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Objectives: The health effects of chronic low-dose radiation exposure remains a controversial question. Monitoring
after the Chernobyl nuclear accident in Ukraine suggested that chronic low-dose radiation exposure was not linked to
cancer mortality among the general population. However, elevated rates of birth defects in contaminated compared to
uncontaminated regions suggest that exposure to radiation in utero might impact development and that chronic radia-
tion exposure might represent an underestimated risk to human health.

Methods: We sought to determine current radiation exposure routes in Rivne-Polissia, a region of Ukraine contami-
nated by the Chernobyl accident. This represents a first step toward comprehensive studies of the effects of chronic
radiation exposure on human health. We designed and administered a dietary and activity survey to 344 women in
Polissia. We assessed types and sources of food consumed, types of outdoor activities, and alcohol intake.

Results: Alcohol intake was low and alone does not account for the observed high rates of birth defects. Wild foods,
especially mushrooms and berries, and locally produced foods, especially milk related, were major radiation exposure
routes. Additionally, women were exposed to radiation through inhalation while burning grasses and potato vines in
fields, and wood for cooking and heating.

Conclusions:Twenty four years after the Chernobyl accident, women continue to be chronically exposed to low-dose
radiation at levels exceeding current recommendations. This might contribute (especially synergistically with alcohol
consumption and micronutrient deficiencies) to higher prevalence of birth defects in areas of Ukraine with high levels
of radiation contamination compared to uncontaminated areas. Am. J. Hum. Biol. 22:667-674, 2010.  © 2010 Wiley-Liss, Inc.

The health effects of chronic low-dose radiation expo-
sure represent a continuing, controversial question in
biology and medicine (see Parfitt, 2006). Contamination
following nuclear accidents has raised public and scien-
tific concern about pathways of exposure, the time frame
of risk, and the contribution of radionuclides to population
rates of developmental disorders and cancer (Cardis,
1996). Unfortunately, most estimates of the health risks of
radiation exposure are derived from large, acute, external
doses received by adult survivors of atomic bombs in Hiro-
shima and Nagasaki (Baverstock and Williams, 2006; Far-
ilie, 2009) or during or immediately after the explosion of
the Chernobyl nuclear reactor (Ivanov et al., 2001; Miick
et al., 2002; Prohl et al., 2002). These might not be appli-
cable to low-dose, internal, chronic exposure or to poten-
tial health effects across the lifespan (especially in utero)
(Fairlie, 2009). Furthermore, those studies that have
examined health effects of chronic exposure have focused
mostly on limited pathways, such as the transfer of radia-
tion from dietary intake of milk (Lepicard and Dubreuil,
2001), mushrooms (Duff and Ramsey, 2008; Skuterud
et al., 1997), meat (Ahman, 1999; Vilic et al., 2005), and
fish (Travnikova et al., 2004). However, radiation expo-
sure occurs through a number of internal and external
pathways, and population exposure levels are expected to
vary based on dietary and activity patterns. Human biolo-
gists and biomedical anthropologists can contribute to this
body of knowledge by using the findings of studies with a
single, specific focus, as a basis for designing more holistic
studies that consider multiple pathways of exposure
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across the lifespan. Research among Chernobyl-impacted
populations represents an opportunity to understand the
health effects of an anthropogenic environmental insult
on the health of human populations within the framework
of a natural experimental model (Garruto et al., 1999; Lit-
tle and Garruto, 2007).

The explosion of the Chernobyl nuclear reactor in April
1986 resulted in the release of radionuclides into the
atmosphere over 10 days, with heavy contamination of
parts of Belarus, Russia, and Ukraine and fallout spread-
ing across parts of Europe (Chernobyl Forum, 2003-2005).
Immediate concerns were focused on Iodine 131 (*31I),
which has a half-life of 8 days and sequesters in the thyroid
gland. Before evacuation of the most heavily contaminated
areas (up to 11 days after the accident), residents were
exposed to high levels of '®!I through inhalation and
through continued consumption of milk and leafy vegeta-
bles with elevated *3!I levels. This acute exposure has been
linked to a large fraction of the more than 4,000 cases of
thyroid cancer recorded from 1986 to 2002 (Balanov, 2007).

