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FOREKIORD

The many bencfits of our modern, developing, industrial
soclety are accompanied hy certain hazards, Careful assessment
of the relative risk of existing and new man-imade envirormental
hazards is necessary for the establishment of sound regulatory
pollcy. These regulations serve to enhance the quality of our
environment in order to promote the public health and welfare and
the productive capacity of our Nation's population.

The complexities of environmental problems originate in the
deep interdependent relationships between the varlous physical
and biolecgical segments of man’s natural and social world. Solutions
to these environmental problems require an integrated program of
research and development using input from a number of disciplines.
The Health Effects Research Laboratory, Research Triangle Park,
NC and Cincinnati, OH, conducts a coordinated environmental
health research program in toxicology, epidemiology, and clinical
stvdies using human volunteer subjects. Wide ranges of pollutants
known or suspected to causg health problems are studied. The
research focuses on air pollutants, water pollutants, toxic
substances, hazardous wastes, pesticides, and nonionizing radiation.
The laboratory participates in the development and revision of
air and water quality criteria and health assessment documents on
pollutants for which regulatory actions are being considered.
Direct support to the regulatory function of the Agency is provided
in the form of expert testimony and preparation of affidavits as
well as expert advice to the Administrator to assure the adequacy
of environmental regulatory decisions involving the protection of
the health and welfare of all U.S. inhabitants.

This document reports the results of research on the
behavior of ingested radon in the human digestive system and
other organs of the body, which was performed because of the
recently recognized public health problem of human exposure to
naturally occurring radon iu the environment.

F. Gordon Hueter, Ph.D.
Director
Health Effects Research Laboratory
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ABSTRACT

The problem of naturally occurring 222 _radon contamination has
received a great deal of public and scientific attention over
the past several years, and has become a major public health
issue worldwide, The purpose of the work reported in this
dgcument was to provide information about the behavior of ingested
222 _radon in the digestive system and other organs of the human
tmd%.22 -Xenon, an element which behaves in the same manner
as -radon in tissue and differs only in tissue solubility,
was used in studies on human subjects, The tissue solubility
differences were accounted for by using the tissue/blood partition
coefficients of the two gases, This report was submitted in
fulfillment of cooperative agreement CR810942 by Massachusetts
General Hospital, Boston, MA, under the sponsorship of the J.S.
Environmental Protection Agency. This report covers a period

from 24 October 1983 to 23 April 1886, and work was completed as
of 26 August 1987,
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Chapter 1

INTRODUCTION

The purpose of the work reported in this document was to provide infor-
mation about the hehavoir of ingested *?*Rn in the digestive system and
other organs of the body. The problem of naturally occuring 2*?Rn contam-
ination has received a great deal of public and scientific attention over the
past several years and has become a major public health issue worldwide
1361(8} [45].

One potentially serious source of radiation dose to the population at
large from ***Rn comes from the ingestion of drinking water laden with
this substance (13){1][5] [44]. To date this problem has been studied only in
a preliminary way. Very little data has been collected in human subjects.
There have been several studies in which a small number of subjects in-
gested radon laden water and were followed over time either by whole body
counting of the penetrating emiscions from the 222Rn daughter or by meu-
suring equilibrated ?*?Rn daughters in expired air *'*Bi [3][48] [1]{17]{13]
(5] {19]. All of these studies suffer from the limitation that direct regional
measurements of organ concentrations could not be carried out with the
experimental preparation used, and the fact that they depend on infer-
ring **’Rn and daughter concentrations from an equilibrated mixture of
the parent and daughters. Also, because of the difficulties in carrying out
the measurements, only a few subjects were svaluated in each experiment.

In the present work we have attempted to usc an alternative preparation
which would overcorne these limitations. Rather than using ???Rn itself
we have used a substance, '*3Xe, which behaves in the same manner as
2Rn in tissue, differing only in tissue solubility. The tissue solubility
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differences may be accounted for in situations where organ concentrations
are equilibrated at all times (a usual assumption for compartmental models)
using the tissue/blood partition coefficients of the two gases|51}[16}[28}.

133X e is used routinely a- in gaseous form for clinical nuclear medicine
lung ventilation and brain organ flow studies[40] [50]{29}{11](18}{37] [32]{12]{25)[10]
It has not however been used routinely in dissolved form. !3*Xe emits pen-
etrating photons at 81 and 35 keV, the former being within the range of
energy for which clinical scintillation cameras are designed [2](42]{15][35].
[26]. A siguificant effort was expended at the early stages of the project to
develop a method for producing and administering sterile doses of '*¥Xe in
solution and to the development of human imaging protocols. A series of
animal studies, not reported in this work, were carried out as part of this
development phase.

