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Abstract

This paper describessome aspectsof the exhalationrate of radon by man which

may be relevantto its interna] dosimetryand, therefore, to possible

radiobiologicalconsequences. Prolongedexposureof a person to radon results

in a reservoirof radon dissolved in body fat and fluids. If the person then

moves to an environmentwith a lower radon concen'Lration,there is a net

exhalation of radon and the initialexhalationrate depends on the radon

concentrationin the first environment. This is demonstratedfor seven

personswhose houses containedradon at concentrationsvarying from 10 Bq m3

to almost 1000 Bq m"3. About one hour after leavingthe house, the subjects'

averageexhalationrate of radon, expressedas the equivalent volume of house

air per unit time, was 236 mL min"I.
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In general, the exhalation rate declined in a manner that seemed to be

predictable from the integral of the equation that describes the Pe_:ention of

a single inhalation exposure to radon. However, the behavior is complicated

by a major but short-lived postprandial increase in the exhalation rate of

radon by persons whose only source of radon was in the air of their homes.

The phenomenonwas studied in seven subjects, who showed initial exhalation

rates ranging from 3 mBqrain"1 to ZOOmBq rain"1. The excess radon exhaled

amounted to -4 L to -15 L, when expressed as the equivalent voluP..eof house

air. This radon must have come from a reservoir somewhere in the body; the

possible dosimetric and radiobiological consequences oi: this phenomenonare

unknown.



]Lntroduction

The currentconcern about the possible health effects of indoor radon

necessitatesthe investigationof all aspects of radon in man, i.e., physical

as well as biological factors. In this paper we presentsome observationson

the rate of exhalationof radon inhaled in the indoor environment.

lt has been known for many years that the retention in the human body of radon

that has been inhaled can be describedmathematicallyby the sum of five

exponentialfunctions of time (Harleyet al., 1951; Lucas and Markun, 1972).

Each function is consideredto representretentionin a particularcompartment

in the body. Thus, the compartmentthat clears very rapidly (half-time23 s)

presumablyrepresentsthe lung, while the slowestcompartment(half-timeabout

18 hours) is identified as fat. The other compartmentshave half-times of

about 4.5 min, 41 min, and 120 min. Consequently,prolongedinhalationof

radon results in a pool in the body, the size of which is determined both by

the radon concentrationin the air and by the duration of the exposure. In

general,an equilibriumwill be reached in exceptionalcases only (i.e., cases

of continuousexposure for severaldays).

When a person moves to an environmentwith a lower radon concentration,there

is a net exhalation of radon and the exhalation rate is determined by the same

factors. If the parametersof the retentionequationwere fairly similar for'

all persons,there should be a linear relationshipbetweenthe initial

exhalationrate and the concentrationin the house for exposuresof similar

durations.



Our observationof a postprandialpeak in the rate of exhalationof radon by

....personswith long-standingburdensof radium (Rundo et al., 1978) raised the

question of the origin of the "excess"radon exhaled during the period of

digestion. If it were the result of a transientchange in the fractionof

radon lost from bone, the dosimetricconsequenceswould be trivial. On the

other hand, if it were the result of the flushing of a reservoirof radon

, dissolved in soft tissue, it could be importantto identifythe reservoir,

which might be the recipientof chronic irradiationat levels greater than

many soft tissues. This questionwould be resolved by the demonstrationof a

postprandialpeak in the exhalationof radon, the only source of which was

inhalationin the home environment.

We thereforedecided to determine seriallythe exhalationrate of radon in the

breathof ourselvesand some colleagues,paying particularattentionto the

period followinga meal. In this way we could explore the relationship

between a "high" environmentalradon concentrationand the initialexhalation

rate after leaving that environment,as well as seek evidence for a post-

prandial peak in the exhalation rate.

_. E_xperimentalMethods

Samples of air were collectedfrom the houses of seven subjectsto determine

the concentrationof radon to which they had been exposed for periods of about

14 h. Data on the subjectsare shown in Table I.

Five of the subjectsbrought a breakfastof choice and went to the underground

Iaboratory("vault"),whichi s ven,tiIated with radon-free air, as soon as

possible after arriving at Argonne. One or two 10-min samplesof breath were



taken for determinationof the initialexhalationrate of radon, and the

subject then ate breakfast. Breath samplingwas started immediatelyafter the

end of the meal and at first was almost continuous::;eriallO-raincollections

were made during a period of I-2 h, with a 2- or 3-min intervalbetweeneach

collectionwhile the radon trap (charcoal)was being changed. After this time

less frequent collectionswere made.

