
capable of transforming various forms 
of mercury into methylmercury. Thus, 
discharge of phenylmercury compounds 
from the wood pulp industry, and 
metallic and inorganic mercury from 
chlorine-alkali plants where mercury 
electrodes are used, have contaminated 
large expanses of fresh water in many 
countries leading to high concentrations 
of methylmercury in fish. Evidence of 
steadily increasing amounts of mercury 
in the feathers of fish-eating birds in 
Scandinavia over the past 150 years 
points to general industrialization, in- 
cluding the burning of fossil fuels, as 
the source of a broad dissemination of 
mercury. High concentrations of 
methylmercury have now been found 
in certain carnivorous species of 
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oceanic fish at the end of a long food 
chain (3). 

There have been no documented 
cases of poisoning in human beings 
caused by the consumption of fish ex- 
cept during the epidemics in Japan 
where methylmercury itself was re- 
leased from industry. Nevertheless, 
fishing has been restricted in large fresh 
water areas in Sweden and in the North 
American continent with consequent 
severe economic hardship to the fish- 
ing and tourist industries. Government 
agencies have set upper limits to the 
amounts of methylmercury permitted 
in fish and fish products used for con- 
sumption, usually in the range of 0.5 
to 1.0 part per million (ppm). The 
limit of 0.5 ppm in Canada and the 
United States has virtually eliminated 
swordfish from the commercial market 
(3). 

The introduction of guidelines for 
maximum safe concentrations of mer- 
cury in food is becoming of critical 
importance from various points of view 
-economic, nutritional, and health. 
The banning of certain species of fish 
is a serious consideration even in coun- 
tries where alternative protein sources 
are available; it becomes critical in 
certain developing countries where fish 
may be the predominant source of 
protein in the diet. The present national 
and international guidelines for 

amounts of methylmercury that should 
be permitted in food depend heavily on 
epidemiological data from the two out- 
breaks in Japan. Substantial research 
programs to investigate the toxicity of 
methylmercury have been initiated in 
many countries. Necessarily, most of 
these programs involve studies on ex- 
perimental animals and it is difficult to 
extrapolate the results to man. Thus, 
the study of the population exposed to 
methylmercury that we describe in this 
article is of great importance. 

The Present Epidemic in Iraq 

We describe herein an epidemic of 
methylmercury poisoning in farmers 
and their families in Iraq. Studies of 
the epidemic were initiated on an emer- 
gency basis in February 1972 and are 
still continuing. The period of the epi- 
demic that we cover in this article 
extends from late February to the end 
of August 1972. This epidemic is the 
most catastrophic ever recorded in 
terms of its extent and the ensuing 
morbidity and mortality. A total of 
6530 cases of poisoning were admitted 
to hospitals in provinces throughout 
the country, and there were 459 hos- 
pital deaths attributed to methylmer- 
cury poisoning (Table 1). 

Human beings became exposed to 

TURKEY 

SYRIA 

IRAN 

SAUDI 
ARABIA 

Fig. 1. Iraq. Incidence of hospital admissions per 1000 rural population according to 
province (8) during the epidemic of methylmercury poisoning in 1972. 
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methylmercury when they ate home- 
made bread prepared from seed wheat 
treated with a methylmercurial fungi- 
cide. Distribution of the treated grain 
to farmers began in September 1971. 
The rate of admissions to hospitals 
throughout the country increased in 
early January 1972, to several hundred 
cases each day. In late February, daily 
admissions had fallen to less than five 
and no new hospital admissions at- 
tributed to poisoning have been re- 
ported since 27 March 1972. Cases 
were reported from every province in 
the country (Fig. 1). 

In this article we present new data 
on the toxicity of methylmercury com- 
pounds in man, on the metabolic fate 
of methylmercury in the human body, 
and on the effects of mercury-binding 
agents including a newly developed 
thiol resin. A description of the chain 
of events from the introduction of the 
mercury-treated grain to the wide- 
spread occurrence of poisoning and 
fatalities has a clear implication for 
future decisions concerning the use of 
methylmercury fungicides. It is also 
intended that the observations and con- 
clusions herein will serve as useful in- 
formation for any future studies of the 
affected population. 

Implication of Methylmercury 

Mercury-treated wheat was imported 
through, and distributed from, the 
southern seaport of Basra, Iraq, be- 
tween 16 September and 15 October 
1971. The corresponding dates for 

mercury-treated barley were 22 Octo- 
ber and 24 November. The total 
amounts of treated wheat and barley 
distributed were 73,201 and 22,262 
metric tons, respectively (Table 1). 
The grain was delivered to all provinces 
in the country, with over 50 percent 
of the total distribution going to the 
three northern provinces of Ninevah, 
Kirkuk, and Arbil. The amounts of 
treated grain delivered to each province 
did not exceed the normal requirements 
for seed grain. The grain was delivered 
to local granaries throughout the 
country, which, in turn, distributed it to 
the farmers. We do not have precise 
information on the times when the 
farmers first received the grain and 
when deliveries stopped. Interviews 
with victims of the epidemic indicate 
that consumption of bread made from 
the treated grain started as early as 
October in some families. Deliveries to 
some farmers may have continued into 
January 1972-the time when the au- 
thorities issued stringent warnings con- 
cerning the danger of consuming the 
grain. 

Early in the outbreak it was thought 
that ethylmercury was responsible for 
the poisoning (4). This assessment was 
based on verbal assurances that the 
seed wheat involved had been treated 
with ethylmercury-p-toluene sulfonani- 
lide. However, at the same time, 
differences in clinical manifestations 
between this and earlier outbreaks of 
ethylmercury poisoning were noted. It 
was not until the end of March that 
the first samples of wheat and flour 
were analyzed by gas chromatography 

(5). No wheat samples in which the 
predominant compound of mercury 
was other than methylmercury were 
encountered. Wheat samples from a 
number of provinces were examined. 
Included were samples from unopened 
sacks of a shipment of over 60,000 
metric tons of treated grain from 
Mexico. The methylmercury content 
varied from 3.7 to 14.9 /ig of Hg per 
gram (mean 7.9 jug/g; N = 24), with 
one sample showing 30.6 ,/g/g. The 
ethylmercury content of these samples 
varied from 0.8 percent to 7.8 percent 
of the methylmercury content. 

The mean methylmercury content of 
wheat flour samples was 9.1 /ug/g with 
a range of 4.8 to 14.6 /ug/g (N = 19). 
Ethylmercury could be detected in all 
these samples in small amounts, from 
0.08 to 0.88 percent of the methyl- 
mercury content. 

A relatively small amount of 
wheat (less than 5000 metric tons) 
may have been treated with phenyl- 
mercuric compounds according to 
official records. Also, wheat may 
have been treated locally with 
either ethylmercury-p-toluenesulfonani- 
lide or N-dimethylmercury-p-toluene- 
sulfonamide. These compounds, how- 
ever, have not been detected in the 
wheat and blood samples that we 
have analyzed. 

The barley was reported to 
have been treated with a variety 
of compounds: phenylmercuric acetate, 
methylmercury dicyandiamide, methyl- 
mercury-2,3 -dihydroxypropylmercap- 
tide and methylmercury acetate. At 
least 13,000 metric tons of barley were 

Table 1. Details of the epidemic of methylmercury poisoning in Iraq, shown by province (19). 