Thirty-five subjects were imaged after the administration of a drink of
water laden with millicurie levels of !*Xe. They were followed for periods
of up to ten hours with a scintillation camera. Organ radioactivity concen-
tration vs time curves were generated for the digestive system, quantilated
in absolute concentration units and converted to ?2?Rn kinetic curves using
partition coefficient data gleaned from the literature. Various parameters
were then computed from these ??Rn concentrations, including cumulative
radiouctivity concentrations for ?**Rn and its five daughters, organ mean
transit time for ?*Rn and a set of average analytical organ rate constants
for 222Rn kinetics determined from least squarares fits. Fifteen of the sub-
jects were also studied with high frequency imaging (1hz) during the initial
post-ingestion period to test for rapid escape of radioactivity from the body.

An additional twelve subjects were studied after inhalation of !3¥Xe to
assess the contribution of ?*?Rn recirculated from the lungs to the organs
of the body. These studies were conducted because recirculation was felt
to be the major source of muscle and fat radioactivity following ingestion
of *?Rn and might also be a significant source of radioactivity in other
organs.

This project was carried out in a university hospital environment (Mas-.
sachusetts General Hospital) because such an institution is the only place
where the imaging technology, experience in handlinglarge (mCi) quantities
of radioisotopes for use in human subjects, and expertise in mathematical
modeling and data handling could all be found in the same institution.

The following chapters of this report present \he details of experimental
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methods (Chapter 2), Results (chapter 3) and conclusions (chapter 4).



Chapter 2

EXPERIMENTAL METHODS |

2.1 Introduction

The purpose of this chapter is to describe the experimental and computa-
tional approaches used in producing the results reported in other sections.
The overall goal of the work was to determine regional quantitative radioac-
tivity concentrations and cumulative radioactivity concentrations which re-
sult from the ingestion of 222Rn. The experimental preparation was based
on the administration of a drink of !**Xe, a chemical analog of radon, to
a series of volunteer subjects and following the regional radioactivity dis-
tribution in the body over time with a nuclear medical imaging device.
133Xe was chosen because it emits penetrating photons (81keV and 30keV')
which are easily imaged and because it is routinely used in gaseous form
for nuclear medical studies.

The remainder of this chapter describes the details of the measurements
and data analysis that were carried out to achieve the stated goal. It
is organized as a series of sections, each describing a separate aspect of
methodology. The order of presentation is chosen to approximate as closely
as possible the chronological steps in arriving at the results. The topics
discussed include: |

e Subject recruitment and population characteristics
e Xenon and Radon Partition Coefficients

¢ Radioactivity Dose Preparation and Calibration

4



o Experimental Imaging Methodology

o Data Analysis

2.2 Experimental Study Population

Paid normal volunteer subjects were recruited by advertising on bulletin
boards at local academic institutions and within the local community. The
advertisments were reviewed and approved by the Massachusetts General
Hospital (MGH) human studies committee. Approximately seventy re-
sponses to the advertisements occured during a two year period. An ini-
tial interview by telephone was conducted with each respondent. I[n this
interview the nature of the study and its goals as well as the specific mea-
surements to be done were explained to the respondent by an experienced
interviewer. A set of questions concerning the subject’s reasons for volun-
teering were also asked for the purpose of psychological srreening. During
the phone interviews twenty percent of the responding subjects were elimi-
nated by the interviewer or themselves decided against participation based
on a disproportionate perception of radiation risk. Approximately ten per-
cent were eliminated based on their psychological status or state of health.

Potential subjects from the above group were re-contacted by telephone
and a time for cither an ingestion or an inhalation a study was scheduled.
Subjects scheduled for ingestion studies were instructed at this time cither
to fast for eight to twelve hours, to eat a low fat meal four to six hours
before the study, or to eat a low fat meal one hour before the study. When
a subject arrived on the day of the study, one of the investigators again ex-
plained the averall goals of the study and the specifics of the measurements.
In the course of this discussion the subject was shown the cauipment to be
used. A medical history was taken and the subject’s digestive status was
confirmed. Finally, the subject was asked to read and sign an approved con-
sent form and was asked to express any concerns or questions that he/she
might have concerning the study. No subjects dropped ont at this stage.
B Five studies were judged to be technical failures based on equipment
problems or inability of the subject to cooperate. A total of thirty sucessful
ingestion studies and twelve successful inhalation studies were performed.
The characteristics of the ingestion study population. including the time of
each participant’s last meal prior to the study, is shown in Table 2.1. This
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population consisted of twelve females and eighteen males. Their mean age
was 33.1 & 10.0 years. All but five of the subjects (2 males and 3 females)
had normal body weight for their height and those five were mildly obese.
Six subjects had fasted for more than eight hours, fifteen had had a light
meal within one and one half hours before the study and nine had had a
similar meal four to six hours before the study.

