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Abstract: Focusing on the importance of wild vegetables for local residents, this study aims to validate
the effects of food regulations under the current criteria (e.g., 100 Bq/kg for general foods) established
approximately a year after the Fukushima Dai-ichi Nuclear Power Plant accident. Over 2,500,000
monitoring tests were performed under the criteria until fiscal year (FY) 2020. We estimated changes
in internal exposure dose using test results. The effective dose was estimated using the radioactive
concentration randomly sampled from the results, food intake, and dose conversion factor. As a new
attempt, dose estimation reflecting the intake of wild vegetables that may have irreplaceable value for
local residents was conducted. The median, 95th, and 99th percentile of the estimated dose without
reflecting the wild vegetables’ intake were 0.0485, 0.183, and 10.6 mSv/year, respectively, in the
estimation with all test results (no regulation) and 0.0431, 0.0786, and 0.236 mSv/year, respectively, in
the estimation with results within the standard limits (regulated) in FY2012. These doses decreased
with time. Although estimated doses with or without the reflection of wild vegetables’ intake were
similar, estimation that is more plausible is possible, particularly for a high percentile, by reflecting
the wild vegetables’ intake. Radiation doses (regulated) were significantly less than 1 mSv/year in
different FYs. In Japan, food regulation measures benefit food safety.

Keywords: radionuclides; standard limits; food monitoring test; Fukushima Dai-ichi Nuclear Power
Plant accident; food regulation; food safety; internal exposure dose; risk assessment; wild vegetables

1. Introduction

The Great East Japan Earthquake and tsunami on 11 March 2011 caused the Fukushima
Dai-ichi Nuclear Power Plant (FDNPP) accident. Due to the accident, radionuclides were
released into the environment [1] and detected in foodstuff. In Japan, the Ministry of Health,
Labour, and Welfare (MHLW) established provisional regulatory values for radioactive
substances in foods on 17 March as an urgent measure [2,3]. The values for radioactive
cesium were set as the radionuclide concentration for radioactive cesium based on an
effective dose of 5 mSv/year. The value was 200 Bq/kg for the categories of drinking water
and milk/dairy products and 500 Bq/kg for that of vegetables, grains, meat, eggs, and
fish. To deal with long-term situations, the present standard limits (current criteria) were
established on 1 April 2012, through discussions in the Pharmaceutical Affairs and Food
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Sanitation Council [4]. The current criteria for radioactive cesium (sum of cesium-134 (Cs-
134) and cesium-137 (Cs-137)) were established based on an effective dose of 1 mSv/year,
which is in harmony with a reference level adopted by the Codex Alimentarius Commission
(CAC) based on publication 82 of the International Commission on Radiological Protection
(ICRP) [5–9]. The regulatory values of the current criteria are presented in Table 1.

Table 1. Current criteria for radioactive cesium (sum of Cs-134 and Cs-137) in foods in Japan
(established on 1 April 2012).

Category Limit (Bq/kg)

Drinking water 10
Milk 50

General food 100
Infant food 50

Although Cs-134 and Cs-137 were certainly the dominant radionuclides, the pro-
visional regulatory values and current criteria were set considering contributions from
other radionuclides, such as strontium-90, to improve the effectiveness of monitoring
tests [10–15].

Based on the current criteria and the guideline for the monitoring inspection of radioac-
tive materials in foods, the monitoring test for radioactive cesium by the local governments
is conducted around 17 prefectures in eastern Japan, including the Fukushima Prefec-
ture [15,16]. Foods containing radioactive substances exceeding the standard limits are
recalled and disposed. Furthermore, when the regional spread of foods exceeding the stan-
dard limits is identified from the monitoring test, the food distribution is restricted in the
corresponding prefecture (or in small areas within the prefecture). Thus, rigorous actions
are implemented to ensure that foodstuffs containing radioactive substances exceeding the
current criteria are not distributed. In Japan, various food safety measures have been taken
over the past decade [17].