Amounts of seed grain distributed 

Wheat Barley Ruraln Cases admitted Cases dying Province population 
~P~~~rovince 

- 
Total seeds Total seeds (thousands) to hospitals in hospitals 

Metric tons planted* Metric tons planted* 
(%) (%) 

Ninevah 31,766 46 9,102 41 584 592 9 
Kirkuk 10,659 36 4,392 40 242 814 42 
Arbil 10,105 46 1,538 23 222 242 10 
Baghdad 3,784 26 377 8 449 107 34 
Qadissiya 3,363 51 715 24 269 1,345 73 
Waset 2,741 16 511 4 231 688 11 
Muthanna 1,789 47 1,665 84 92 701 79 
Diala 1,627 31 962 21 262 675 12 
Thi-Qar 1,456 21 382 5 366 191 30 
Sulaimaniya 1,453 10 42 1 272 4 1 

Babylon 1,350 21 1,095 20 284 1,083 128 
Dhok 1,153 38 523 69 94 101 1 
Anbar 831 16 224 18 184 16 5 
Maysan 693 24 699 22 241 106 8 
Kerbala 276 56 25 7 89 141 5 
Basra 155 24 10 19 127 7 2 

Total 73,201 22,262 35,000 6,000 500 

* The percentage of all seeds planted, including those not treated with mercury. 

232 SCIENCE, VOL. 181 



treated with methylmercury dicyandia- 
mide. Of 13 barley samples examined, 
10 showed predominantly methylmer- 
cury and 3, phenylmercury. 

Several hundred samples of human 
blood and hair and a few samples of 
tissues obtained at autopsy were 
examined. Most of these samples were 
from provinces near Baghdad but 
included a small series from more than 
half the provinces. In all these samples 
the predominant form of mercury was 
methylmercury. No other organic 
mercury compounds were detected. A 
small amount of inorganic mercury (up 
to 10 percent) was detected by selective 
atomic absorption (6). 

The analysis of consecutive segments 
of samples of hair collected from 
female patients in May 1972 illus- 
trated the dramatic increase in the 
mercury content during the epidemic 
(Fig. 2). Methylmercury was the pre- 
dominant form of mercury in the hair 
samples. Other organic forms of 
mercury such as ethyl- or phenyl- 
mercury were not detected. The rate 
of growth of hair in the patients is 
not known, but a length of 40 cm 
of hair (Fig. 2) clearly allows study of 
mercury concentrations both during 
and prior to the epidemic. It is 
intended that by the analysis of such 
hair samples more detailed records can 
be obtained of the times at which 
exposure occurred, the duration of 
exposure, and the chemical forms of 
mercury involved. All the evidence 
now available points strongly to the 
conclusion that the epidemic was 
caused by methylmercury compounds. 

Mercury in treated grain may enter 
the human body as a result of oral 
ingestion, inhalation, or skin contact. 
Oral ingestion would include the con- 
sumption of (i) homemade bread 
prepared from treated wheat and 
barley; (ii) meat and other animal 
products obtained from livestock given 
treated barley; (iii) vegetation grown 
from soil contaminated with mercury 
or stored in sacks that had contained 
the treated grain; (iv) game birds that 
had fed on the treated grain sown in 
the field; (v) fish caught in rivers, 
canals, and lakes into which treated 
grain had been dumped by the farmers; 
and (vi) maternal milk by suckling 
infants of exposed mothers. Inhalation 
and skin contact may have been 
important in instances where dusts 
were generated during the grinding of 
wheat into flour or were dispersed 
during the process of sowing the grain. 
For example, it was noted that farmers 
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Fig. 2. Concentrations of mercury (meth- 
ylmercury, inorganic mercury, and total) 
in hair samples from two patients affected 
by methylmercury poisoning. 

had red saliva and phlegm when they 
were sowing the grain. This coloration 
probably came from the red dye that 
had been added to the wheat and 
barley to indicate that it had been 
treated with mercury. 

The consumption of homemade 
bread prepared from treated grain 
appears to have been the predominant 
cause of mercury poisoning in this epi- 
demic. Fifty-eight people gave sufficient 
information on their intake of con- 
taminated bread to allow estimation of 
the total dose of mercury ingested. 

The correlation coefficient between 
the amount of mercury ingested from 
bread and the concentration of mercury 
in the blood was 0.85 for people over 
16 years of age and 0.89 for people 
aged 10 to 15 years. The concentration 
of mercury in treated wheat and in 
flour prepared from treated grain 
greatly exceeded concentrations of 
mercury found in other foodstuffs. The 
mercury concentration in samples of 
vegetables and dairy products was 
below 0.05 jAg/g. Most meat samples 
contained around 0.2 /tg/g (wet 
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Fig. 3. The incidence of hospital admis- 
sions per 1000 rural population according 
to sex and age (19). 

weight). For example, of 261 sheep 
killed at the end of February in the 
vicinity of Baghdad, 97 percent had 
mercury concentrations in the kidney 
tissue of less than 1 /jg/g (wet weight), 
and 75 percent had concentrations of 
less than 0.2 utg/g (7). That homemade 
bread was the source of the mercury 
poisoning is supported by the finding 
that all recorded cases of poisoning 
occurred in the rural districts, in 
families who made their own bread. 
Not a single case of poisoning was 
recorded in major cities where bread 
is prepared commercially from govern- 
ment-inspected flour supplies. 

Extent of the Epidemic Based 

on Hospital Admissions 

Epidemiologic estimations of the 
total number of individuals poisoned, 
as well as age-, sex- and pregnancy- 
specific case-fatality ratios, are not 
possible with the currently available 
data, which comprise numbers of 
patients admitted to regional hospitals. 

Approximately 90 percent of the 
cases that were hospitalized were 
admitted during January and February 
1972. Methylmercury poisoning oc- 
curred widely throughout the country 
(Table 1 and Fig. 1) in all provinces 
that received mercury-treated grain. All 
poisonings occurred in rural districts, 
usually in household (extended family) 
groups. Within each province, local 
frequencies of hospitalization varied in 
villages and settlements, ranging as 
high as 10 percent of the population 
of some communities. The largest 
numbers of individuals admitted to 
hospitals were in the provinces of 
Babylon, Diala, and Waset, near 
Baghdad; Qadissiya and Muthanna, to 
the south; and Kirkuk and Ninevah, 
to the north (Table 1). The highest 
frequencies of hospital admissions (per 
1000 rural population) were in the 
provinces of Muthanna, 7.6; Qadis- 
siya, 5.0; Babylon, 3.8; Waset, 3.0; and 
Kirkuk, 3.4 (Fig. 1). The lowest fre- 
quency was in the northeastern prov- 
ince of Sulaimaniya, 0.015. There was 
no correlation between the total ad- 
missions per province or admissions per 
1000 rural population and the amount 
of treated wheat and barley distributed 
in each province (Table 1). 

Males and females of all ages were 
affected, from infants under 1 year of 
age to elderly people (Table 2). Of 
the hospitalized patients, 52 percent 
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were female and 48 percent were male. 
The largest subgroup consisted of 
individuals between 1 and 9 years of 
age-34 percent of all cases. 

