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Although the epidemiological studies provide evidence for an increased risk of lung cancer risk associated with residential radon, an issue of radon-thoron discrimination remains to be solved. In this study, an updated evaluation of lung cancer risk among the residents in Gansu, China was performed where one of the major epidemiological studies on indoor radon demonstrated an increased risk of lung cancer. We analyzed data from a hospital-based case-control study that included 30 lung cancer cases and 39 controls with special attention to internal exposure assessment based on the discriminative measurement technique of radon isotopes. Results from the analyses showed non-significant increased lung cancer risks; odds ratios (ORs) adjusted for age, smoking, and total income were 0.35 (95% CI: 0.07–1.74) and 0.27 (95% CI: 0.04–1.74) for groups living in residences with indoor radon concentrations of 50–100 Bq m−3 and over 100 Bq m−3, respectively, compared with those with < 50 Bq m−3 indoor radon concentrations. Although the small sample size hampers the usefulness of present analyses, our study suggests that reevaluation of lung cancer risk associated with residential radon in the epidemiological studies will be required on the basis of precise exposure assessment.

Keywords: residential, radon, thoron, lung cancer, case-control study


INTRODUCTION

Uranium and radium are radioactive materials which are widely present in nature, particularly rocks and soils. Radon, thoron, and their progenies are generated from uranium and thorium, respectively, and they can be regarded as major contributors to exposures from the natural radiation sources. Radon is included in building materials and water. When breathing, radon and its progeny are unconsciously inhaled, they deposit in the lung and the tissues are exposed to alpha particles. This process can result in lung cancer (1). According to the UNSCEAR 2000 report (2), worldwide mean annual doses from radon, thoron, and their progenies are estimated to be 1.2 and 0.1 mSv a−1, respectively, which accounts for almost half of the total dose from natural radiation sources, i.e., 2.4 mSv a−1. The increased risk of lung cancer is demonstrated by the studies of underground miners who were exposed to the high levels of radon and its progeny (3, 4), these studies provide strong evidence for an association between radon and lung cancer. Since the 1980s, many case-control studies of lung cancer and residential radon exposure to persons have been conducted to investigate possible effects of relatively low levels of radon, but the study results are inconsistent mainly because of the small sample size of each study. For this reason, several meta-analyses and pooled analyses were subsequently conducted for Europe, North America, and China (1, 5–9). The European, North American, and Chinese pooling studies showed increased risks of lung cancer based on the measured radon concentration with an excess odds ratio (OR) per 100 Bq m−3 of 8% (95% CI: 3–16%), 11% (95% CI: 0–28%), and 13% (95% CI: 1%−36%), respectively. However, radon concentrations in some of these studies are likely to have been overestimated due to inability to discriminate between radon and thoron which could result in the biased estimates of lung cancer risk (10, 11). Thoron is present everywhere together with radon, and sometimes the radiation exposure due to thoron is at the same level or higher than that of radon (12). Therefore, it is important to consider the effects of not only radon and its progeny but also thoron and its progeny for precise evaluation of lung cancer risks. To address these issues, we conducted a hospital-based case-control study of the patients with lung cancer in Gansu Province, China, where an increased lung cancer risk was demonstrated in relation to radon by a large-scale study (13). In this paper, we report on the results of analyses of the initial set of data with special attention to exposure assessment by using the radon and thoron discriminative detectors; these have never been adopted in any previous epidemiological study of radon and lung cancer.



MATERIALS AND METHODS


Study Area

This study was conducted by a hospital-based case-control design in four villages at Qingyang City, Gansu Province which is located on the Loess Plateau in northwestern China. More than 3 million people used to be living in cave dwellings in this area, and the residential mobility was quite low (14, 15). The typical cave dwelling consists of one room with a single entrance and two windows at the front side, which are built of local soil. The length, width, and height of the cave dwelling are typically 8, 3.3, and 3.3 m, respectively. These cave dwellings are equipped with a traditional bed, which is made of a loess brick (15).