Results

The exhalationrates for the first 10-min samplesof breath are plotted as a

function of the indoor radon concentrationsin Figure I. There is an

altogetherrespectablecorrelationbetweenthe two, the straight line having a

slope of 236 mL min''_,when radioactivityis expressed in units of the

equivalent volume of room air (EVRA_ Lucas and Stehney, 1956). The relatively

slight spread of the points (in an admittedlysmall sample) indicatesthat the

retentionequations for the seven subjectsmust have been similar.

Other factors being equal, one would expect the radon exhalationrate to

decline monotonically. In Figure 2 the serialresults for subject50-150 (for

whom the initialexhalationrate plotted in Figure I was just over 100 mBq

min"I)show that "other factors are far from equal." The curve labelled

"Integratedretentionequation" is a plot of the retentionfunction for a

single intake of radon, integratedfor continuousexposure for 14 h, and then

normalizedto pass throughtileearly experimentalpoints, lt should be noted

that statisticaluncertaintiesare not indicatedbecause, for all points,

error bars (± 1o) would be no greater than the heights of the symbols;the

variabilitywas thereforedue to biologicalfactors. After breakfast(eaten

at the time indicatedby the letter "B"), an initialdecrease in the radon



exhalationrate was followedby a substantialincreaseto a peak some 70-90

min after breakfast, and then a gradual decline to a "normal"or "expected"

level some 3 h after the meal. The subject also ate his lunch (at the time

indicatedby the letter "L") in the undergroundlaboratory,and serial breath

collectionsand analyses for radon were continued. The results suggestedthat

a second postprandialpeak was present, but the exhalationrate 3 h after

lunch was considerablyhigher than expected on the basis of the smoGth curve

representingthe integratedretentionfunction.

A similarseries of breath collectionsand radon analyseswas made for the two

other subjectswhose houses showed radon concentrationsin excess of 150

6q m"_. The results are plotted in Figure 3 togetherwith the results for

subject50-150.

In all three cases, there was a pronouncedpostprandialpeak after breakfast,

althoughthe increase startedsooner after the meal for subject 50-148. The

dashed lines drawn under the first peaks representassumed exponential

baselinesto permit the calculationof the "excess"radon exhaledduring .he

period of the peak. The subjectivenature of this procedure is self-evident

and should be borne in mind. The evidence for a peak after lunch was less

conclusivefor subjects50-026 and 50-148 than for subject50-150, although

still suggestive.

We wished to determine if the postprandialpeak could be deferred until after

lunch. Accordingly,two subjectsate no breakfast;the exhalation rate of

radon was determined at intervalsduring the morning and continued more

frequentlyafter lunch, which was eaten in the undergroundvault. The results



are plotted in Figure 4. Error bars (± la) are again within the heightsof

the symbols. The postprandialpeaks are quite unambiguousin both cases, but

the shapes are very different. For subject50-109, the dashed line represents

the extrapolationof a least squaresfit of an exponentialfunction to the

data from 143 to 295 min, and it was used as the baselinefor the peak. This

procedurewas not possible for subject50-070 becausethe data showed no well-

defineddecrease before lunchlKhe resultsalso suggestthat sampling of the

breath was discontinuedbefore the exhalationrate of radon had recoveredfrom

the elevated values.

The total amount of radon exhaledduring the period of the peak was calculated

far each subject. The amount that was exhaledduring the time between the

collectionsof successivepairs of sampleswas assumedto be at a rate equal

to the averageof the rates before and after. These quantitieswere

calculatedand added to the sum of the amounts found in the sampling periods.

With one exception, the estimatedamount of exhaled radon which was not

collectedrangedamong the subjects from 30 to 41% of the total. The

exceptionwas the first test on subject 50-009,where it was 69% of the total;

this was an exploratorytest, and gamma-raymeasurementswere also being made

in vivo during the course of the morning.

For each subject,we assumedthat had there been no postprandialpeak, the

rate of exhalationof radon would have followedan exponentialdecline as

exemplifiedby the dashed lines in Figures3 and 4. The total area under the

baselinewas determinedby integrationof the exponentialfunctionbetween

appropriatelimits. This quantitywas then subtractedfrom the total radon

exhaledduring the period of the peak; the results are set out in Table 2.
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The uncertaintiesshown are based on the statisticalerrors of counting;

however, in the calculationof the error on the total amount exhaled, the

estimatederror on the amount exhaled betweensuccessive pairs of sampleswas

doubled before propagationwith those for the samples, to allow for some

biologicalvariability. For each subject,the uncertaintyon the area under

the baselinewas derived from the error on the ratio of the exhalationrates

at the beginningand end of the period of the peak.