When hospital admissions specific 
for age are plotted as number per 1000 
rural population, frequency differences 
between age groups become much 
smaller (Fig. 3). The admissions 
frequency of the 0- to 1-year group 
is much lower than the other groups. 
Approximately one-half the children in 
this age group would have been born 
prior to the onset of the epidemic. 
Their chief, if not sole, source of 
methylmercury would have been ma- 
ternal milk. The admissions frequency 
of affected pregnant females was re- 
markably low. One would expect to 
find approximately 150 pregnant fe- 
males with diagnosable poisoning in 
the 6350 cases admitted to hospitals, 
yet only 31 such females were reported 
(Table 2; 8). The frequency of preg- 
nant females was also low when com- 
puted on the basis of the rural popu- 
lation (Fig. 3). 

The data on fatalities in patients 
should not be regarded as applicable 
to the general population-at least un- 
til the results of retrospective studies 
become available. The case fatality ratio 
in 31 hospitalized pregnant females 
was 45 percent. Hospitalized pregnant 
females in the 20- to 30-year age 
group experienced a much higher mor- 
tality (70 percent) than those above 30 
years (10.7 percent). The implication 
of a high case fatality ratio among 
pregnant women may be incorrect be- 
cause of the possibility that seriously 
ill pregnant females were selected for 
hospitalization. Hospital admission 
practices may also limit interpretation 
of the similar fatality ratios in males 
and nonpregnant females and of the 
finding that the fatality ratio in the 40- 

to 50-year-old males was lower than 
both the next older group and the 1- to 
5- and 5- to 10-year age groups. 

Unfortunately, death rates specific 
for age and sex are not available for 
the rural population and therefore can- 
not be compared with similar data for 
death rates due to methylmercury 
poisoning. Furthermore, members of 
the rural population do not know 
their ages precisely in years. The ages 
recorded in Table 2 represent the best 
estimates by attending physicians. The 
error in age estimation may account for 
the fact that no pregnant females were 
reported in the under-20 age group. 

Mercury in Plasma, Urine, Milk, 
and Other Body Fluids 

All samples of whole blood were 
analyzed for their mercury content. 
Organic mercury is defined as the dif- 
ference between the total amount of 
mercury and the amount of inorganic 
mercury, as determined by selective 
atomic absorption analysis (6). When 
samples of other biological fluids were 
collected, a sample of blood was also 
taken at the same time. The results 
(Table 3) show that most of the mer- 
cury in whole blood is in the organic 
form and is located in the red blood 
cells. Plasma, milk, urine, cerebro- 
spinal fluid, and amniotic fluid differ 
from whole blood in that the concen- 
tration of total mercury was much 
lower and that the proportion of in- 
organic mercury was higher. The total 
amounts of mercury in plasma and 
milk correlated closely with the cor- 
responding amounts in blood. The total 
amount of mercury in urine gives a 
poor indication of the amount in blood; 
the correlation coefficient between 
urine and blood was less than 0.1. 

Clearance of Methylmercury 
from Blood 

Untreated cases. To estimate pre- 
cisely the rate at which mercury is 
cleared from the blood, studies will 
have to be conducted for at least 1 
year. Data already obtained indicate 
that the rate of clearance of mercury 
from the blood varies markedly in 
different individuals. When the loga- 
rithm of the concentration of the total 
mercury in blood was plotted against 
time, the points could be fitted by a 
single straight line calculated by linear 
regression analysis. Data for two repre- 
sentative cases are presented in Fig. 
4A. In one case, the initial mercury 
concentration was reduced by one-half 
in 65 days; in the other case the "half- 
time of clearance" was 105 days. Sixteen 
cases were studied in hospital over a 
period ranging from 35 to 180 days. 
The mean half-time of clearance was 
65 days and the range of individual 
values was from 40 to 105 days. The 
concentrations of mercury in the first 
samples of blood collected were in the 
range of 1100 to 3700 nanograms per 
milliliter. 

The marked variability in half-times 
of clearance indicates that individuals 
face different degrees of hazard from 
methylmercury; those having the long- 
est clearance half-times will retain 
higher mercury concentrations for 
longer periods and probably face the 
greatest hazard. From the point of 
view of planning epidemiological stud- 
ies of the exposed population'in Iraq, 
the variation in half-times of clearance 
will be a problem. Large errors may 
result if an average half-time is used 
to extrapolate mercury concentrations 
in blood back to the time of consump- 
tion of contaminated bread. Analyses 
of hair samples, as shown in Fig. 1, 

Table 2. Distribution of cases of poisoning admitted to hospitals, and of deaths caused by poisoning, according to age and sex. 

Number of cases admitted 

Age Males Nonpregnant females Pregnant females Total affected 
(years) 

(yeFat) Fatal- Cases Fatal- Case* Fatal- CaseFatal- Case* ases ities fatality ases ities fatality ases ities fatality 
ases ities fatality 

< 1 8 0 0.0 2 0 0.0 0 0 0.0 10 0 0.0 
1-4 383 33 8.6 378 36 9.5 0 0 0.0 761 69 9.1 
5-9 736 63 8.6 734 58 7.9 0 0 0.0 1470 121 8.2 

10-19 606 45 7.4 650 55 8.5 0 0 0.0 1256 100 8.0 
20-29 380 18 4.7 520 43 8.3 17 12 70.5 917 73 8.0 
30-39 416 15 3.6 483 25 5.2 12 2 16.7 913 42 4.6 
40-49 240 7 2.9 268 17 6.3 2 0 0.0 510 24 4.7 
50-59 164 13 7.9 146 12 8.2 0 0 0.0 310 25 8.1 
60+ 211 3 1.4 172 2 1.2 0 0 0.0 383 5 1.3 

Total 3144 197 3353 248 31 14 6530 459 
Average mortality (%) 6.3 7.4 45.0 7.0 

* (Fatalities/cases) X 100. 
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give a more accurate recapitulation of 
exposure and therefore will be of much 
greater importance in epidemiological 
studies. However, hair samples of ade- 
quate length are not always available 
from males. 

The linear regression lines in Fig. 
4A were drawn to give the best fit to 
all the points. However, the points in 
Fig. 4A suggest that the concentration 
of mercury decreased at a lower rate 
during the first 20 days than subse- 
quently. These two cases were under 
observation from the beginning of 
March. The mercury concentrations in 
the blood of nine other cases sampled 
in March did not exhibit statistically 
significant changes during the first 20 
days. A careful study will be made to 
see if these apparently steady concen- 
trations of mercury in blood samples 
obtained in March represent a real 
phenomenon or an artifact of fluctua- 
tions in sampling or measurement. 

Cases treated with mercury-binding 
agents. Several mercury-binding com- 
pounds were administered to patients 
in order to enhance the excretion of 
mercury. This was done in an effort 
to prevent any further deterioration of 
their condition and to improve their 
chances of recovery. The following 
compounds were administered: D-peni- 
cillamine, N-acetyl-DL-penicillamine, 
and a thiol resin (9). 2,3-Dimercapto- 
propanol (BAL), which is commonly 
administered in cases of inorganic mer- 
cury poisoning, was not used because 
previous reports indicated that BAL is 
ineffective in cases of methylmercury 
poisoning and increases the concentra- 
tion of mercury in the brain of animals 
dosed with methylmercuric compounds 
(10). 