Study Subjects

The subjects included lung cancer cases who were diagnosed and confirmed with pathological evidence during the period from November 2005 to January 2007 in a major local hospital in the study area. Controls were selected with frequency-matching (2:1) from four villages in the study area, where age and sex distributions of the data were taken into account based on the result of the pilot survey. As a result, 33 cases and 72 controls were obtained. One or two trained nurses were allocated for each village of the study area so as to conduct an interview survey using a questionnaire. In brief, the questionnaire consisted of demographic characteristics, type of residence, residential history, medical history, educational background, marital status, and lifestyle factors, such as smoking and alcohol drinking. Out of the 105 subjects, 69 (65.7%) were male and 36 (34.3%) were female. Since the number of female lung cancer cases was too small (n = 3) while that of female controls was 33, the analyses in this study were restricted to data on 69 men (30 cases and 39 controls). Radon and thoron concentrations were measured for 82 dwellings, such as current and previous ones. When the radon, thoron, and, namely, equilibrium equivalent thoron concentration (EETC) concentration could not be measured in the previous dwellings, the average value of each current house type was used for the analysis. Two dwellings were not collected by the monitor. And the thoron progeny concentrations, EETC was also measured for these dwellings, but data on EETC were not available for 12 dwellings because of technical problems. As a result, the data analysis was conducted on 55 subjects (28 cases and 27 controls) for whom concentrations on radon, thoron, and EETC were all available.



Measurements of Radon, Thoron, and Thoron Progenies

Residential radon and thoron were measured by using passive integrating radon-thoron discriminative monitor called RADOPOT (Radosys Co. Ltd., Hungary) (16, 17). The monitor used a CR-39 chip (BARYOTRAK, Nagase Landauer, Ltd., Japan) placed at the bottom. Furthermore, a long-term measurement of thoron progeny was conducted by using a monitor with CR-39 chip, which was developed by Zhuo and Iida (18) and was improved by Tokonami et al. (10). After the measurements were completed, the CR-39 chips were taken out of each monitor and were chemically etched for identifying alpha track reading system. The etching for CR-39 was carried out in a 6 M NaOH solution at 60°C for 24 h. We determined the track density through a track reading system such as an optical microscope. Using the track destiny and conversion factor, thoron progeny concentration could be obtained as the equilibrium equivalent thoron concentration. The two detectors were placed in the dwelling of each subject (case and control). One was set in the living area and the other in the sleeping area of the one-room dwellings. Each monitor hang from the ceiling in the center of the dwellings. The distance from the ceiling ranged from 5 to 30 cm (14). This protocol for placement of passive detectors was the same as the previous Gansu study (13). The measurements were carried out for 5–8 months in a batch starting from August to November 2006 and finishing in April 2007. The radon and thoron progeny concentrations were calculated as the average of the two detectors. We considered 5–30 years prior to the time of study entry as relevant exposure period related to lung cancer risk as in the other case-control studies. For the analysis, we used a time-weighted average of the radon concentrations in all the dwellings occupied over the exposure time window with weights proportional to the length of time the individual had lived in each dwelling. If the subject moved from the dwelling during the exposure period, the radon concentration was calculated by using a weighting coefficient for residence years. Weight for exposure time window (Wt) was defined as follows:

Wt1: the current dwelling

Wt2: the dwelling before the current dwelling

If the study participants have been living in the current dwelling for more than 30 years, Wt1 was 1 and Wt2 was 0. For more than 5 years and <30 years, Wt1 was the residence years minus 5 divided by 25, and Wt2 was 1 – Wt1. For <5 years, Wt1 was 0 and Wt2 was 1.



Statistical Analysis

The descriptive statistics have been calculated for the demographic characteristics of the study subjects. Age and number of years smoking were compared by using the unpaired t-test for comparison between the cases and controls. Reference age, addiction history, drinking habits, resident type, current pre-detention, educational background, marital status the income, and occupation were compared by using the chi-square test. Unconditional logistic regression models were used to estimate the ORs) and 95% CIs according to radon concentration, with the lowest category as reference, adjusted for the potential confounders, such as age, smoking, and total income of household in 2004 as a socio economical factor. For the separated data on the case-control status and dichotomous or categorical covariates, Firth's method was applied in logistic regression. A test for trends in lung cancer risks was done by using the categorical scores (1, 2, and 3) for the groups based on radon concentrations. Statistical significance in the analysis was tested using two-sided p-values at a 5% level. The data analysis was implemented using IBM SPSS statistics 24.0 for Windows and SAS 9.4.