2.3 Xenon and Radon Partition Coefficients

This study exploits the fact that Radon and Xenon, both chemically inert
y behave in a very similar way in tissue and blood. The main differences
in their behavior result from differences in solubility in tissues, a physical
effect. Both elements diffuse freely into tissue and blood and their typical
root of egress is by diffusion into to venous blood and subsequent transfer
to air in the lungs. If one assumes that two tissues, blood and intestinal
wall for example, are equilibrated with respect to a given inert gas, then the
concentrations of in the two tissue types i and j are related by a constant
called the partition cocfficient, A;; citeWeathersby80[49}{28]. The rate of
clearance of inert gas depends on the partition coefficient and the local
tissue blood flow in the following way[9][20](29] (39][49):

f =k (2

where A is the tissue blood partition coefficient, f is the local tissue
blood flow and k is the compartmental rate constant for tracer clearance.

The rates of clearance of two different inert gas tracers in the same tissue
are then related in the following way:

kilk; = A; A (2.2)

The equilibrium concentrations of the the gasses in the tissue are also
related in a similar way. Thus, if the tissue clearance rate constants or
tissue concentrations for one inert gas are known, and partition coefficients
for it and another inert gas are also known, the former quantities for the
second inert gas may be inferred from those of the first.

In order to relate tissue clearance of '33Xe to that of **?Rn, partition
coefficient data from the literature was collected and reviewed (refs). There
is a large amount of data available in animals for both of these gases
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[38}[7](9](14][41] [52){53] as well as a resonable amount of human data[38}[20]
[23]{24)(33](39][46] {51][28][6){13}(17).

For the purposes of the work reported here the human data was used
where possible. In several instances (the digestive organs in particular) no
human Xe data was available. In these cases however data was available
for animals and for another inert gas, Kr{4](22] [21}{31}{33)[41)[51] [27]. Di-
gestive organ partition coefficients for Xe were inferred from human Kr and
Rn partition coeflicents. This was felt to be justifiable since, for other or-
gans where partition coefficients were known for all three gases, the ratios
among the three were constant. Also, comparisons of partition coefficients
in all three gases in several animal species yielded approximately the same
ratios. The partition coefficients used in the computations undertaken as
part of this work are given in table 2.2.

In the case of fat there is wide range of Rn partition coeflicients reported
(from 10 to 20). For the computations in this work the value 11.93 was
assumed to be correct but this decision is arbitrary.

For most of the other organs of interest in this work, the Radon and
Xenon partition coefficients were very similar. This allowed us to make the
assumption of a single phase for these gasses in the digestive system rather
than being concerned about whether the two substances would behave dif-
ferently in the gas phase before entering tissue. One problem with this
assumption is that differing amounts of fat in the food present in the diges-
tive system would dissolve Xe and Rn differently. Therefore experimental
subjects ate only low fat foods in the period before the studies.

Table 2.2: Human Tissue-Blood Partition Coefficients for Rn and Xe

Orgsn Radon A Xenon A
liver Il v.ts 0.78
stomach 0.76 0.72
intestines 0.78 0.72
kidney 0.70 0.68
muscle 0.54 0.69

fat 11.93 (20.0) 9.8
hrain 0.78 0.92




2.4 Radioactivity Administration and Cali-
bration

In order to provide a sterile preparation of !3*Xe for ingestion, it was neces-
sary for us to develop a method of producing individual (unit) doses of this
gas dissolved in liquid (dissolved Xenon doses are not currently available
commercially) and to develop a safe and eflective method of administering
the dose to a human subject. The unit dose and subject delivery systems
must be both sterile and resistant to corrosion from saline. To provide unit
doses from a high-radioactivity source a chrome-plated stainless steel ves-
sel was constructed. The vessel contains a screw-driven press which can be
operated from the outside when the vessel is closed and two fittings which
are compatible with standard sterile hospital fittings. A commercially pur-
chased glass ampule containing approximately one Curie of '*3Xe is placed
in the chamber, the chamber is then sealed and filled with saline from a
reservoir which remains connected. The screw press is then operated from
the outside to crush the ampule and the Xe gas is dissolved. Unit doses may
be drawn form the device by adding saline to the inlet port and collecting
displaced saline, already equillibrated with the gas, in a sterile syringe at
the outlet port. The gas/saline solution in the vessel then equilibrates at
slightly lower '3Xe concentration. A schematic of this device is shown in
figure 2.1, It is sterilized before each new ampule is loaded.