The effects of the penicillamines and 
the thiol resin on the total amount of 
mercury in the blood are indicated in 
Fig. 4, B-D. There was considerable 
variation in the response of different 
individuals to mercury-binding com- 
pounds. For some individuals the mer- 
cury concentration was dramatically 
reduced during treatment (see Fig. 4); 
but for others the reduction was much 
less. More data must be obtained be- 
fore the efficacy of the various com- 
pounds tested can be compared. 

Data from the cases that responded 
to treatment with the penicillamines 
enable us to draw the following con- 
clusions. First, a second series of doses 
was less effective in reducing the mer- 
cury concentration in the blood than 
the first series, when the daily dosage 
was the same. Second, in the initial 1 
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Table 3. Total amounts of mercury in samples of biological fluids compared with heparinized 
whole blood obtained from patients with methylmercury poisoning. 

B ialuTotal Hg ?Correlation Inorganic Hg 
Biological fluid N (% of whole with blood* (% of total) blood) 

Blood 224 100 1.0 7 
Plasma 14 18 0.8 22 
Milk 44 5 0.9 39 
Urine 21 6 0.1 73 
Cerebrospinal 5 6 
Amniotic 1 2 

* Correlation coefficient with that of whole blood. 

to 3 days following the start of a series 
of doses the mercury concentration 
increased before a significant decline 
was observed. This was probably due 
to the mobilization of mercury from 
tissues to the blood at a rate more 
rapid than that at which mercury was 
excreted in urine and feces. The peaks 
in mercury concentrations that occurred 
when N-acetyl-DL-penicillamine was 
administered are shown in Fig. 4D. 
When D-penicillamine was used (Fig. 
4C) samples were not collected during 
the first few days after the start of the 
first series of doses. Third, the dose of 
penicillamines normally used in the 
treatment of inorganic mercury poison- 
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Fig. 4. The clearance of mercury from 
blood. (A) Control patients not treated 
with mercury-binding agents. Filled circles, 
a 10-year-old boy, 28 kg body weight; 
open circles, a 6-year-old boy, 20 kg. 
(B-D) Patients treated with mercury-bind- 
ing agents. The hatched areas indicate the 
treatment period. (B) Treatment with thiol 
resin. During the first treatment period, 
40 mg/kg was administered once each 
day; during the second treatment pe- 
riod, the amount given was 160 mg/kg 
per day. The patient was a 13-year-old 
girl, 28 kg body weight. (C) Treatment 
with D-penicillamine. The dosage during 
both treatment periods was 40 mg/kg 
per day. The patient was a 4-year-old boy, 
16 kg body weight. (D) Treatment with 
N-acetyl DL-penicillamine. The dosage 
during both treatment periods was 40 
mg/kg per day. The patient was a 5- 
year-old girl, 18 kg body weight. 

ing, 1 g/day, was either ineffective or 
elicited much smaller reductions in 
mercury concentrations than the dose 
of 2 g/day used in the cases described 
in Fig. 4, C and D. 

This is the first study in which the 
thiol resin has been administered to 
human beings. Other studies had 
shown the resin to be highly effective 
in enhancing the elimination of methyl- 
mercury compounds from experimental 
animals (9). In view of the fact that 
the thiol resin is insoluble, it is not 
absorbed through the intestinal wall 
and can therefore be administered 
orally. The resin binds the methyl- 
mercury that is secreted into the 
gastrointestinal tract with the bile and 
other fluids and thus enhances the 
fecal excretion of methylmercury by 
preventing its reabsorption. Thus, the 
resin has two potential advantages over 
the diffusible complexing agents that 
are distributed systemically. First, when 
administered orally it does not result in 
redistribution of mercury in the body. 
Second, it is much less likely to have 
adverse (toxic) effects than the sulf- 
hydryl agents that enter the blood- 
stream. In fact, no adverse effects were 
observed with any of the agents tested 
in this study. However, the maximum 
dose of D-penicillamine is limited by 
the risk of adverse side effects and for 
this reason neither of the penicillamines 
were administered at doses in excess of 
2 g/day in the adult. The resin was 
given to adults at doses of up to 8 
g/day, which is equivalent in sulf- 
hydryl content to the penicillamine 
dose. 

In treating patients with the com- 
plexing agents and the thiol resin we 
followed the procedures adopted for 
the treatment of inorganic mercury 
intoxication. Periods of treatment were 
interspersed with periods without treat- 
ment (Fig. 4, B-D). However, our 
results indicate that it might be prefer- 
able to treat continuously until the 
concentration of mercury in the blood 
has decreased to an acceptable level. 
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Clinical Manifestations 

The predominant symptoms of 
poisoning in this epidemic closely re- 
sembled those previously described in 
other outbreaks of methylmercury 
poisoning (la, 2). Because bread con- 
taining methylmercury was consumed 
for a relatively short period of time, 
the first symptoms, usually numbness 
in the extremities and in the perioral 
areas (paresthesia), did not usually 
appear until sometime after consump- 
tion of the bread had stopped. The 
mean latent periods (listed in Table 4 
according to mercury concentrations in 
the blood) ranged from 16 to 38 days. 
In a few cases the cessation of con- 
sumption of the contaminated bread 
coincided with the onset of symptoms, 
whereas in others the latent period ex- 
tended to 60 days. 

The severity of the signs and symp- 
toms was dose-dependent. Thus some 
people consuming contaminated bread 
over a short period of time exhibited 
only paresthesia. People consuming 
the bread for longer periods had other 
clinical manifestations. The severity of 
ataxia ranged from a slight unsteadiness 
in gait to such gross incoordination 
that the patient could not walk. Visual 
effects included blurred vision and con- 
striction of the visual field, leading to 
blindness in the severe cases. Slurred 
speech and hearing difficulties became 
manifest in patients with higher mer- 
cury concentrations in the blood (Table 
4). Fatalities resulted from apparent 
failure of the central nervous system. 
Involvement of the cardiovascular, 
gastrointestinal, and urinary system 
was rare. 

The severely poisoned patients died, 
irrespective of the medical treatment 
they received. Many of the surviving 
patients started to improve gradually 
2 or 3 months after they stopped eating 

contaminated bread. Some patients that 
had become bedridden slowly recov- 
ered the ability to walk, but remained 
ataxic. One patient who was blind now 
responds to light. Paresthesia was the 
most persistent symptom. Although the 
blood of some of the patients treated 
with the penicillamines and thiol resin 
exhibited a significant decrease in mer- 
cury concentration, these patients did 
not show an accompanying dramatic 
improvement in other signs and symp- 
toms. Careful follow-up comparisons 
of treated and untreated patients are 
now in progress. Since these observa- 
tions were made on less than 200 pa- 
tients and for only about 4 months, it 
is too early to draw positive conclu- 
sions about the ultimate extent of 
functional recovery. 

Dose-Response Relationships 

The more common symptoms of 
methylmercury poisoning reported at 
the time of the first clinical examina- 
tion are shown in Table 4. Certain 
other symptoms, such as muscular 
pains and headache, did not correlate 
with the mercury concentrations in the 
blood. More details on this aspect of 
methylmercury poisoning will be pro- 
vided in a later report. Some of the 
patients having mercury concentrations 
in excess of 4000 ng/ml were so se- 
verely affected that the recording of 
symptoms such as paresthesia, muscu- 
lar pains, and headache was impossi- 
ble. At mercury concentrations of 1 to 
100 ng/ml the symptoms are probably 
caused by factors other than mercury. 