Ethical Considerations

The survey was approved by the ethics review committee of Kagoshima University Graduate School of Medical and Dental Sciences on June 28, 2005 (No. 14).




RESULTS


Background of the Subjects

The demographic and other characteristics of the study subjects (28 cases and 27 controls) were summarized in Table 1. The mean age of the subjects was 60.5 ± 9.3 (min 39–max 77) years old, and there was no significant difference (p = 0.64) between the cases (61.1 ± 8.6) and controls (59.9 ± 10.1). Almost all the subjects were current and former smokers, and the difference in smoking prevalence between the cases and controls was statistically significant (p = 0.008). The mean duration of smoking for cases and the controls were 35.2 ± 10.1 and 32.3 ± 9.9 years, respectively. As for drinking prevalence, there was no significant between the cases and controls (p = 0.10). The majority of cases were living in cave dwellings (n = 15, 53.6%) while only 10 controls (37.0%) were living in cave dwellings although this difference was not significant (p = 0.218). The mean years living in the current house were 20.7 ± 14.1 and 16.7 ± 17.3 years for cases and controls, respectively. Most subjects (n = 51, 92.7%) had lived in one or two dwellings for 6 months or more before moving to the current residence with no significant difference between the cases and controls (p = 0.83). With regard to educational background, most of the cases were educated at elementary or higher schools while controls were no school or illiterate, however, there was no significant difference (p = 0.77). We found five subjects (four cases and one control had a disease history of pulmonary tuberculosis, three of asthma (two cases and one control), nine (eight cases and one control) with chronic bronchitis, and two (both controls) with emphysema. Responders to the interview questionnaire were either the study subjects themselves or their next of kin.


Table 1. The demographic and other characteristics of the study subjects.
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Radon, Thoron, and Thoron Progeny Exposure

The arithmetic means of radon concentration, thoron concentration, and EETC were 73.2 ± 48.6 Bq m−3 (ranged from 7.0 to 294.5), 275.4 ± 178.5 Bq m−3 (ranged from 9.7 to 1085), and 2.4 ± 1.1 Bq m−3 (ranged from 0.2 to 7.1), respectively. Their respective geometric means were 64.8, 225.5, and 2.4 Bq m−3. The radon concentration exceeded 100 Bq m−3 in 11 dwellings (20%) and 200 Bq m−3 in only one dwelling (1.8%). The arithmetic means of radon concentration, thoron concentration, and EETC for the cases were 61.8 ± 42.7 Bq m−3 (ranged from 7 to 199.5), 309.0 ± 220.6 Bq m−3 (ranged from 9.7 to 1085), and 2.3 ± 1.2 Bq m−3 (ranged from 0.2 to 5.4), respectively, while those for controls were 85.1 ± 52.2 Bq m−3 (ranged from 34.6 to 294.5), 240.7 ± 114.8 Bq m−3 (ranged from 69 to 581.5), and 2.6 ± 1.1 Bq m−3 (ranged from 1.0 to 7.1), respectively. As for radon concentration, thoron concentration, and EETC, there were no significant differences between the cases and controls (p = 0.08, p = 0.16, and p = 0.28). The arithmetic means of radon concentration, thoron concentration and EETC for the cave dwellings were 82.2 ± 46.6 Bq m−3 (ranged from 10 to 199.5), 210.5 ± 139.5 Bq m−3 (ranged from 9.7 to 630.5), and 2.5 ± 1.5 Bq m−3 (ranged from 0.2 to 7.1), respectively, while those for the ordinary type dwellings were 65.7 ± 49.7 Bq m−3 (ranged from 7 to 294.5), 329.5 ± 191.2 Bq m−3 (ranged from 69 to 1085), and 2.4 ± 0.7 Bq m−3 (ranged from 0.8 to 4.1), respectively. As for cave type dwellings, the thoron concentration was significantly lower than that of ordinary dwellings (p = 0.012), whereas the radon concentration and EETC were not significantly different between cave type dwelling and ordinary dwellings (p = 0.21 and p = 0.79). The radon concentration exceeded 100 Bq m−3 in nine cave house dwellings (36.0%), and none had a radon concentration of 200 Bq m−3. On the other hand, for ordinary type dwellings, the radon concentration exceeded 100 Bq m−3, in two dwellings (6.7%) and it was 200 Bq m−3 in one dwelling (3.3%). Table 2 shows the ORs in relation to measured radon concentrations adjusted for potential confounders. Indoor radon concentration was classified into three groupings of < 50, 50–100, and above 100 Bq m−3. This classification was done to keep a similar number of subjects in each grouping. The adjusted ORs for the groupings with indoor radon concentrations of 50–100 and above 100 Bq m−3 were 0.35 (95% CI: 0.07–1.74) and 0.27 (95% Cl: 0.04–1.74) for indoor radon concentrations of 50–100 and above 100 Bq m−3, respectively. There was no significant trend in lung cancer risk according to the radon concentration (p = 0.12). Similarly, indoor thoron progeny concentration was classified into three groupings of <1, 1–2, and above 2 Bq m−3. The adjusted ORs for the groupings with indoor thoron progeny concentrations of 1–2 and above 2 Bq m−3 were 0.43 (95% CI: 0.03–6.98) and 0.3 (95% Cl: 0.03–3.45) for indoor thoron progeny concentrations of 1–2 and above 2 Bq m−3, respectively. There was no significant trend in lung cancer risk according to the thoron progeny concentration (p = 0.29).