Since the establishment of safety measures for radionuclides in foodstuffs in 2011,
monitoring tests have been conducted using radiation-measuring instruments (e.g., a
germanium semiconductor detector) to measure the radionuclide concentration in foods.
Over 2,500,000 monitoring tests have been performed under the current criteria (Table 1)
until fiscal year 2020 (FY2020) [15,18,19]. In a previous study, we reported the radiation
dose owing to the ingestion of foodstuff and the effect of regulations using the accumulated
monitoring results effectively as a preliminary study [20]. In this study, we estimated the
longitudinal change in internal exposure dose under the current criteria for food safety
to validate the effect of regulation using the same method as in our previous study [20].
Furthermore, as a new attempt, we estimated radiation dose considering the intake of edible
wild vegetables. Although edible wild vegetables are valuable for local residents in many
aspects (i.e., in consuming, gathering, selling, and sharing) [21], they can contain a relatively
high concentration of radionuclides [15,22–25]. Therefore, the intake of wild vegetables
should be reflected in the estimated radiation dose. However, nutrition surveys, such as
the National Health and Nutrition Survey (NHNS) Japan, that provide food intake amount
by food category do not specifically indicate the intake of wild vegetables. Therefore,
the consumption of wild vegetables is not considered in contaminant (e.g., radionuclide)-
related consumption surveys, such as total diet study (e.g., market basket survey). In this
study, as a new challenge in exposure surveys, we estimated an exposure dose reflecting
the intake of wild vegetables based on the data indicating the intake of wild vegetables
obtained from a survey conducted in a previous study [26].

2. Materials and Methods
2.1. Subject for Evaluation

The radiation dose was estimated for five years (FY2012–FY2016) after applying the
current criteria using the monitoring results throughout Japan.
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2.2. Preparation of Data
2.2.1. Data of the Monitoring Tests Results

Reports of test results released monthly on the MHLW website [18] were downloaded.
The radioactivity concentration of cesium (Cs-134, Cs-137, and sum of Cs-134 and Cs-137)
(Bq/kg) is presented according to the purchase day or sampling day, general food categories,
food item names (3119, 2328, 2335, 1974, and 1728 items in FY2012, FY2013, FY2014,
FY2015, and FY2016, respectively), and production area. The number and percentage of
test results exceeding the criteria in each FY were analyzed. Additionally, the distribution
of radioactivity concentration in mountain-based foodstuffs that sometimes have a high
level of radionuclides (such as wild vegetables, wild animal meats, and mushrooms)
was analyzed.

In the present study, we used the sum of radioactivity concentrations of Cs-134 and
Cs-137 to calculate internal exposure dose. The downloaded results for which the total
radioactivity concentration, purchase day, or sampling day could not be identified were
excluded for data cleaning because they cannot be used for dose estimation. These results
were classified according to FY based on the purchase day or sampling day. The database
was constructed with cleaned test results using Microsoft Access 2019 (Microsoft Japan Co.,
Ltd., Tokyo, Japan).

For some food items, radioactivity concentration was adjusted to assume the state
of “ready to eat”—a concept presented by CAC [7,27]. The radioactivity concentration
of brown rice was set to a quarter based on previous studies [12,28]. Additionally, the
radioactivity concentration of leaves of the plant that will be extracted and drunk was set to
one-fiftieth based on a previous report [29]. However, radioactivity concentration was not
adjusted for green tea leaves because green-tea-infused liquid is tested (i.e., the monitoring
test result is generally listed as the value for the infused liquid) [30].

2.2.2. Food Intake

The food intake amount in the reports of 2012 NHNS Japan was used [31]. The
food intake (g/day) classified into 98 small classifications of foodstuffs is shown in this
survey [32]. Table 2 presents 98 small classifications and the average intake shown in the
survey with a small classification number (SCN). In this study, we used the average value
of food intake for adult men and women (over 20 years old).
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Table 2. Food category and intake used in this study. Here 1–98 corresponds to small classifications shown in NHNS.