Later concerns shifted to contamination with Cesium
134 (*3*Cs), which has a half-life of 2 years; Strontium
90 (°°Sr), which has a half-life of 8 years; and particularly
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Cesium 137 (**"Cs), which has a half-life of 30 years
(Chernobyl Forum, 2006). Countermeasures implemented
after the accident attempted to reduce the contamination
levels of foods and to limit radionuclide exposure of popu-
lations in contaminated areas (Andersson et al., 2008;
Fesenko et al., 2007; Howard et al., 2001). Today the ma-
jority of areas classified as “contaminated” are considered
by the Chernobyl Forum, a group composed of eight
United Nations organizations and scientific authorities, to
have contamination levels little more than natural back-
ground radiation levels and to be safe living areas (Bal-
anov, 2007). The lack of increased rates of solid cancers or
leukemia due to radiation exposure among the general
public tends to support conclusions that exposure to low
whole-body doses of radiation holds little risk for
increased total cancer mortality, and any increases that
might have occurred would be at a magnitude too low to
detect (Chernobyl Forum, 2003-2005; UNSCEAR, 2000).
The most agreed upon health effects of the accident
include stress and psychosocial illnesses among individu-
als living in contaminated areas, as well as effects ulti-
mately linked to a lack of economic opportunities and to
economic instability in contaminated regions (Balanov,
2007; Baverstock and Williams, 2006; Bohannon, 2005).
Teratogenic and physiological effects, however, remain
debated. Some researchers suggest risk has been exagger-
ated and that governmental secrecy after the accident
combined with years of inadequate communication
between the scientific community and the public have exa-
cerbated rumors fed by public fear of nuclear war and
radiation (Rahu, 2003; Shields, 2004). Others have sug-
gested that radionuclide release and exposure was many
orders of magnitude higher than reported or assumed,
accounting for a variety of observed health effects not
expected at lower radiation levels, such as excess infant
mortality in Germany, Poland, and the former Soviet
Union immediately after the accident and increased prev-
alence of birth anomalies reported from Central Europe
and Turkey (Nussbaum, 2007). These findings are sup-
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of a wide array of malformations in raions (counties) offi-
cially categorized as contaminated and others categorized
as not impacted (Wertelecki, 2006). These surveys
revealed an increased rate of Neural Tube Defects (NTDs)
compared to data from Europe reported by the European
Surveillance of Congenital Anomalies Organization
(EUROCAT, 2009; Yuskiv et al., 2004) (Table 1), which
was confirmed by ongoing monitoring from 2000 to 2006 of
newborns in the Rivne Oblast (Wertelecki and Yevtushok,
2008).

The elevated prevalence of birth defects in Ukraine
might be attributable to a number of factors, including
alcohol consumption and micronutrient deficiency. For
example, most flour is centrally produced in Ukraine and
is not fortified with folic acid. This is expected to contrib-
ute greatly to prevalence of NTDs in the region (Yuskiv
et al., 2004). However, comparisons of data from Ukrain-
ian regions varying in level of radiation contamination
suggest that chronic radiation also contributes to these
figures. Prevalence of several birth defects is significantly
higher in highly contaminated raions of Rivne compared
to less contaminated raions (Wertelecki, 2010), despite
reliance on the same dietary staples (which are not forti-
fied with folic acid) in these regions. Table 2 presents a
comparison of figures for three major birth defects with
significantly elevated prevalence in areas with high levels
of radiation contamination compared to areas with low
levels of contamination. These figures exclude instances of
likely mutations, chromosomal defects, or prenatal expo-
sures to alcohol (Wertelecki, 2010) and might suggest that
chronic exposure to low-dose radiation has greater effects
on human health than commonly accepted.