The unit dose, about 5cc in volume, is then injected into a sterile plastic
bag containing 100cc of saline with no air bubbles. The transfer is made
through a sterile injection membrane which was fitted to it along with a
three way valve and a plastic straw. The straw serves as the administration
route to the subject. A sketch of this device is also shown in figure 2.1.

Typically, a unit dose was made up hetween four and eight hours before
the study to allow for '3Xe equilibration within the bag. Such a dose
consisted of 3-6 mCi of '3Xe with the assumption that 1-3 mCi would he
delivered to the subject and the remainder would adhere to the plastic bag
and valves. The radioactivity level in each dose was measured just prior
to administration and immediately after administration using a standard
nuclear pharmacy dose calibrator (ionization chamber based well counter
calibrated to +£10% for **3Xe).

At the start of an ingestion study, the subject was told to scal his/her
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lips around the plastic straw and at a signal from the investigator to be-
gin drinking normally. The bag was then opened to the subject, During
drinking the bag was squeezed slightly by the investigator to prevent the
formation of gas bubbles. Typically, it took a subject about twenty seconds
to swallow the 100cc dose. This simple system worked very well in practice.
In approximately 35 administrutions there were no subject complications
or radioactivity spills.

Radioactivity was administered to inhalation subjects from a commer-
cial 1¥Xe gas delivery system which is routinely used for clinical lung scans.
It consists of a rebreathing reservior containing 3-6 mCi per liter of ra-
dioactive gas mixed with air, and an activated charcoal trap. The subject
is connected to the reservoir via a tight fitting mask. During the first 2.5
minutes of the study, the subject breathed from the reservior and for the
subsequent ten minutes he/she breathed in room air and exhaled into the
activated charcoal trap. The mask was removed after 12.5 minutes and the
subject continued breathing normally for the remainder of the study.

2.5 Experimental Imaging Methodology

2.5.1 instrumentation and data collection for inges-
tion studies

All imaging studies were carried out at the Massachusetts General Hospital
Nuclear Medicine Division in clinical scanning rooms. The radivactivity
distribution in each subject's torso was imaged from the anterior projec-
tion during and after the administration of '**Xe using a nuclear medical
scintillalion camera. All but four of ihe subjects were studied using a Tech-
nicare {1500 rectangular field camera. This camera was chosen because its
large imaging field ( 56 x 38 cm) and its rectangular geometry allow for the
viewing of all of the digestive system and the pelvic area in most adults.
A smaller circular field camera was used to image the remaining four sub-
jects at times when the 2500 camera was unavailable due to an emergency
clinical study. Both of these devices give a projection image with a spatial
resolution of approximately 1 cm (Full Width at Half Maximum response
of a point source of radioactivity). The dead time characteristics of these
devices are such that no significant deadtime effects occur below 20,000
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detected events per second. This fact was experimentally verified for both
of the imaging cameras used in this study. Since no patient data set was
collected at countrates in excess of the 20,000 event per second limit, no
deadtime corrections were made to the data. The sensitivity and limiting
detectibility of the 2500 imaging camera were measured using point and
plane sources of '*3Xe in a torso equivalent scatterer. The sensitivity was
determined to be 11.3 detected events per second peruCi for a uniform dis-
tribution of '**Xe in a torso-like phantom. The main source of limitation
to detectibility was found to be the presence of a 1,980 event per minute
background due to cosmic rays and other sources of environmental radia-
tion. It was determined that the detection, at 90% confidence, of 0.75uCi
distributed in the torso requires a approximately fifteen minute imaging

time. This was assumed to be the practical lower limit of detectibility for
our studies.

Image data were acquired using a Technicare 560 nuclear medical com-
puting system which is interfaced to the imaging cameras. This computer
has a specially designed operating system which allows for acquisition and
display of image data, simple image arithmetic and the selection of a re-
gion to be identified on all images in a given data set (Regions of Interest or
ROLl’s). It was used to produce events vs time curves. Since the Technicare
computer does not have the capacity to carry cut sophisticated compu-
tations on large numerical data sets, all processing beyond the extraction
of ROI data was done on a Digital Equipment Corporation VAX 11/780
computer. Software for the transfer of data from the Technicare 560 to the
VAX 11/780 was developed as part of this project.

A simple device to monitor ‘expired air during inhalation and inges-
tion studies was constructed. It consists of a constant speed punp which
withdraws a continous sample of expired air from a mask or nasal canula,
through a fixed geometry coil in a sodium iodode well detector. The events
measured in one second epochs are recorded on a muitichannel analyzer
operated in multiscalar mode. This device gives relative air concentration.