No. Small Classification Intake
(g/day) No. Small Classification Intake

(g/day) No. Small Classification Intake
(g/day)

1 Rice 328 35 Other vegetables 48.3 69 Other meats and Processed
products 0.00898

2 Rice products 4.18 36 Vegetable juices 12.7 70 Eggs 34.1
3 Wheat flour 3.56 37 Leaf pickles 3.82 71 Milk 60.6
4 Breads (except Japanese buns) 33.1 38 Other pickles 8.44 72 Cheeses 2.48

5 Japanese buns 4.39 39 Strawberries 0.0889 73 Fermented milk and Lactic
acid bacteria beverages 30.6

6 Japanese noodles and
Chinese noodles 43.0 40 Citrus fruits 22.7 74 Other dairy products 6.18

7 Precooked noodles 5.13 41 Bananas 15.9 75 Others (in Milks) 0
8 Macaroni and Spaghetti 10.7 42 Apples 21.9 76 Butters 1.00
9 Other wheat products 5.38 43 Other fruits 39.9 77 Margarines 1.25

10 Buckwheat and Buckwheat
products 6.52 44 Jams 1.29 78 Vegetable fats and oils 8.05

11 Corn and Corn products 0.388 45 Fruit juices and Fruit juice
beverages 8.03 79 Animal fats 0.108

12 Other cereals 2.04 46 Mushrooms 17.2 80 Others (in Fats and Oils) 0.00779

13 Sweet potatoes and Sweet
potato products 6.97 47 Algae 10.5 81 Traditional confectioneries 11.7

14 Potatoes and Potato products 25.7 48 Horse mackerels and Sardines 9.14 82 Cakes, Buns, and Pastries 6.71

15 Other potatoes and Potato
products 19.8 49 Salmons and Trouts 5.54 83 Biscuits 1.62

16 Starches and Starch products 1.98 50 Sea breams and Righteye
flounders 5.69 84 Candies 0.165

17 Sugars and Sweeteners 6.74 51 Tunas, Marlins, and
Swordfishes 4.77 85 Others (in Confectioneries) 4.67

18 Soybean (whole beans) and
its products 1.28 52 Other fishes 9.02 86 Sake 11.3

19 Tofu (Bean curd) 35.5 53 Shellfishes 3.16 87 Beer 76.7
20 Abura-age 8.18 54 Cephalopods 4.21 88 Wines, Spirits, and Others 36.1
21 Natto (Fermented soybeans) 8.04 55 Prawns, Shrimps, and Crabs 4.73 89 Teas 296

22 Other soybean products 7.20 56 Seafood (salted, semi-dried,
and dried) 15.8 90 Coffees and Cocoas 151
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Table 2. Cont.

No. Small Classification Intake
(g/day) No. Small Classification Intake

(g/day) No. Small Classification Intake
(g/day)

23 Other pulses and Pulse
products 1.40 57 Seafood (canned) 2.31 91 Others (in Other beverages of

Beverages) 102

24 Nuts and Seeds 2.24 58 Seafood (Tsukudani) 0.294 92 Sauces 1.88
25 Tomatoes 15.2 59 Seafood (Fish paste products) 10.2 93 Shoyu: soy sauces 14.2
26 Carrots 20.3 60 Fish hams and Sausages 0.729 94 Edible salts 1.35
27 Spinach 14.7 61 Beefs 14.5 95 Mayonnaise 2.89
28 Sweet peppers 4.86 62 Porks 33.7 96 Miso 11.6

29 Other green and yellow
vegetables 35.9 63 Hams and Sausages 12.6 97 Other seasonings 63.4

30 Cabbages 28.6 64 Other animal meats 0.361 98 Spices and Others 0.333
31 Cucumber 9.68 65 Chickens 23.9 Drinking water 1 2000
32 Daikon (Japanese radishes) 32.4 66 Others (in Poultries of Meats) 0.0751 Wild vegetables 2 7.67
33 Onions 31.4 67 Offals 1.52
34 Chinese cabbage 20.4 68 Whale meat 0.0354