Based on observations of rates of birth defects in the
region, we initiated a survey to assess the multiple routes

TABLE 1. Selected birth defects® and prevalence (per 10,000 live
births) in Europe (EUROCAT, 2009) and Ukraine® (Wertelecki, 2010)
reported by full partners of the European Surveillance of

. . . Congenital Anomalies
ported by recent case-control studies of children living g
near nuclear power stations, who have increased risk of EUROCAT Ukraine
developing solid cancers and especially leukemia (Fairlie, Malformation (2004-2007) (2005-2008)
20%9)f'. " tely. th h b " tic studi Neural tube defects 10.2 18.5
nfortunately, there have been no systematic studies  apencephaly and similar 3.8 81
conducted in areas relatively proximal to the Chernobyl Microcephaly 2.3 6.0
disaster site, and there remains a need for carefully Anophthalmia-Microphthalmia 14 2.3
designed comprehensive studies encompassing an array of gggi‘f:;aéfc?;ﬁgi“ ;’8 33
exposure routes, population risk assessment measures,  (lef lip w/without palate 26 10.6
and health outcomes across the lifespan (Baverstock and  Cleft palate 6.1 5.0
Williams, 2006; Cardis, 1996). In 2000, population-based Limb reduction 5.7 5.6
birth defects monitoring was initiated in three oblasts, or . - . . -
. N I ) Data include fetal demise and interruptions of pregnancies.
provinces, in Ukraine to systematically assess prevalence *Combined data from Rivne and Khmelnytsky Oblasts.
TABLE 2. Rates of selected birth anomalies (per 10,000 live births) with significantly elevated prevalence in
contaminated compared to uncontaminated regions of Rivne, Ukraine, 2000-2006 (Wertelecki, 2010)
Contaminated Uncontaminated

Anomaly Raions (Polissia) Raions (not Polissia) P-value® OR® Cl°
Births (n) 43,392 53,046
NTDs 27.0 18.3 0.003 1.46 1.13-1.93
Microcephaly 3.7 1.3 0.02 2.8 1.15-6.79
Microphthalmia 1.8 0.4 0.03 4.89 1.04-23.03
“Fisher’s Exact Test.
*0dds Ratio.

°95% Confidence interval.
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CHRONIC RADIATION EXPOSURE IN RIVNE-POLISSIA
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of exposure to '*’Cs among families from the Polissia
region of Rivne oblast participating in the birth defects
monitoring program, as well as other factors contributing
to high rates of birth anomalies, such as alcohol consump-
tion. These assessments form the first component of our
efforts to assess the role of long-term low-dose chronic
radiation exposure on human health outcomes.

METHODS
Study area

Polissia is a region of wooded, boggy lowlands stretching
from north central Ukraine westward toward Poland and
northward toward Belarus, which includes the site of the
Chernobyl nuclear reactors. The population of the north
half of the Rivne oblast (Rivne-Polissia) has an agricul-
tural and subsistence-based economy producing local food-
stuffs for local consumption in an ecosystem contaminated
by 7Cs. ¥7Cs levels vary widely in Rivne-Polissia. The
region has scattered “hot spots” of significantly higher
radiation levels than surrounding areas, and the boggy,
{)otassium poor soils contribute to enhanced absorption of

37Cs to all living systems. Many residents of Rivne-Polis-
sia remain highly concerned about the effects of radiation
exposure, and particularly about consumption of poten-
tially contaminated food and its risks to their children’s
health.

Exposure survey

A survey was designed and administered in Ukrainian
to 344 women in six officially categorized contaminated
raions (Berezne, Dubrovytsya, Roktyne, Sarny, Volody-
myrets, and Zarichne) (see Fig. 1) to assess exposure to
potentially contaminated foods and environmental prod-
ucts. The questionnaire asked the source of a wide variety
of meats, vegetables, fruits, dairy products, grain prod-
ucts, eggs, and local wild foods such as mushrooms, ber-
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Polissia

Map of Rivne-Polissia with raions (counties). Modified from: OMNI-Net Ukraine, Univ. South Alabama, 2009.

ries, and nuts. Sources included from the participant’s
“own” animals or garden, from “local” sources, wild prod-
ucts (where applicable), and “imported” sources. The sur-
vey also addressed the types of activities likely to expose
individuals to water or soil in areas with potentially high
levels of contamination and asked the time spent weekly in
activities such as hunting, fishing, working in gardens and
fields, collecting wild foods, and collecting firewood. Survey
results were analyzed from a deidentified database in ac-
cordance with Institutional Review Board regulations at
the State University of New York in Binghamton.