The data reported in Table 4 give a 
cross-sectional view of the course of 
the epidemic. Ninety percent of the 
blood samples and case reports were 
obtained between the 1st week in 
March and the 3rd week in April. The 

concentrations of mercury in the blood 
must have increased sharply during in- 
gestion of contaminated bread as shown 
by changes in the amount of mercury 
in hair (Fig. 2). The concentration in 
the blood attained a peak value at, or 
sometime after, the cessation of in- 
gestion of methylmercury and then 
declined. The time at which the blood 
samples used to categorize the cases in 
Table 4 were collected corresponds ap- 
proximately to an average of 65 days 
after cessation of ingestion of mercury. 
If the first blood sample was taken 
more than 90 days after cessation of 
ingestion, the mercury concentration 
was corrected to an estimated value at 
65 days, the half-time of clearance 
being assumed to be 70 days. Correc- 
tion to times earlier than 65 days after 
cessation of ingestion was not attempted 
because the pattern of mercury clear- 
ance from blood was not established 
for this period. The sequential analysis 
of hair samples from these patients 
should help resolve this problem. 

For the reason already discussed, 
the mercury concentrations listed in 
Table 4, because they apply to a time 
after exposure had ceased, cannot be 
compared to the concentrations asso- 
ciated with the onset of symptoms as 
reported for the Japanese epidemics of 
methylmercury poisoning (la). How- 
ever, comparison with previous epi- 
demics is possible if we use the concen- 
trations in Table 4 to estimate the total 
ingested dose of methylmercury, and 
from this calculate the amount of 
methylmercury in the body (the body 
burden) at the time of the onset of 
symptoms. 

The total amount of mercury ingested 
by each individual would be deter- 
mined by the number of homemade 
loaves consumed per day, the number 
of days the contaminated bread was 
consumed, and the concentration of 

Table 4. The frequency of symptoms of methylmercury poisoning according to the concentration of mercury in the blood and the estimated 
total amounts of mercury ingested. The data were obtained from 93 cases admitted to hospitals and from additional individuals examined 
at home and living in the same rural districts as the normal residences of the hospital patients. The data in this table are only from indi- 
viduals above 9 years of age. The clinicians were not aware of the mercury concentrations of the blood when they examined the patients. 
Numbers in parentheses represent numbers of patients in which particular symptoms could be examined. 

Concentration Mean Mean Mean time Cases with symptoms ( 
of mercury in period of latent at which Cases 

samples blood ingestion period Visual He(No.) 
(ng/ml) (days) (days) ob ed Paresthesia Ataxia Dysarthria defects Death 

0-100 43 9.5 5 0 5 0 0 21 
101-500 43 5 0 0 5 0 0 19 
501-1000 43 16 115 42 11 21 5 5 0 19 

1001-2000 41 18 96 60 47 53 24 0 0 17 
2001-3000 55 26 33 79 60 56 25 12.5 0 25 
3001-4000 58 32 30 82 100 58 75 36 17 17 
4001-5000 68 38 20 100 (4) 100 83 (6) 85 66 (6) 28 7 

* Days after onset of symptoms, 
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methylmercury compounds in the 
bread. Information on the first two 
points was obtained by questioning 
persons who consumed the contami- 
nated bread. Unfortunately, samples of 
the contaminated bread were not avail- 
able for analysis so that the amount of 
mercury that they contained had to be 
estimated from the mean concentration 
of methylmercury in samples of flour 
prepared from treated wheat. The 
loaves of unleavened bread are made 
in a similar fashion by all the farming 
families. The loaves average 200 g and 
contain 30 percent moisture (11). 
Thus, the average concentration of 
mercury in flour, 9 /jg/g, would lead 
to a mercury content of 1.4 mg per 
loaf. Some families washed the treated 
wheat before preparation of the bread; 
others prepared bread from mixtures 
of treated and untreated wheat. How- 
ever, 58 individuals from the group of 
patients described in Table 4 gave suf- 
ficiently detailed information to allow 
estimation of the total amount of mer- 
cury ingested. In Fig. 5 the estimated 
total intakes of mercury are plotted 
against the concentrations of mercury 
in the earliest blood samples collected 
-the same blood samples as were used 
in Table 4. The patients were divided 
into two groups according to age. 

The slopes of the solid lines com- 
puted by least squares linear regression 
analysis for the two age groups differ 
significantly (P < .05), indicating that 
a given dose of methylmercury will 
lead to higher mercury concentrations 
in blood from the younger group. Dif- 
ferences in body weight between the 
two groups are presumed to be an im- 
portant factor. For 1 mg of mercury 
ingested, the concentration of mercury 
in the blood was 17 ng/ml for the 
younger group and 9 ng/ml for the 
older group; the average body weights 
were 31 and 51 kilograms, respectively. 
The linear regressional lines may be 
compared in Fig. 5 with the broken 
lines computed from the relationship 
between the mercury concentration in 
the blood and the body burden of 
methylmercury based on experiments 
with a radioactive tracer as reported by 
Miettinen (12). 

The slopes of the solid and broken 
lines do not differ significantly accord- 
ing to the t-statistic (P > .05). If this 
difference is real, it may be due either 
to differences in conditions of exposure 
between the Iraqi patients and the 
volunteers given labeled methylmercury 
or to underestimations of dose in Iraq, 
or to both causes. Underestimations of 
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dose may also explain the positive 
intercepts on the ordinate made by the 
regression line: 140 ng of mercury per 
milliliter of blood in Fig. 5A, and 240 
ng/ml in Fig. 5B. However, these inter- 
cepts are not significantly different 
from zero (P > .05). 

A dose could be underestimated as a 
result of a patient's recollecting incor- 
rectly the times of ingestion of con- 
taminated bread. A recapitulation of 
exposure by sequential analysis of hair 
samples as illustrated in Fig. 1 should 
give an independent test. We have com- 
pared the reports of 14 patients with 
results of analyses of hair samples. The 
average duration of exposure, according 
to the patients' report, was 48 days and 
that computed from analysis of hair 
samples for the same patients was 66 
days (13). Thus, we cannot exclude the 
possibility that the amounts of methyl- 
mercury consumed by the patients in 
Iraq have been underestimated. For 
example, the ingested dose of methyl- 
mercury was assumed to come entirely 
from the consumption of bread. The 
figure of 1.4 mg of mercury per loaf 
may be in error because this is based 
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on mercury concentrations in flour and 
on assumed weights and water content 
of the loaves. Some individuals may 
have been exposed to other sources of 
methylmercury besides bread. Further- 
more, patients visiting other households 
may have unwittingly consumed con- 
taminated bread. 