1 The intake of drinking water, which is not indicated in NHNS, was set as 2 L/day. 2 The intake of wild vegetables was taken from the data of other surveys [26] than the NHNS and
summed up.
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Because the intake of wild vegetables was included in the report of the survey of
special tally work for the food intake frequency and intake, which was irregularly published
in 2010 [26], we selected wild vegetable items from the report and added those intakes.
Consequently, we treated 36 species (7.67 g/day of total intake, Table 2) as wild vegetables.
The seasonal variations in intake were considered in the survey. Additionally, the intake
volume of drinking water, which is not indicated in NHNS, was set as 2 L/day (Table 2),
similar to the considerations in the current criteria [10]. Therefore, 99 types of foodstuffs
(for dose estimation “without the reflection of intake of wild vegetables”) and 100 types of
foodstuffs (“with the reflection of intake of wild vegetables”) were considered in the food
intake data.

Similar to a previous study [20], the foodstuff item names in the test results were
assigned to the 99 or 100 types of foodstuffs in the food intake data. Details of this method-
ology can be found in a previous study [20]. Wild vegetables, such as “bracken”, were
classified into “other green and yellow vegetables” (SCN 29) or “other vegetables” (SCN
35) in dose estimation “without the reflection of intake of wild vegetables”. Additionally,
wild vegetables in the test results were directly linked to the wild vegetables’ intake in dose
estimation “with the reflection of intake of wild vegetables”, as shown in Figure 1.

2.2.3. Dose Coefficient

To convert the radioactivity (Bq) of foodstuff consumed to radiation exposure dose
(Sv), we used dose coefficients (dose conversion factor: DCF) for ingestion for an adult
based on the ICRP publication 72 [33]. The DCF (Sv/Bq) values of Cs-134 and Cs-137 for
an adult are 1.9 × 10−8 and 1.3 × 10−8, respectively. The physical half-lives of Cs-134 and
Cs-137 are 2.06 and 30.2 years, respectively [34]. The weighted average DCF value for each
FY was calculated using a decay rate based on half-lives of Cs-134 and Cs-137:

Weighted average DCF (Sv/Bq) =
(

1.9·10−8·DR134,y + 1.3·10−8·DR137,y

)
/
(

DR134,y + DR137,y
)

(1)

where DR134,y and DR137,y represent the decay rate of Cs-134 and Cs-137 in each fiscal year,
respectively. The decay rate in each fiscal year was obtained considering physical half-life
and elapsed time.

The weighted average DCF values for each FY are listed in Table 3. These weighted
average DCF values were used to calculate radiation dose as the dose coefficient for the
radioactivity of the sum of Cs-134 and Cs-137.

Table 3. Dose coefficients/dose conversion factors for the total radioactivity concentration of Cs-134
and Cs-137 for fiscal years (FYs) 2012–2016.

FY2012 FY2013 FY2014 FY2015 FY2016

(Sv/Bq) 1.55 × 10−8 1.51 × 10−8 1.47 × 10−8 1.43 × 10−8 1.40 × 10−8

2.3. Data Acquisition and Dose Calculation

Figure 1 shows the schematic of data acquisition and dose calculation. The monitoring
test results were randomly sampled for each food category (i.e., 99 or 100 classifications).
Random sampling was individually conducted based on the following four methodologies:
(1) using the data of test results within the standard limits (regulated) with the reflection
of intake of wild vegetables, (2) using the results within the standard limits (regulated)
without the reflection of intake of wild vegetables, (3) using all results (no regulation)
with the reflection of intake of wild vegetables, and (4) using all results (no regulation)
without the reflection of intake of wild vegetables. The internal exposure dose when the
food distribution was restricted under the current criteria (assuming “regulated”) was
estimated using the test results within the standard limits based on the assumption that food
exceeding the limits is not distributed by rigorous regulations. However, all monitoring



Foods 2022, 11, 1151 7 of 16

data were used to calculate the radiation dose when distribution restrictions were not
considered (assuming “no regulation”). The methodology for radiation dose estimation
using test results has been used previously. The radiation exposure dose under regulation
measures was estimated using the test results within the criteria when the present standard
limits were developed by the MHLW [10,35].