The survey was also used to assess alcohol consumption
among women participating in the birth defects monitor-
ing program. Questions addressed the number of alcohol
units and the frequency of consumption in the month
before and throughout pregnancy, and behaviors associ-
ated with problem drinking based on questions developed
for the Michigan Alcoholism Screening Test (MAST)
(Selzer, 1971).

Radlation dose estimates

Based on the types of foods consumed and their source,
we estimated the mean annual radiation dose associated
with food consumption among our sample. Dietary expo-
sure was estimated using dietary intake patterns for
adults outlined by the Ministry of Health Care of Ukraine
(MHCU, 1997). Daily intake of each food in kg or 1 was
multiplied by estimated 37Cs levels to estimate daily
137Cs exposure from food. For milk, potatoes, and vegeta-
bles, 137Cs levels were measured by the research team in
2004 and in 2007. Estimates for mushrooms and berries
are based on reports from Karachov (2006); our figures
include a reduction in radiation levels since the time of
measurement, based on the half-life of mushrooms and
berries (Zamostian et al., 2002). Other major foods con-
sumed by women in the survey for which we do not have
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TABLE 3. Water and fuel sources: Percentage of respondents using each source

Well Spring Bottled Piped water supply Rain River Lake
Water Source 85.4 9.4 50.0 5.3 0 0 0
Wood Gas Central Heating Peat Coal Other
Home Heating Fuel Source 76.7 17.5 9.0 1.8 0.4 2.0
Wood Gas Electricity Other
Cooking Fuel Source 52.3 48.9 11.5 11.5

Participants used multiple water and fuel sources; thus, percentages for each category total more than 100%.

137Cs contamination values include locally produced meat,
primarily pork, and locally grown fruit, primarily apples.
Estimates for ¥7Cs levels in pork and apples were esti-
mated based on soil levels measured by the research team
in 2007 multiplied by transfer factors for these foods
reported by Travnikova et al. (2001) for the Klintsy dis-
trict of the Bryansk region of Russia. Polissia and Klintsy
both have very high transfer factors of radiation contami-
nation from soil to food because of their soil characteris-
tics. Our estimates of radiation exposure through the
diet are acknowledged to be rough because there is great
regional variation in local soil contamination levels,
transfer coefficients, and responses to countermeasures,
but we include them for illustrative and comparative
purposes.

RESULTS
Rivne contamination levels

We recorded soil levels averaging 301.6 Bg/m? in 2007,
ranging from 24.6 to 907 Bg/m*. In 2007, levels of up to
361 Bg/kg were recorded in milk, 60 in carrots, 165 in
potatoes, 433 in potato stems, and 1,440 in ashes from
potato stems which residents burn yearly. The maximum
dietary exposure allowance approved by the Ministry of
Health Care of Ukraine in 1997 was 210 Bqg/day, and resi-
dents whose foods are contaminated above accepted limits
are encouraged not to ingest contaminated foods and to
import foods from wuncontaminated regions (MHCU,
1997).

Sample characteristics

We administered a dietary and activity survey to 344
women. Participants averaged 26.5 years old and had, on
average, 12.3 years of education; all participants had at
least 9 years of education. Most women (94.5%) were mar-
ried and lived with their husbands. Participants reported
living in their raion 21.6 years, on average, and 72.2% had
lived in their raion 20 years or more. Brick and wood were
the most common building materials: 35.7% of partici-
pants lived in brick houses, 53.7% in wood, 4.3% in stone,
and 6.0% in “other.”