The true relationship between the 
concentration of mercury in the blood 
and the ingested dose may lie between 
the reported regression lines and the 
lines calculated from Miettinen's data. 
Consequently, we used both lines to 
estimate the cumulative dose of methyl- 
mercury from the mercury concentra- 
tions listed in Table 4 (14). From the 
information obtained from each patient 
on the period of consumption of con- 
taminated bread and on the length of 
the latency period, it is possible to esti- 
mate the amount of methylmercury in 
the body at the time the patient stopped 
eating contaminated bread and at the 
time of the onset of symptoms (15). The 
logarithms of these values are plotted 
against the frequency of signs and 
symptoms in Fig. 6. Two scales are 
used on the abscissa corresponding to 

Fig. 5 (left). The relationship between the 
concentration of the total amount of mer- 40 / 
cury in the blood and the estimated total / / 
amount of mercury ingested from con- 
taminated bread. The solid line was drawn / / f 
from linear regression analysis. The 
dotted line is the predicted concentration 0 
in the blood estimated from data pub- 4 10 25 50 100 200 
lished by Miettinen (12) on 15 volun- I- . . 
teers given a single oral dose of labeled 6 16 40 78 156 312 
methylmercury. (A) Patients aged 10 to Estimated body burden of mercury 
15 years. (B) Patients more than 18 years (mg) 
of age. Fig. 6 (right). The relationship between frequency of signs and symptoms 
and the estimated body burden of methylmercury; (A) at the time of onset of symp- 
toms; (B) at the time of cessation of ingestion of methylmercury in bread. Both 
scales on the abscissa are for body burdens of methylmercury calculated from the 
concentrations of mercury in the blood that are shown in Table 4 [see (15)]. For the 
top scale, use was made of the observed relationship between the mercury concentra- 
tion in blood and the ingested dose as determined by linear regression analysis of the 
data in Fig. 5 (14). The bottom scale was estimated from the relationship between 
the mercury concentration in blood and the ingested dose as reported by Miettinen 
(12). 
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the two methods of estimation of the 

body burden of methylmercury. The 

upper scale refers to values of the 

body burden estimated from linear 
regression analysis of the data in Fig. 5, 
the lower scale to the values of the 
body burden estimated by use of Miet- 
tinen's relationship between the mercury 
concentration in the blood and the 
amount of mercury ingested. 

The graph for each of the symptoms 
has the same general shape (Fig. 6). At 
the lower body burden of methylmer- 
cury, the line is horizontal. At the 

higher body burden, the points are 
related by a line of much steeper slope. 
The point at which the horizontal line 
intersects the sloping line represents the 
"threshold" body burden of methylmer- 
cury at which the sign or symptoms be- 
come detectable. Each symptom has a 
characteristic threshold body burden. 
These threshold values do not differ 

appreciably whether one plots the body 
burden at the time of onset of symp- 
toms (Fig. 6A) or at the time of cessa- 
tion of ingestion (Fig. 6B). 

The lowest threshold body burden 
calculated from the linear regression 
line occurred when approximately 25 

mg of mercury was present as methyl- 
mercury, and was associated with the 
onset of paresthesia. The thresholds for 

ataxia, dysarthria, deafness, and death 
were, respectively, 55, 90, 170, and 200 

mg of mercury (Fig. 6A). When cal- 
culated from Miettinen's data the 
threshold body burden associated with 
the onset of paresthesia was approxi- 
mately 40 mg of mercury present as 

methylmercury. 
The validity of these estimated 

threshold values is limited by the fact 
that all the symptoms for which graphs 
were made (Fig. 6) occurred at a fre- 

quency between 0 and 10 percent, even 
when the concentrations of mercury in 
the blood were lowest. These back- 

ground frequencies may represent the 
occurrence of such symptoms in the 

general rural population not exposed to 

mercury, or they may be due to error 
in diagnosis or, in the case of the 

reported symptoms, to inaccurate state- 
ments by the patient. It should be noted 
that many of the residents in the rural 
districts became aware of the symptoms 
of methylmercury poisoning, and the 

knowledge may have influenced their 
answers when describing symptoms to 
the clinician. Consequently, the calcu- 
lated threshold body burdens refer to 
the onset of signs and symptoms over 
and above the background level of 5 to 
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10 percent. This is the limit of sensi- 

tivity of detection under the conditions 
of the study. Nevertheless, the threshold 
value of 25 to 40 mg of mercury as 

computed for paresthesia agrees re- 

markably well with the threshold figure 
of 30 mg of mercury computed by the 
Swedish Expert Committee from data 
on the Japanese epidemics (la). 

It is possible that, as the results of 
more neurological tests become avail- 

able, effects of methylmercury poisoning 
may be detected at lower body bur- 
dens. However, electrophysiological in- 

vestigations (16) conducted 7 to 8 
months after cessation of methylmer- 
cury intake on patients with mercury 
concentrations of 800 ng/ml or more 
in the blood could not record any ab- 
normalities in sensory thresholds, sen- 
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Fig. 7. The relationship between concen- 
trations of organic mercury in the blood 
of infants and in maternal milk and the 
concentration of organic mercury in sam- 
ples of maternal blood. Organic mercury 
is defined as the difference between total 
and inorganic mercury as determined by 
selective atomic absorption analysis (6). 
(A) Blood samples from infants that were 
born during and after the epidemic and 
were thus exposed to methylmercury in 
utero and in maternal milk. (B) Blood 
samples from infants that were born prior 
to the epidemic and were thus exposed 
only to methylmercury in maternal milk. 
(C) Samples of maternal milk collected 
at intervals between April and July 1972. 
The number adacent t t the points in A 
and B indicate the age of the infant in 
months at the time of sampling. The 
dotted lines in A and B are lines of equal- 
ity. The line in C is the linear regression 
line calculated from the mercury concen- 
trations in maternal blood that were be- 
low 2500 ng/ml. 

sory latencies, sensory conduction veloc- 
ities, H-reflex conduction times, motor 
conduction velocities, or the electrical 
activity of the biceps and triceps mus- 
cles during rest, passive stretch, or con- 
traction. In two of the 14 patients 
examined, myoneural transmission fail- 
ure similar to that recorded in myasthe- 
nia gravis was detected. This failure re- 
sponded to prostigmine administration, 
but the significance of this observation 
in cases of methylmercury poisoning is 
uncertain. 

Methylmercury in the Fetus 

and Infant 

Our observations indicate that haz- 
ardous amounts of methylmercury can 
enter the fetus in utero, as well as the 
infant that consumes milk of a mother 
who has eaten contaminated bread. A 
total of 43 paired samples of maternal 
blood and milk were collected from 20 
lactating mothers (17). The concentra- 
tion of organic mercury in milk was 
proportional to the concentration of or- 
ganic mercury in maternal blood up 
to concentrations of 2500 ng/ml (Fig. 
7C). The concentrations in milk aver- 
aged 3 percent of the mean concentra- 
tions in blood. Only two lactating moth- 
ers had mercury concentrations in the 
blood that were above 2200 ng/ml. 
The concentration of organic mercury 
in milk was between 5 and 6 percent of 
the corresponding concentration in the 
maternal blood in these two cases. 
More samples will have to be analyzed 
to determine whether the ratio of the 

mercury concentration in milk to the 
concentration in blood changes signif- 
icantly when the blood contains mercury 
in concentrations above 2000 ng/ml. 

Paired maternal and infant blood 

samples were collected from 11 cases 
where the infant had been born prior 
to the epidemic and had thus been 

exposed only to methylmercury in 
maternal milk (Fig. 7B). The mercury 
concentration in the blood of each in- 
fant was either equal to or lower than 
that of its mother. The blood of eight 
infants had attained organic mercury 
concentrations above 500 ng/ml and 
three had concentrations above 1000 

ng/ml. No signs of poisoning have yet 
been reported in these infants, but 
these concentrations must be regarded 
as hazardous in terms of the relation- 

ship between blood concentrations and 

symptoms as reported in Table 4. The 

ages of the infants exposed solely via 
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maternal milk range from 9 to 18 
months. 