Annual internal exposure dose (committed effective dose) was obtained as the multi-
plication product of the food intake, total radioactivity concentration of Cs-134 and Cs-137
in each food category, and dose coefficient:

Committed effective dose (mSv/year) = 365.24·103·DCF ∑99 or 100
i=1 Ii·Ci, (2)

where Ii represents the food intake (kg/day) in each classification and Ci represents the
radioactivity concentration of radioactive cesium (sum of Cs-134 and Cs-137) (Bq/kg)
sampled randomly from each food classification.

The internal exposure dose of 10,000 virtual persons was calculated in each pattern
by random sampling 10,000 times. As in a previous study [20], for the test results, where
radioactive cesium was not detected (ND) (i.e., results below the limit of detection: LOD),
the radioactivity concentration was given based on the ratio of the ND samples in each
category to calculate the internal exposure dose [10,12,36]. Details regarding this rule can
be referenced in the previous study [20].

Figure 1. Schematic of data acquisition and dose calculation. Random sampling was individually
repeated for the monitoring test results within the standard limits or for all results. The radiation
exposure dose of virtual 10,000 persons was calculated as the multiplication product of the food
intake in each food category, sampled radioactivity concentration, and dose coefficient. In radiation
dose estimation without the reflection of intake of wild vegetables, wild vegetables were considered
as “other green and yellow vegetables” or/and “other vegetables”. The number in parentheses
denotes a small classification number in NHNS.
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3. Results
3.1. Analysis of the Monitoring Results

Figure 2 shows the number of all monitoring results and the number of results exceed-
ing the standard limits with violation rate in each FY. The percentage of results exceeding
the standard limits was approximately 1% in FY2012. Thereafter, the violation rate showed
a downward trend; it decreased to 0.10% in FY2016.

Figure 2. Number of results within the standard limits and the number of results exceeding the
standard limits for all food categories in each fiscal year (FY). The percentage of results exceeding the
standard limits is shown in parentheses. Since FYs of monitoring results were distinguished by the
date of purchase or sampling in our research, and data cleaning was performed, totaled results may
not match other data (e.g., data published by MHLW).

3.2. Distribution of Radioactivity Concentration of Wild Vegetables, Wild Animal Meats,
and Mushrooms

Because this study considers wild vegetables as one of the themes, the distribution
of the radioactivity concentration of mountain-based foodstuffs, such as wild vegetables,
wild animal meats (SCN 64), and mushrooms (SCN 46) as one of the foods that sometimes
include a high level of radionuclides, was analyzed (Figure 3). In terms of the number
of test results by FY, the number of results in FY2012 was lower than that in other FYs,
particularly for wild vegetables. Some results exceeded the standard limit (i.e., 100 Bq/kg
for general food) for all three types of foods. However, there were fewer samples of wild
vegetables and mushrooms with high radioactivity concentrations than those in the case
of animal meats. The median radioactivity concentration of wild vegetables, wild animal
meats, and mushrooms in FY2012 were 15.0, 66.0, and 18.0 Bq/kg, respectively. The 95th
percentile of the radioactivity concentration of wild vegetables, wild animal meats, and
mushrooms in FY2012 were 222, 2500, and 180 Bq/kg, respectively. The 99th percentiles of
the radioactivity concentration of wild vegetables, wild animal meats, and mushrooms in
FY2012 were 836, 9000, and 756 Bq/kg, respectively. In this way, the degree of radioactivity
concentrations of wild vegetables and mushrooms were lower than in other animal meats.
Similar results were obtained in other FYs as well.
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Figure 3. Percentage of monitoring test results for wild vegetables, other animal meats, and mush-
rooms in each radioactivity category. As it is often impossible to determine from the test results,
natural and cultivated products are counted without distinction. Nonplotted segments (i.e., less than
0.01%) were zero percent.

Additionally, the distribution of all the three types of foods shifted to the lower-
concentration side with time. Each percentile value was the highest in FY2012 among the
five years.