Living, water, and fuel

Of the participants, 93.3% obtained water from either a
well or spring; half also used bottled water and 5.3% used
a piped water supply. No respondents used rain, river, or
lake water (Table 3). Of the participants who answered
questions about their home and cooking fuel source,
76.7% heated their house with wood. The most common
cooking fuel sources included wood (52.3% of respondents)
and gas (48.9% of respondents).
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TABLE 4. Food and beverage sources (percentage of respondents)

Food or Beverage Own Local Imported
Pork 91.3 9.9 0
Chicken 77.3 16.0 2.0
Goose 37.5 0.6 0
Duck 35.5 0.9 0
Beef 134 6.4 0.3
Rabbit 134 0.9 0
Lamb/Sheep 0 0 0.3
Milk 71.8 15.1 0
Cheese 68.3 8.4 0
Hard Cheese 6.4 45.6 5.5
Yogurt 0 21.8 3.5
Butter 36.0 55.5 6.4
Sour Cream 74.7 23.5 0.9
Kefir 61.3 104 0.6
Vegetables® 98.0 6.4 1.2
Apples 91.6 17.2 3.2
Cherries 70.3 7.3 0
Grapes 34.9 8.7 4.9
Pears 68.3 8.4 0
Plums 64.8 6.1 0
Cranberries (wild) N/A 33.4 N/A
Blueberries (wild) N/A 79.4 N/A
Nuts 30.5 12.7 0.3
Honey 13.7 26.5 1.2
Herbs 77.9 37.2 2.0
Flour® 2.9 96.5 10.5
Noodles® 0 96.2 3.2
Grain 0 95.9 9.3
Eggs 84.6 30.8 0.3
Mushrooms (wild) N/A 74.7 0
Beer 0.3 22.7 6.4
Kvass 2.9 6.1 0.3
Wine! 4.9 17.7 25.0
Moonshine 5.8 0 0
“Horilka™ 0 4.1 3.2
Apple Juice 74.4 38.4 8.1
Tea' 0.6 1.2 85.2
Coffee 0 1] 32.8

“There was little variation by type of vegetable, so all vegetables consumed are
reported together.
POwn flour is produced from participants’ own wheat and ground at local mills.
Local flour is produced in Rivne mills using wheat from Rivne. Imported flour is
purchased and produced outside Rivne.
“Local noodles are produced from local flour (made from wheat grown and ground
in Rivne). Imported noodles are purchased and produced outside Rivne.

Own and local wine is made from apples; imported wine is made from grapes.
““Vodka” in Russian.
fOwn tea is herbal tea; imported tea is black.

Food and beverage sources

Most of the food consumed in Polissia was from partici-
pants’ own or local sources, and very little imported food
was consumed (Table 4). All but one participant ate “own”
or “local” meat, mostly pork, chicken, goose, and duck.
Only eight individuals reported eating “imported” meat.
All participants consumed either own or local milk and
milk products, and of the 84.9% of participants who
reported drinking milk, all drank own or local milk. Only
10.8% of respondents consumed imported milk and milk
products, such as cheese, yogurt, and butter. All partici-
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pants ate own and local vegetables, including potatoes,
onions, beets, cabbage, carrots, cucumbers, beans, mar-
rows, and tomatoes. The only imported vegetables,
reported by four respondents (1.2%), were onions. Simi-
larly, all respondents ate either own or local fruit, whereas
only 29 respondents (8.4%) reported eating imported fruit,
including grapes and apples.

Most participants also consumed local wild berries and
mushrooms, which represent a major source of radiation
exposure. Of the participants, 85.5% collected and ate
wild berries and 74.7% collected and ate wild mushrooms.
No participants consumed imported berries or mush-
rooms.

Most other reported foods, such as nuts, herbs, eggs,
flour, and noodles, were either own or local. Most nonalco-
holic beverages were also from own or local sources.
Ninety percent of participants consumed imported drinks,
including herbal tea (85.2%), coffee (32.8%), and apple
juice (8.1%). Notably, the main imported beverages were
made with water, which is mostly from local sources.