Infants born during and after the 
period when the mother was consum- 
ing contaminated bread could have ac- 
quired methylmercury in utero or 
from maternal milk, or from both 
(Fig. 7A). This goup differed from those 
whose only source of methylmercury 
was maternal milk in having organic 
mercury concentrations in the blood 
that were usually greater than the 
maternal concentrations. Only 1 in- 
fant in 11 had a lower mercury con- 
centration, 4 had approximately the 
same concentration as the mother, and 
6 had concentrations substantially 
higher. The blood of one newborn child 
had a mercury concentration approxi- 
mately three times that of its mother 
(18). The mother had ingested contam- 
inated bread during the first 2 months 
of pregnancy. The three infants with 
the highest mercury concentrations in 
the blood '(all in excess of 2500 ng/ml) 
were only 2 months old, so that mer- 
cury from milk must have made a 
relatively small contribution to the 
mercury content of their blood. Several 
of these infants had signs of severe 
brain damage. 

Our data are consistent with the con- 
clusion that methylmercury readily 
crosses from mother to fetus, that the 
methylmercury concentration in the 
blood of the newborn is equal to, if 
not higher than, that in the mother, 
and that intake of contaminated mater- 
nal milk after exposure in utero counter- 
acts the decline in concentration caused 
by excretion and growth. Undoubtedly, 
infants exposed to poisoning in the 
uterus face a greater hazard than those 
exposed only to contaminated milk. 
The latter group may face a significant 
hazard depending upon the concentra- 
tion of mercury in the blood of the 
lactating mother. 

Factors Contributing to the Epidemic 

Many complex factors may have led 
to this outbreak of alkylmercury poison- 
ing. Based on interviews with patients 
and other individuals involved in the 
outbreak, the following factors seem 
to have played a significant role. 

1) Only a small fraction of the total 
amount of wheat distributed to the 
population was required to cause the 
reported 6000 cases of poisoning. The 
patients reviewed in Table 4 ingested 
between 50 and 400 mg of mercury as 
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methylmercury present in homemade 
bread. This amount of mercury would 
correspond to the ingestion of 6 to 50 
kg of wheat treated with mercury. Case 
reports from members of poisoned 
families support this calculation. These 
families used, on the average, about 
1100 kg of treated wheat to prepare 
bread. If one takes a median figure of 
five for the average size of the rural 
family '(19), each individual would have 
consumed roughly 20 kg of wheat. 
Clearly, the distribution of 73,000 
metric tons of wheat treated with 
methylmercury carries with it a great 
potential for human poisoning. 

2) The precise time of delivery of 
the treated grain to farmers is not 
known. ,However, deliveries to the 
provinces took place just prior to and 
during the normal sowing season in 
Iraq. Some farmers may have received 
the treated grain after they had planted 
their own seed grain. 

3) The latent period between dose 
and onset of symptoms, previously de- 
scribed for methylmercury intoxication, 
may have given the farmers a false 
sense of security. For example, some 
gave treated grain to their chickens 
for a period of a few days and ob- 
served no harmful effects. Human 
beings eating the contaminated bread 
did not have symptoms for weeks or 
months. By the time symptoms oc- 
curred a toxic dose had been ingested. 

4) The grain was colored with a 
brownish-red dye. The dye, but not the 
methylmercury, could be largely re- 
moved by washing, giving the farmers 
the impression that the poison had 
been removed. 

5) The effectiveness of labeling sacks 
with written and diagrammatic warn- 
ings is questionable if grain treated 
with alkylmercury compounds is to be 
distributed to a population unfamiliar 
with the language of the warning. 

6) Mercury compounds other than 
the short-chain alkyl derivatives had 
been used in previous years. 

A Perspective of Present and 

Future Studies 

Data on dose-response relationships 
(Fig. 6) indicate that the effects of 
methylmercury become detectable in the 
population studied in Iraq when individ- 
uals have accumulated a body burden 
of approximately 25 to 40 mg of 
mercury. The accumulation of this 
amount of methylmercury leads to the 

probability that approximately 1 in- 
dividual in 20 will experience symptoms 
of paresthesia. This threshold body bur- 
den is in agreement with the 30 mg of 
mercury (as methylmercury) estimated 
by the Swedish Expert Committee (la) 
but we must point out that an average 
body weight of 70 kg was assumed in 
the Swedish calculations whereas the 
threshold body burden estimated from 
Fig. 6 is based on a population with an 
average body weight of 51 kg. A 
reliable determination of this threshold 
figure is extremely important as it 
serves as a guide in judgments of 
hazardous intakes of methylmercury in 
human diet. Our result is subject to 
'modification as our studies continue. 

Our other main findings may be sum- 
marized as follows: I(i) Methylmercury 
was identified as the causative agent 
of poisoning. The consumption of 
homemade bread prepared from wheat 
treated with a methylmercury fungicide 
was the chief, if not the sole, cause of 
the epidemic. (ii) The concentration of 
methylmercury (or all the mercury) in 
'blood is the best indicator of the body 
burden in people exposed to methyl- 
mercury. Measurement of the mercury 
concentration in urine is of no value 
as a guide to the amount of mercury 
to which a person has been exposed. 
(iii) The measurement of the concen- 
tration of methylmercury in consecu- 
tive segments of hair samples is the 
best means of recapitulating the history 
of exposure. I(iv) The rate at which 
mercury is cleared from blood varies 
among individuals. (v) The clearance 
of mercury from blood may be ac- 
celerated by oral administration of 
D-penicillamine, N-acetyl-DL-penicilla- 
mine, or thiol resin. The efficacy of 
these agents differs between individuals. 
Presumably these mercury binding 
agents should be given as soon as pos- 
sible after exposure to methylmercury, 
and it might be preferable to continue 
the treatment daily until mercury in the 
blood has decreased to nonhazardous 
levels. '(vi) Methylmercury is trans- 
ferred into milk at a concentra- 
tion equal to 3 percent that of the 
blood. This amount may lead to a 
hazardous concentration in a suckling 
infant if the mercury concentration in 
the blood of the mother is high. (vii) 
The time at which the various symptoms 
of methylmercury poisoning appear is 
associated with differences in body 
burdens of mercury. In general, pares- 
thesia appears first, followed by ataxia, 
dysarthria, and hearing defects at in- 
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creasing body burdens. (viii) Some 
functional recovery takes place, starting 
about 2 or 3 months after cessation of 
ingestion of mercury. (ix) Electrophysio- 
logical measurements do not offer an 
especially sensitive means of detecting 
the onset of methylmercury poisoning. 
Rather, their usefulness may be in iden- 
tifying the nature and anatomical loca- 
tion of the lesions in the nervous sys- 
tem. 

Our studies described herein have 
raised several important questions that 
are the subject of continuing investiga- 
tions. These include the reported high 
mortality of affected pregnant females 
admitted to hospital, the degree and 
extent of functional recovery after 
methylmercury poisoning, the individual 
variation in the metabolic fate of mer- 
cury in human beings, and the response 
of human beings to this form of mer- 
cury. It is most important that studies 
of the individuals that we have already 
examined be continued. 