3.3. Estimated Internal Exposure Dose

Figure 4 shows the distribution of the estimated radiation dose of virtual 10,000 persons
with the reflection of intake of wild vegetables in each FY. In the estimation with all
test results (assumed to be “no regulation”) for FY2012, there were cases in which the
committed effective dose significantly exceeded 1 mSv/year (the maximum dose was
12.0 mSv/year, Figure 4b). However, in the estimation with results within the standard lim-
its (assumed to be “regulated”) for FY2012, the committed effective dose was considerably
below 1 mSv/year in all cases (Figure 4a). Furthermore, there was no case that exceeded
1 mSv/year for FY2013–2016, regardless of the regulation. The mode (peak) of distribution
shifted to the lower radiation dose as the years progressed.
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Figure 4. Radiation exposure doses of virtual 10,000 persons with the reflection of intake of wild
vegetables in each fiscal year (FY): (a) regulation and (b) no regulation. The frequency of nonplotted
segments (i.e., with a frequency of less than 100) was zero.

3.4. Longitudinal Change of Internal Exposure Dose

Figure 5 shows the median as well as 95th and 99th percentiles of the internal exposure
dose of virtual 10,000 persons for the case of “regulated” for each FY. Figure 5a,b show the
percentiles with and without the reflection of intake of wild vegetables, respectively. There
was no significant difference between the effective dose of each percentile with and without
the reflection of intake of wild vegetables for each FY. Each percentile of the effective dose
gradually decreased over the years, and the values of each percentile were close in FY2016.

Figure 5. Longitudinal change of internal exposure dose for the case assumed to be “regulated”:
(a) with and (b) without the reflection of intake of wild vegetables.

ICRP advocates that the radiation dose of the 95th percentile is defined as that received
by a “representative person” [37]. It is thought that if the radiation dose of the 95th
percentile in a certain group is below the adopted criterion (e.g., 1 mSv/year in this case),
the group is protected. In this study, the effective dose of the representative person (i.e.,
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the value of 95th percentile) was below 1 mSv/year for the case of “regulated” with and
without the reflection of intake of wild vegetables were for all FYs. The radiation doses of
the 99th percentile were also below 1 mSv/year.

Figure 6 shows the median as well as 95th and 99th percentiles of the internal exposure
dose of virtual 10,000 persons in the case of “no regulation” in each FY. Figure 6a,b show
each percentile with and without the reflection of intake of wild vegetables, respectively.
There was no significant difference between the effective dose of the median with and
without the reflection of intake of wild vegetables for each FY. However, the 95th and 99th
percentiles (especially 99th percentile) of effective dose from FY2013 to FY2016 without
reflection of intake of wild vegetables were slightly higher than those with the reflection of
intake of wild vegetables (there was no significant difference in FY2012). Furthermore, in
contrast to the case with the reflection of intake of wild vegetables, the maximum value
without reflection of the intake of wild vegetables in FY2013 exceeded 1 mSv/year.

Figure 6. Longitudinal change of internal exposure dose in the case assumed to be “no regulation”:
(a) with and (b) without the reflection of intake of wild vegetables.

4. Discussion

Although more than ten years have passed since the FDNPP accident, consumer
awareness surveys have shown that interest in food safety for radionuclides may still be
high in some cases [38,39]. Therefore, it is essential to verify regulations, such as setting
standard limits and monitoring inspections [14,40], which should be done on an ongoing
basis. Additionally, as in the case of the dose assessment of hunters who subsist on the
products from the forest ecosystem after the Chernobyl nuclear power plant accident [41],
a study regarding the radiation dose of residents who consume a high amount of local food
in the region is also necessary. Although not limited to the radiation emergency, interest
in radioactive materials in food and drinking water is internationally high [42], requiring
multipronged research. In this study, we estimated the longitudinal change of internal
exposure dose under the current food regulations, considering the intake of wild vegetables,
which is a valuable item for local residents.