Table 2. Distributions of subjects and odds ratios (ORs) for lung cancer according to measured radon and thoron progeny concentration.

[image: Table 2]

In the previous case-control study in Gansu, another passive radon monitor, called Radtrack, was used for exposure assessment. Radtrack is sensitive to thoron and a relative sensitivity of thoron is 0.68 when that of radon is normalized to be 1 (17). This means the reading will be 1.68 times higher than the actual radon concentration if radon concentrations are measured with this detector. Therefore, we calculated radon concentrations by assuming that the Radtrack detectors were used instead of RADPOT detectors. The overestimated radon concentration was calculated as follows:

[image: image]

Where CRn is radon concentration and CTn is thoron concentration. The arithmetic mean of the estimated radon concentration was 260.5 ± 125.7 Bq m−3 (ranged from 16.6 to 782.6). The estimated radon concentration dose was 3.6 times higher than our RADOPOT data. Table 3 shows the ORs adjusted for potential confounders. Exposure to indoor radon concentration was classified into three groupings of <200, 200–300, and above 300 Bq m−3. The adjusted OR of groupings with indoor radon concentration 200–300 and above 300 Bq m−3 were 0.31 (95% CI: 0.05–1.95), 0.54 (95% CI: 0.07–4.16), respectively, compared with the lower exposure grouping (199 Bq m−3). There was no significant increase in lung cancer risk based on overestimated radon concentration.


Table 3. Distribution of subjects and ORs for lung cancer according to overestimated radon concentration.
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DISCUSSION

To understand the lung cancer risk of exposure to low levels of residential radon, data from a case-control study were analyzed with special attention to internal exposure assessment. To the best of our knowledge, our present study is the first attempt in the world which used radon-thoron discriminative detectors to evaluate the exposure levels of radon and thoron separately and associated lung cancer risks. In the previous Gansu study (13), lung cancer risk significantly increased with increasing radon concentration, with an excess OR of 0.19 (95% CI: 0.05, 0.47) per 100 Bq m−3. In the present study, however, we observed no significant trend for lung cancer risk increase according to radon concentration. This apparent discrepancy could be explained by the low statistical power of the present study with the small number of cases and controls. Since the internal radiation dose could be a more important measure for evaluating the lung cancer risks than crude concentrations of radon and thoron, the annual effective dose derived from inhalation of radon (ERnP) and thoron (ETnP) progenies could be calculated as follows:
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where CRn is radon concentration, the time spent in a dwelling is 7,000 h in a year, and DCFRnP and DCFTnP are dose conversion factors for radon progeny [9 nSv (Bq h m−3)−1] and thoron progeny [40 nSv (Bq h m−3)−1], respectively. These dose conversion factors for radon and thoron progeny were derived from the UNSCEAR 2006 report (4). The annual effective doses due to radon and thoron progenies were estimated to be 1.8 ± 1.2 (ranged from 0.2 to 7.4) mSv a−1, 0.7 ± 0.3 (ranged from 0.1 to 2.0) mSv a−1, respectively. The total dose was 2.5 ± 1.4 (ranged from 0.3 to 8.6) mSv a−‘1. On the other hand, ICRP 137 report (19) recommend that DCFRnP and DCFTnP are dose conversion factors for radon progeny [17 nSv (Bq h m−3)−1] and thoron progeny [107 nSv (Bq h m−3)−1], respectively. The annual effective doses due to radon and thoron progenies were estimated to be 3.5 ± 2.3 (ranged from 0.3 to 14) mSv a−1, 1.8 ± 0.9 (ranged from 0.1 to 5.3) mSv a−1, respectively. The total dose was 5.3 ± 2.7 (ranged from 0.6 to 17.1) mSv a−1.