Alcohol use

Women were asked about smoking, alcohol, and drug
use before and during pregnancy. Of the 286 who
responded, only one woman (0.3%) reported smoking dur-
ing the last 3 months. Reported alcohol consumption
before pregnancy was low: 37.4% of women did not drink
at all during the month before their pregnancy, and of
those who did, most drank only one or two units on one or
two occasions. During pregnancy, 66.4% reported drinking
no alcohol. Of those who did drink during pregnancy,
83.0% drank one or two units on one or two occasions
(Table 5). Notable exceptions include one woman who

TABLE 5. Alcohol consumption before and during pregnancy

Units consumed (percentage of respondents and mean number of times)

1-2 3-4
units units Small
amounts
None # Times # Times daily
% % (Range) % (Range) %
One month before 374 619 19(1-7) 2.1 2.8 (1-6) 0.3
pregnancy
During pregnancy 66.4 329 1.7(1-10) 0.3 1 0.3
Maximum drinks consumed without feeling nauseated
(# drinks) <2 3 4 5 No response
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reported drinking one or two units on 10 occasions during
pregnancy, one woman who drank three to four units once
during pregnancy, and one woman who reported drinking
daily in small amounts during pregnancy. None of the
women reported using alcohol to calm down or cure head-
aches, feeling guilty about drinking, forgetting what they
had done after drinking, or being criticized by family and
friends for drinking. Most women (67.0%) reported being
able to drink no more than two drinks without feeling
nauseated or to still feel good.

The alcohol consumed was primarily local, including
beer, apple wine, vodka, and kvass (mildly alcoholic beer
made from bread). The most common imported alcohol
was grape wine, reported by 25.0% of respondents.
Imported beer, kvass, and vodka were consumed by a
small percentage of participants. Those participants who
drank imported vodka often added sugar and local wild
berries to it to make liqueurs.

Activities

Participants answered questions about activities they
performed both now and in the past that might expose
them to potentially contaminated areas. The main occupa-
tions reported included housekeeping (30.7% of partici-
pants), sales (10.0%), bookkeeping (9.3%), and teaching
(7.0%). Participants worked outside on average 26 h per
week, mostly in fields (mean 13 h per week) and gardens
(mean 3.9 h per week). Women also spent considerable
time gathering wild products when in season, with 66.0%
of women spending between 5 and 20 days per year gath-
ering wild mushrooms and 75.4% spending between 5 and
20 days per year gathering wild berries. Hunting was
uncommon, but 23.8% of participants reported fishing as a
household activity.

Radiation dose estimates

Our estimates of radiation dose through the diet, based
on average consumption levels of meat, milk and milk
products, potatoes, vegetables, mushrooms, fruits, and
berries, and average contamination levels of these prod-
ucts in Rivne-Polissia as discussed above, was 268.25 Bq
137Cs per day (Table 6). In Rokitnovsky raion of Rivne Ob-
last, milk has been estimated to account for 70-75% of
daily '*"Cs intake (Zamostian et al., 2002; see also Likh-
tarev et al., 2000), berries and mushrooms from 10 to 15%,
and potatoes and vegetables from 10 to 15% (Zamostian

f ici . 11. 4. 2.1 15.1 . .
(% of participants) 67.0 110 4.8 ° et al., 2002). These foods alone were estimated to result in
exposure levels averaging 250.34 Bg/day among women in
TABLE 6. Estimated **’Cs exposure through diet
Mean *7Cs Level Daily Mean Daily *Cs intake MOH 1997 Accepted **"Cs
Food Type in Polissia (Bg/kg) Intake (kg) in Polissia (Bq) Levels (Bq)
Milk and Milk products 113.88 1.02 116.38 100.00
Meat® 84.45 0.19 15.71 200.00
Potatoes 31.76 0.36 11.40 60.00
Vegetables 15.71 0.28 4.38 40.00
Fruits® 5.73 0.13 2.21 70.00
Mushrooms® 13875.00 0.01 87.37 2.30
Berries® 2200.00 0.01 30.80 500.00
Estimated Dietary Intake 268.25
Accepted MOH 1997 Levels 210.0

*Mean '3’Cs level is based on estimates for pork, which was the main meat consumed. Beef is estimated to have a much higher *’Cs level (301.6 Bg/kg).
b 137 . h . . .