As shown in Figure 2, the characteristics of monitoring test results for all food cate-
gories show that the violation rate about five years after the FDNPP accident was approxi-
mately one-tenth compared to that in the first year where the current criteria were applied.
Additionally, we have previously reported the number and percentage of monitoring test
results according to the radioactivity concentration in each food rough category [20]; it was
shown that some samples in the categories of drinking water, agricultural products, animal
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products, fishery products, wild animal meats, and other food exceeded the standard
limits for FY2012. Although high radioactivity concentration was found in many samples
under the wild animal meat category, there are no samples exceeding the standard limit
in the milk or infant food category for FY2012. In the previous study [20], we have also
stated that the samples exceeding the standard limit decreased considerably, and no sample
exceeded the standard limit for the drinking water, milk, or infant food and animal product
categories for FY2016. However, some samples in the wild animal meat and agricultural
product categories still demonstrated high radioactivity concentrations. Based on the above,
although the percentage of samples exceeding the standard limit is small (less than 1%), it
is suggested that the impact of the accident on foodstuff has become substantially small a
few years after the accident, except for a few food items. This is because of the decrease
of radionuclides in foods due to the radioactive decay, reduction measures, etc. In terms
of radioactive decay, Cs-134 decreases more quickly than Cs-137 due to its short half-life.
This is also observed in the change of the weighted average DCF for the sum of Cs-134 and
Cs-137. The weighted average DCFs become slightly smaller over time since the proportion
of Cs-137, whose DCF is smaller than that of Cs-134, becomes larger (Table 3). This was
reflected in the internal radiation doses, as each percentile of the committed effective dose
decreased with the passage of years (Figures 5 and 6). Similarly, the previous study [20]
has provided a breakdown of high cesium intake by small classification in addition to the
data on radioactivity concentration in foods. Additionally, the number of monitoring tests
of wild vegetables has tended to increase since FY2013 (Figure 3), which seems to reflect an
enhancement of the inspection system.

In the radiation dose estimation for FY2012 with all test results (“no regulation”), there
were some cases that exceeded the committed effective dose of 1 mSv/year significantly
(>10 mSv). In our previous study, it was stated for the high radiation dose that this high
value is mainly attributed to the high radionuclide intake through the consumption of
other beverages [20]. Specifically, the beverages were powdered beverages made of plant
leaves (SCN 91 in Table 2). However, the powdered beverage is commonly intended to be
consumed as a dilute solution or extracted infusion. Furthermore, it is unlikely that the
same powdered beverage keeps being consumed. Therefore, the high radiation dose was
perhaps overestimated. The assumption that the same sample is repeatedly consumed is
one of the limitations of the total diet study.

Meanwhile, in the estimation for FY2012 with results within the standard limits (as-
sumed to be “regulated”), the committed effective dose was considerably below 1 mSv/year
in all cases. Even in the case of “no regulation”, the 95th percentile of effective dose, a
“representative person” dose, was sufficiently below 1 mSv/year. Comparing the radiation
doses for “regulated” and “no regulation” cases for FY2012, the higher the percentile of
radiation dose, the smaller the “regulated” radiation dose than that of “no regulation.”
Furthermore, the median, as well as the 95th and 99th percentiles of internal exposure
dose in four patterns (i.e., regulated or no regulation, with or without the reflection of the
intake of wild vegetables), were considerably less than 1 mSv/year for FY2013–2016. The
values gradually decreased over the years. Therefore, it was considered that the effect of
regulation was particularly large in FY2012, and appropriate regulations have ensured food
safety in Japan since the time the current criteria were adopted. Moreover, even when the
provisional regulation values were established based on the effective dose of 5 mSv/year
and applied in 2011, the radiation exposure dose from radioactive cesium was well below
1 mSv/year [35,43].