Human beings are believed to be 
most sensitive to methylmercury during 
the early stages of the life cycle, in- 
cluding both the prenatal and the post- 
natal periods. Three categories of fetal 
and infant poisoning can be studied in 
the Iraqi population: (i) those infants 
exposed solely to methylmercury in 
maternal milk; (ii) those exposed in 
utero and exposed to contaminated 
milk; and (iii) infants born approxi- 
mately 1 year after the epidemic who 
may have been exposed to high con- 
centrations of mercury during early 
intrauterine life. 

One problem that should be given 
immediate priority is that of identifying 
the mothers that correspond to these 
three categories. In some cases, mea- 
surements of the mercury concentration 
in blood samples will still serve as a 
means of identification, but in most 
cases the analysis of sequential hair 
samples should serve as the best indica- 
tion of exposure during pregnancy. 
Once identified, the infants that have 
been exposed to methylmercury should 
be studied for many years for signs of 
effects of such poisoning. Information 
from such a study should help in de- 
termining the lowest concentrations of 
methylmercury that can have toxic 
effects when consumed by man. 
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as nanograms) and the symbol x represents 
the total estimated dose of methylmercury 
(expressed as milligrams). 

15. The relationship between the amount of 
methylmercury ingested each day, m, and the 
amount accumulated in the body, B, is given 
by the expression: 

B (m/k) [1 --exp(- kt)] 
where k is the elimination constant and t is 
time. On cessation of ingestion the body 
burden B will decline according to the 
relationship: 

B = Bmax exp(- kt) 
where B,,, is the body burden at the time 
when ingestion of methylmercury stopped. 
The time taken for the body burden to de- 
crease by one-half, T /2, is related to the 
elimination constant by the equation 

T/2 = 0.69/ k 
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The derivation of these equations and their 
application to man have been discussed in 
detail by F. Berglund and M. Berlin in 
Chemical Fallout: Current Research in Per- 
sistent Pesticides, M. W. Miller and G. G. 
Berg, Eds. (Thomas, Springfield, Ill., 1969), 
pp. 258-268, and by T. W. Clarkson in 
Critical Reviews of Toxicology (Chemical 
Rubber, Cleveland, Ohio, 1972), vol. 1, 
issue 2, pp. 203-234. These equations were 
applied to estimate the body burden of methyl- 
mercury as follows: If t, is the number of 
days of ingestion of contaminated bread, the 
daily intake, m, is related to the total dose, 
D, by the expression: 

m = D/t- 
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and the body burden, Bmax, at the end of 
ingestion will be 

Bmax = (D/ktl) [1 - exp(- kt2) 
where t, is the latent period in days. The 
value of k was calculated from the pub- 
lished value of T1/2 (76 days) from Miettinen's 
data from 15 volunteers. The values of t, 
and t, were obtained from interviews with the 
patients and are listed in Table 4. The value 
of D was estimated from the concentration 
of mercury in the patient's blood by means 
of (i) linear regression analysis of the data 
in Fig. 5, A and B [see (14)]; (ii) Miettinen's 
data [see (12)]. 

16. R. Von Burg and H. Rustam, unpublished 
data. 
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16. R. Von Burg and H. Rustam, unpublished 
data. 

17. L. Amin-Zaki, S. Elhassani, M. A. Majaed, 
unpublished data. 

18. It should be noted that concentrations of 
mercury in maternal and infant blood have 
not been corrected for hematocrit differences. 
It is known that in the rural population of 
Iraq the hematocrit of the newborn infant may 
be twice that of its mother. These differences 
in hematocrits may be of importance be- 
cause of the observation that the ratio of 
human red blood cells to the concentration 
of methylmercury in the plasma is approxi- 
mately 9: 1. 

19. Population statistics were obtained from 
Annual Abstract of Statistics (Central Sta- 
tistical Organization, Ministry of Planning, 
Iraq. 1970). 
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In recent years, the growth of funds 
for the support of the National Insti- 
tutes of Health (NIH) extramural re- 
search projects has slowed, and there 
was actually a slight decline in funds 
appropriated for research in fiscal year 
1970. Increases in funding during fiscal 
years 1971 and 1972, up substantially 
from the 1970 level, indicated a re- 
sumption of the slower pace of growth 
extending approximately from 1966 to 
1972. Such a situation has caused some 
concern in the biomedical community 
as to whether recently graduated but 
well-qualified scientists, not previously 
established as principal investigators, 
could compete successfully for new re- 
search grants. In view of this, the test- 
ing of the assumption that "new blood" 
is continually being infused into the 
population of investigators being sup- 
ported becomes especially important. 
Consequently we have undertaken an 
analysis of the rate at which new 
investigators are gaining their research 
support from the NIH through the 
traditional research project grant mech- 
anism. During periods of little or no 
growth, it is still possible for new in- 
vestigators to receive support from 
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NIH each year because of the turn- 
over in the research grant system and 
the resulting availability of money to 
fund competing applications. 

Each fiscal year there are three re- 
view cycles, in which new and compet- 
ing renewal research grant applications 
are evaluated-first by the study sec- 
tions, for scientific merit, and then by 
the National Advisory Councils, for 
policy consideration and relevance to 
the mission of a particular national in- 
stitute. Approximately 70 percent of 
the grants awarded each year are non- 
competing continuations, which are re- 
garded as moral commitments since 
they represent the second, third, or 
further additional year of a project ap- 
proved for a period of more than 1 
year of grant support. These grants are 
classed as "noncompeting" and are 
funded without being resubmitted for 
competitive review because they fall 
within the approved project period. At 
the end of the project period, averaging 
about 3 years, the investigator may 
apply for a renewal of his research 
grant by submitting an application that 
will reenter the competition. Thus, both 
new and renewal applications are in 
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competition for funds remaining from 
payment of noncompeting grant awards. 

A detailed analysis (1) of NIH extra- 
mural programs from, 1960 to 1970 
provides background for understanding 
variations in the NIH growth pattern. 
Although the amount of support in 
dollars steadily increased, there was a 
decline in total number of projects 
supported during the latter half of the 
decade. The reason for the decline in 
the total number of research projects 
is related to such factors as inflation; 
increasing commitments to large bio- 
medical research complexes, called 
"centers"; increasing technological com- 
plexity, which increases the cost of re- 
search; increased indirect costs; and 
increasing levels of personnel costs in 
research grant budgets. All of these 
factors influence the level at which 
NIH can support new projects in sci- 
entifically and programmatically meri- 
torious areas of research and, conse- 
quently, the rate at which well-trained 
scientists may enter the system and 
assume major responsibility for their 
own research. Moss (2) in a study of 
the applications presented to the June 
1971 meeting of the National Advisory 
Heart and Lung Council, found that 
the applications of young scientists 
(under age 36) were approved at a 
higher rate than those of older, more 
established scientists. 

The single largest NIH extramural 
grant program, that of investigator- 
initiated research projects, has been 
funded at levels ranging from $341 to 
$427 million annually since fiscal year 
1966. Information on this program is 
shown in Table 1. The intent of our 
study was to measure the rate of entry 
of new principal investigators (PI's) 
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