The present study has shown that the thoron dose was as much as half of the radon dose. No attention has been paid to radiation dose from thoron in the terms of health effects, and there is no available epidemiological study of thoron (20). In Yang Jiang, one of the high natural background radiation areas of China, the annual effective doses are estimated to be 3.1 ± 2.0 mSv a−1 for radon and 2.2 ± 2.5 mSv a−1 for thoron (12). This means that the radon dose was comparable with that of thoron. Thus, thoron is no longer negligible from the viewpoint of health risk. Internal exposure situations in the high natural background radiation areas, such as Gansu should be clarified based on the precise exposure assessment. As shown in UNCSEAR report or ICRP publications, the effective dose coefficient for radon and thoron progenies are given. Therefore, radiation weighting factor of alpha particles 20 and tissue weighting factor of lung 0.12 were used for calculation of the absorbed dose for lung.

Therefore, we estimated the radon absorbed dose of the lung as follows:

[image: image]

Where E is the effective dose, WT is tissue weighting factor, the value is 0.12 and WR is radiation weighting factor the value is 20. If the dose conversion factor value with UNSCEAR 2006, the absorbed doses of lung due to radon and thoron progenies would be estimated to be 0.8 ± 0.5 (ranged from 0.01 to 3.1) mGy, 0.3 ± 0.1 (ranged from 0.02 to 0.8) mGy, respectively. The total dose was 1.0 ± 0.6 (ranged from 0.13 to 3.6) mGy. While we evaluated the absorbed doses of lung due to radon and thoron progenies with dose conversion factor from ICRP 137 report, the absorbed dose was 1.5 ± 1.0 (ranged from 0.14 to 5.8) mGy, 0.8 ± 0.4 (ranged from 0.06 to 2.2) mGy, respectively. The total dose was 2.2 ± 1.1 (ranged from 0.26 to 7.1) mGy.

Table 4-1 shows the ORs adjusted for potential confounders with conversion factor used UNSCEAR report. Exposure to absorbed doses was classified into three groupings of <1, 1–1.5, and above 1.5 mGy. The OR of groupings with total absorbed dose between 1 and 1.5, and above 1.5 mGy were 0.50 (95% CI: 0.11–2.34) and 0.48 (95% Cl: 0.08–2.98), respectively, compared with the lower exposure grouping (1 mGy). Same as above, Table 4-2 shows the ORs adjusted for potential confounders with conversion factor used ICRP 137 report. Exposure to the absorbed doses was classified into three groupings of <2, 2–3, and above 3 mGy. The OR of groupings with total absorbed dose between 2 and 3, and above 3 mGy were 0.26 (95% CI: 0.06–1.19) and 0.34 (95% Cl: 0.05–2.27), respectively, compared with the lower exposure grouping (2 mGy). In either case, there was no significant increase in lung cancer risk based on estimated radon, thoron absorbed dose.