Mean “‘Cs level is based on estimates for apples, which was the main fruit consumed.
“Mean '*"Cs levels based on estimates from Karachov, 2006, corrected for half-life reduction since 1999.
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our sample. Contamination levels of berries and mush-
rooms vary widely among contaminated regions; mush-
room '3’Cs levels recorded in 1999 in Polissia ranged from
5,000 to 32,000 Bg/kg and berry '37Cs levels ranged from
800 to 8,000 Bg/kg (Karachov, 2006). These forest products
thus represent a major source of variation in intake, as
observed by Handl (2003). Assuming lower and upper con-
tamination levels for both berries and mushrooms, esti-
mated ®’Cs intake for our survey participants ranges
from 184.4 to 362.4 Bqg/day.

DISCUSSION
Radlation exposure

The results of our survey indicate that women in Rivne-
Polissia are exposed to radiation through a number of
pathways. Internal exposure through food has been the
key exposure route of concern to international authorities
in Polissia since the Chernobyl accident. Initial contami-
nation levels in Rivne-Polissia were low compared to other
regions, but beginnin7g in 1987, researchers noted unusu-
ally high levels of *'Cs transferring from soil to plants.
The soil in Polissia is associated with high soil-to-milk
transfer coefficients (Zamostian et al., 2002), and the con-
tinued dependence of the population on locally grown food
and forest products as demonstrated in this report con-
tributes to high internal exposure to *’Cs through the
diet and by inhalation.

The Ministry of Health Care of Ukraine set recommen-
dations for maximum daily '*’Cs intake from food at 210
Bg/day (MHCU, 1997). These recommendations were
based on the food types and amounts consumed by
Ukrainian adults, and contamination levels of foods meas-
ured in various regions, to maintain total yearly body lev-
els below 1 mSv. Assuming an average Ukrainian adult
diet with a heavy reliance on forest products typical in
Polissia, women in our survey had an average exposure of
268 Bg/day, exceeding the recommended intake of 210 Bg/
day even without including other reported foods such as
nuts, honey, and locally produced flour and grain prod-
ucts. Although intake may vary greatly throughout the
year, especially during peak mushroom consumption from
mid-July to mid-October, women also dry and pickle
mushrooms to use throughout the year, so exposure
through mushroom consumption occurs year-round. Fur-
thermore, the reduced mushroom and berry consumption
observed immediately after the accident has since
reversed and many Polissia adults rely even more heavily
on mushrooms than before the accident due to economic
stress (Karachov, 2006). As noted above, these estimates
are rough because of the wide variation in contamination
levels throughout the region, but they suggest that women
continue to be exposed to levels of radiation exceeding rec-
ommendations, and we expect that our exposure esti-
mates in fact underestimate the levels of radiation expo-
sure through diet in Rivne-Polissia.

Although the greatest doses of radiation were the initial
exposure to deposited radionuclides on the soil and inter-
nal doses from ingesting contaminated food, absorption
and inhalation of resuspended materials also contribute to
radiation dose (Chernobyl Forum, 2006). Women in our
survey are exposed to radiation through activities such as
collecting firewood and working in fields, where radionu-
clides in tilled soil and cow manure (used as fertilizer)
might be absorbed. Perhaps the greatest contribution to
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radiation exposure, aside from dietary factors, is through
inhalation of smoke from the burning of contaminated
wood and vegetative debris. Whereas skin limits the
amount of radiation absorbed, inhalation is a particularly
malignant form of exposure and women in our study were
exposed to smoke both inside and outside their homes.
About half of our participants reported using wood as
cooking fuel, and 65% use wood to heat their homes, which
contributes to exposure through smoke inhalation inside
the home. Dried potato stems, leaves, and grasses left in
fields and gardens are traditionally burned annually, fur-
ther contributing to inhalation exposure (see Fig. 2).

In our study, the mean '*7Cs activity in potato stems
was recorded in 2007 at about 96 Bq/kg, and ashes
remaining from these burned stems had mean '*"Cs levels
of 490 Bq/kg (range 5-1,440 Bqg/kg). Experiments from
heather burning show that between 12 and 39% of 37Cs
in the plant material is lost as smoke (Horrill et al., 1995)
and up to 4% is lost during burning of wood and forest lit-
ter (Yoschenko et al., 2006a,b). Temperature greatly influ-
ences the amount of radionuclides lost to smoke, and
experiments assessing the fate of radionuclides during the
burning of wood, straw, and radish plants at temperatures
tgyical of field fires found that between 40 and 70% of
137Cs were lost to the atmosphere (Amiro et al., 1996).