In order to compare the data for subjectswho had been exposed to widely

differingconcentrationsof radon (but for comparable periodsof about 14 to

16 h), the net area in each peak was converted from activity to the equivalent

volume of room air by dividing by the appropriateconcentrationin the house

air. The results are in the penultimatecolumn of Table 2. The range of

values for the peak areas is reduced from about 70:1 to about 4:1. As a

measure of the relative effect, the ratio of the net peak area to the area

under the baseline was calculated,and the results are given in the final

column of Table 2. They show a range of about 3:1.

Discussion

The observationof the postprandialpeak in the exhalationof radon from the

environmentproves that the source of the similar peak in the exhalationof

radon produced in vivo is a reservoirof radon dissolved in body fluids or

soft tissue and not a change in the fractionreleased from radium in bone. It

was hoped that the area of the peak, when expressedas the equivalent volume

of room air, might give some clue as to the identityof the reservoir.

However, there is no obvious correlationbetween the area of the peak and any

of the variables in "[ableI. The identity of the reservoirremains a mystery:
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one possibilityis the capillarybed; another,perhaps more likely, is the

omentum,which may containmuch adipose tissue. The higher solubilityof

radon in fatty media than in aqueous ones is well-known. More data are needed

before any conclusion can be drawn concerningthe dosimetricor radiobio-

logicalconsequences.

The detailed behavior of the exhalation rate during the period of the peak

merits comment. For subjects50-026 (Figure3) and 50-109 (Figure 4), there

is a suggestion of a splittingor doubling of the peak. When first observed

(in subject50-109), this was thought merely to be biological variation,but

its observation in subject50-026 tended to confirm it as a real phenomenon,

even though its existencedepends on the validityof one low point in each

case. The peaks for subjects50-148 and 50-150 (Figures2 and 3) do not show

a doubling,but there is a marked asymmetryof the peak in each case. Because

of variations in respiratoryminute volume of subject 50-148,there was

actually a small increasein the concentrationof radon in the breath at 158

min. Similarly, the resultsfor subject 50-070 (Figure4) suggest that there

may have been a "step" in the decliningportionof the peak which was not

observedbecause breath samplingwas discontinuedtoo early. These

observationswarrant furtherstudy, perhaps with a stable isotope of another

of the noble gases, the behaviorof which may be similar to that of radon, lt

is possiblethat this noninvasivetechniquemay offer a tool to physiologists

for the study of some aspects of the digestiveprocess not otherwise amenable

to investigation.
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Table 1. Details of seven subjects and the concentrations of airborne
radon in their houses.

Subject Height, Weight, Age, Rn concentrationa
No. Sex m kg yr. inhouse air, mBq L"I

50-002 M 1.68 78.2 51 57 ± 4

50-009 b M 1.78 77.3 52 59 ± 4

50-009b M 1.78 77.3 52 51 ± 4

50-026 F 1.58 94.5 29 962 ± 21

50-070 M 1.83 82.3 32 10 ± 3

50-I09 M 1.71 84.1 38 46 ± 2

50-148 M 1.74 69.5 52 153 ± 6

50-150 M 1.73 79.3 30 518 ± 5

aMeans of pairs of consistentresults on samplestaken the night before and
on the morning of the test, except for subjects 50-026 and 50-070, where the
house air sampleswere taken two days later.

bSubject50-009 was tested on two occasions,a week apart.
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Figure I. Exha3ationrate of radon shortlyafter arrival at Argonne Nationa_l

Laboratory _s a function of the radon concentration in the house

for seven subjects.

Figure 2. Exhal).tic.nrate of radon by subject 50-150(experimental points)

as a function of time since leaving ,home,compared with the rate

predicted by the multi-exponentialretention function, integrated

for continuousexposure for 14 h and normalizedby trial and error

to the data (smoothcurve). Letters indicate mid-points of meals

(B - breakfast;L - lunch).

Figure 3. Exhalationrate of radon (logarithmicscale) for three subjects as

a function of time since leavinghome. The data plotted in Figure

2 are included. Letters again indicatemid-points of meals.

Figure 4. As for Figure 3, but for two subjectswho ate no breakfast.
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