Table 4-1. Distribution of subjects and ORs for lung cancer according to estimated radon, thoron absorbed dose (Using dose conversion factor derived from UNSCEAR).
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Table 4-2. Distribution of subjects and ORs for lung cancer according to estimated radon, thoron absorbed dose (Using dose conversion factor derived from ICRP137).
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We measured residential radon concentration by using the passive integrating radon-thoron discriminative monitor. The arithmetic means of radon concentration, for the cases was 62.1 ± 43.4 Bq m−3 (ranged from 7 to 199.5), while for controls was 82.4 ± 54.6 Bq m Table−3 (ranged from 1 to 294.5), respectively. According to the previous study by Wang et al. (13) in the same study area, mean radon concentrations were 230.4 Bq m−3 for the cases, and 222.2 Bq m−3 for controls. In the present study, the arithmetic means of radon concentration were fourth in the cases and third in controls compared with the results of Wang et al. study which were likely to be related to overestimation by the radon-thoron discrimination issue. Our study area is located on the Loess Plateau in China, and many people ever lived in cave type dwelling which made of a loess, for many years. The cave type house, due to its low ventilation rate and high exhalation rate of radon (loess walls are not painted or not well-painted) (15), and the radon level was high. Shang et al. (21) surveyed radon, and thoron and its decay products in the Chinese traditional residential dwellings constructed of loam bricks or soil walls, and they found the radon concentration was 72.4 ± 59.2 Bq m−3, thoron concentration was 318 ± 368 Bq m−3, and thoron progeny concentration was 3.8 ± 3.3 Bq m−3 with a maximum value of 15.8 Bq m−3. According to the radon and thoron measurements for cave type houses carried out in Luliang and Yan'an in China (15), the radon concentration was 55Bq m−3 (ranged from 17 to 179). Thoron concentration was 148 Bq m−3 (ranged from 10 to 760) and thoron progeny concentration was 1.5 Bq m−3 (ranged from 17 to 179). These results and those of the present study suggested that the mean radon concentration was unlikely to exceed 100 Bq m−3 in this same and nearby areas. In recent years, some papers reported discriminative monitors have been used for long-term measurements of indoor radon and thoron (22–25). In addition, thoron progeny concentration was measured (26–30). The reported radon concentration ranged from a few 10 to over 100 Bq m−3. On the other hand, from the dosimetric point of view, thoron progeny concentration was somewhat higher than that of radon progeny. According to Cameroon study (29), thoron progeny contribution to inhalation dose was found to be 30%. Some papers showed that thoron was probably more important contribution to inhalation dose (27, 30). A further study is required to acquire correct radon concentrations and to better evaluate the risk of lung cancer. Future prospects, in terms of epidemiological studies on residential radon and lung cancer, measured radon-222 (radon) concentrations might be affected by radon-220 (thoron) signals. It is well-known that radon-220 concentrations vary with space, especially distance from the sources, such as building materials (31). According to Kovacs (22), summarized radon and thoron survey in Hungary, despite the radon-thoron discriminative monitor set the distance of 15–20 cm from the wall, thoron concentrations were exceeding the detection level. Therefore, the presence of thoron needs to be considered unless a strict protocol on the proper placement of radon monitors is followed. As long as the radon concentration data were accurate and the measuring devices were carefully used in the Chinese, American, and European studies, the interference of thoron in radon measurements cannot be ignored. Precise assessment of radon concentration in such epidemiological studies is required in the future for more reliable estimates of radon risk as well as thoron risk. According to Tokonami (32), in the calculation of indoor annual effective dose for radon, an equilibrium factor was used. However, equilibrium factor for thoron is not applicable or meaningful because thoron varies drastically in space. Therefore, the lung cancer risk must not be assessed with thoron concentrations. On the other hand, the risk should be assessed with thoron progeny concentrations. This is because thoron progeny concentrations are constant regardless of the distance from the wall (31). As we repeated, thoron concentrations should not be used for lung cancer risk analysis, but they need to be measured to determine radon concentration accurately by eliminating thoron interference. As long as, thoron is present together with radon, thoron itself cannot be ignored unless it is directly measured. From the dosimetric point of view, the dose derived from thoron progeny inhalation needs to be evaluated under such exposure situations where both radon and thoron are present. It will be much difficult to conduct such an epidemiological survey in Gansu Province, China because many residents moved from caves in the countryside to detached houses in the city. However, if a new epidemiological study is further initiated somewhere, the proposed methodology will help more reliable data collection.
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