We suspect that inhalation contributes dramatically to
overall radiation exposure in Polissia. For example,
assuming that about 40% of the 37Cs in potato stems is
sequestered in smoke, burning 20 kg of potato stems with
the current contamination levels of this plant material in
Polissia could result in the release of about 770 Bq **"Cs.
Women burn potato stems for long hours over several
days during the burning period and are thus exposed to
heavy doses of resuspended *Cs. Furthermore, the con-
taminated smoke drifts over a wide area, and because
many individuals traditionally burn plant materials at
the same time, this activity produces widespread exposure
of humans as well as cyclic re-exposure of soil, forests, and
animals to radiation. Redistributing the remaining ash
over gardens and fields along with manure further results
in re-exposure through absorption. Little attention has
been paid to the consequences of smoke inhalation as a
route of radiation exposure nor to its impact on internal
exposure estimates.

Implications for birth defects in Rivne-Polissia

In 1998, the Ukrainian American Birth Defects Pro-
gram (UABDP) was created, with the goal of training a
team to create and sustain birth defects surveillance cen-
ters around the country. These centers provide interna-
tional analyses of birth defects prevalence, early interven-
tion and prevention programs, and the distribution of edu-
cational information to physicians and to the public. The
privately sustained UABDP initiative later received
USAID funding and, following the completion of the
USAID phase, became incorporated in 2004 as OMNI-Net
Ukraine, a not-for-profit international Ukrainian organi-
zation dedicated to monitoring and preventing birth
defects. Currently, there are three OMNI-Net Birth
Defects Teams in the oblasts of Khmelnytsky, Rivne, and
Volyn, which include partners working in medical centers
in Kherson, Autonomous Republic of Crimea and Zakar-
pattia province (Wertelecki, 2006).
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Fig. 2. Fall is potato harvest time in Ukraine. (a) Potato plants (tops) die when the tuber is ready to be harvested and the plant tops are win-
rowed or raked into piles for burning; (b) actual burning of the potato plants (tops); and (c¢) burning causes the radioactive isotope 137Cs, which
is taken up by the plant and tubers from the contaminated soil, to be particalized and airborne over a wide area and thus re-exposure occurs
through inhalation. Note the potato tubers at the feet of the person overseeing the burning.

The observations from this birth defects monitoring, as
outlined in Tables 1 and 2, suggest that prevalence of
some major birth anomalies is higher in Ukraine than in
other parts of Europe. Furthermore, in Ukraine, preva-
lence of many birth defects is significantly elevated in
areas with high levels of contamination compared to
areas with low levels of contamination even more than
two decades after the Chernobyl accident. While its
seeming lack of involvement in cancer prevalence and
mortality have led many to devalue the health risks of
chronic low-dose radiation exposure, the sensitivity of
the developing fetus to environmental assaults (Fairlie,
2009) and the multiple routes through which women are
exposed to radiation throughout the lifespan warrant
careful studies of if and to what extent this exposure
impacts human health. Sensitivity to ionizing radiation
is particularly high during embryogenesis (De Santis
et al., 2007), and constant radiation exposure of the
unborn through maternal ingestion and inhalation may
interfere with embryonic development, holding conse-
quences more severe than for mature individuals
(Fairlie, 2009). This may be particularly true if alcohol
consumption, micronutrient deficiencies (especially folic
acid; see Courtemanche et al., 2004; Endoh et al., 2007),
and chronic radiation exposure are additive or synergis-
tic. The potential effects of low-dose chronic radiation ex-
posure on healthy birth outcomes indicate that health
risks of chronic radiation exposure might be greater than
previously believed. This necessitates follow up of indi-
viduals who continue to be exposed to low-dose radiation,
especially pregnant and lactating mothers, and their
children throughout the lifespan.
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