Next, we discuss the cases where the food intake of wild vegetables were considered
and where they were not. In the case of “regulated”, there was no significant difference
between the effective dose of each percentile with and without the reflection of intake of
wild vegetables for each FY. As mentioned in the previous section, although wild vegetables
can contain relatively high concentrations of radioactive cesium, the degree of radioactivity
concentration is not very high, as shown in Figure 3. Additionally, the food intake of wild
vegetables is not so large compared to other vegetables, as shown in Table 2. As a result,
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it was thought that the internal exposure dose resulting from the consumption of wild
vegetables was not high. Therefore, it was suggested that the radiation doses with and
without the reflection of intake of wild vegetables were similar. However, in the case of “no
regulation”, although there was no significant difference between the effective dose of the
median with and without the reflection of intake of wild vegetables for each FY, the 95th
and 99th percentiles (especially 99th percentile) of effective dose without the reflection of
intake of wild vegetables were slightly higher than those with the reflection for FY2013–
2016. In the dose estimation of “no regulation”, because the monitoring test results of wild
vegetables were picked up as general vegetables (SCN 29 or 35), the food intake of wild
vegetables (7.67 g/day) was considered to be that of general vegetable (35.9 or 48.3 g/day).
Therefore, when the monitoring test result of high radioactivity concentration (e.g., 99th
percentile was 836 Bq/kg for FY2012) is picked up in random sampling, the internal
radiation dose resulting from the consumption of wild vegetables was overestimated. Thus,
it was suggested that the high percentile of effective dose from FY2013 to FY2016 (“no
regulation”) without the reflection of intake of wild vegetables were slightly higher than
those with the reflection. By considering the intake of wild plants, it was considered that
overestimation could be prevented, and a more precise dose estimation could be achieved.
Thus, better data for consuming wild vegetables, which grow in the wild and are difficult
to manage during cultivation, were provided in this study.

As mountain-based foodstuffs, wild mushrooms are of significance to local residents,
as well as wild vegetables. Although some samples exceeded the standard limit, the
distribution of radioactivity concentration in mushrooms was on the low side compared to
other animal meats (Figure 3). Furthermore, the radioactivity level and amount of food
consumption are important factors in radiation dose estimation [20]. Because the intake of
mushrooms is not so large (SCN46; 17.2 g/day in Table 2), the radiation dose resulting from
consuming mushrooms is not considered to be large, as is the case with wild vegetables.
This finding is thought to be beneficial to the local residents. Because we used the average
food intake, biases of individual dietary habits (e.g., in case of high intake) could not be
reflected. Therefore, this study does not provide dose estimates that reflect the habitual
intake of individuals (as described in the above section, only the intake of wild vegetables
reflects the seasonal variation in intake), which is one of the limitations. In future studies,
we would like to explore a method of dose estimation that reflects habitual intake based on
a previous study [44].

In the estimation of internal radiation dose resulting from the consumption of radionu-
clides in foods, detailed research using the actual distribution of foods (market basket study)
has been conducted by the MHLW. The study of the MHLW also indicated that the radiation
exposure dose resulting from the ingestion of radioactive cesium was considerably smaller
than the reference level of 1 mSv/year [45]. However, the estimated radiation dose in this
study was generally larger than that estimated in the market basket study. For instance,
the internal exposure doses for FY2012 were evaluated to be 0.0009–0.0057 mSv/year and
0.0008–0.0071 mSv/year in the market basket study [46,47]. This is because of the large
LOD in the monitoring tests [20]. Because the monitoring test requires convenience, an
inspection is performed with a large LOD, which depends on the measurement time and
sample volume compared to the market basket study. Therefore, the internal exposure dose
in this study would be overestimated. However, we believe it is not a major problem in
evaluating the effect of regulations as the radiation dose “regulated” and “no regulation”
were estimated under the same conditions in this study.

5. Conclusions

In this study, a longitudinal change in the internal exposure dose under the current
food regulation was evaluated using a number of accumulated monitoring results, taking
into account the intake of wild vegetables. The effect of regulation was particularly large
for FY2012. Subsequently, there was no noticeable difference in the doses with and without
the regulations, and they decreased as the years passed. The internal radiation doses under
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regulation in each FY were substantially smaller than the reference level of 1 mSv/year.
Additionally, it was considered that the overestimation for the high percentile assuming
no regulation could be prevented by reflecting the intake of wild vegetables, and a more
plausible dose estimation could be achieved. Thus, it was confirmed that food safety with
respect to radionuclides in Japan was ensured through the implementation of appropriate
measures, even taking into account wild vegetables that grow in the wild and are difficult
to manage during cultivation.
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