12



2.5.2 subject study protocol

ingestion studies

The overall approach to collecting '33Xe kinetic radioactivity concentra-
tion data was to place the subject’s torso in contact with the scintallation
camera in anterior (front) view and to then administer a 100 c.c drink con-
taining between 1 and 5 mCi '*3Xe in saline via a straw connected to the
sterile administration device. At the start of ingestion the image collection
computer waus started and images collected for some time period in order to
follow the tranisit of radioactivity through the digestive system. In practice,
about half the subjects were given the drink while standing because they
were concerned about gagging while drinking in the supine position. These
subjects were followed for ten minutes in the standing position and then
placed in the supine position on the imaging table, realigned, and imaging
continued. The remainder of the subjects received the drink while lying on
the imaging table. Images of short duration were collected during the ini-
tial 25 minutes. These consisted, in half the subjects, of sixty-four 5 second
images, then thirty-two 15 second images, and then thirty-two 30 second
images. In the remaining half of the subjects, high frequency sampling of 1
or 2 seconds per image was used for the first 4 minutes and then the 5, 15
and 30 second sampling protocol just described was followed. After the ini-
tal thirty minutes, images summing events over one minute intervals were
collected for the remainder of the study. Most subjects were not able to lie
still in the supine position for more than four hours. Therefore, they were
allowed to get up at between three and four hours to take a one hour break.
Before a subject was allowed to get up, three marker sources were taped
to his/her skin at known anatomical points and the sources imaged. The
reference points used were the zyphoid bone at the bottom of the sternum
and the left and right iliac protrusions of the pelvis. The positions of the
sources were marked on the skin before removal as a secondary reference,
The subject then returned after one hour, the marker sources were again
placed on the body, and he/she was repositioned. A second imaging session
of sixty second images was then carried out for two to four hours and, if
necessary, the subject took another break, being repositioned again after
one hour and imaged. The cycle of imaging sessions and breaks was re-
peated ,as long as the subject could tolerate it, for up to ten hours, In ten
of the subjects, only the first imaging session was undertaken due either to
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equipment scheduling difficulties or subject fatigue.

The image data sets resulting from the above described measurements,
consist of three to ten hours of data having time gaps of approximately
one and one half to two hours including repositioning time in those which
extend beyond four hours. Five subjects were also brought back for imaging
at twenty-four to thirty hours post ingestion to determine if residual !3*Xe
radioactivity above the 0.75 uCi detectability threshold was present. These
subjects were imaged for twenty minutes and a twenty minute background
was collected immediately before or after the imaging study. In all cases,

at least one twenty minute background measurement was made during the
day of the study.

In ten subjects who were imaged at high frequency (typically 1 image per
second), the expired air was sampled through a nasal canula to determine
if a large amount of radioactivity escaped through the lung at early times

after ingestion. Figure 2.2 shows a example of selected images from an
ingestion study.

2.5.3 inhalation studies

The purpose of the inhalation studies which were done as part of this work
was to characterize the response of tissues, particularly muscle and fat but
other organs as well, to 2**Rn recirculated form the lung in arterial blood.
Each subject was positioned in the same manner as for the ingestion studies
and then connected to the breathing reservoir containing between three and
six mCi of'*Xe mixed with air. Th= subject breathed from the reservoir
system for two and one half minutes and then breathed room air for the
remainder of the study. The subject’s exhalations during the first twelve
minutes of the study were trapped in an activated charcoal trap to minimize
room background. The imaging protocol used in these studies is the same as
that for the ingestion studies. A continous sampling of the subject’s expired
air during the breathup period and subsequent ten minutes was measured
using the counting system described above. These data were used to infer
the blood arterial radioactivity concentration as a function of time in order
to provide input functions for the various organs (sce subsection on data
analysis). Figure 2.3 shows a selection of images from an inhalation study.
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Figure 2.2: Anterior Scintillation Camera Images at Selected Tiines During
a Ten Hour Imaging Protocol After Ingestion of '*Xe. The time (min) at
which each image was taken is shown.




Figure 2.3: Selected Scintiliation Camera Images from Inhalation Study.
The times at which the images were taken are shown at the right. Lung is
seen in the early phaze while radioactivity is being breathed. Liver, kidney
and fat are seen in later images in this female subject

9, 2.0 min.

3.0, 1.50r,

6.0 , 7.0 hr.




2.5.4 data analysis
preliminary data manipulation

Initial analysis of image data was carried out on the Technicare 560 imag-
ing computer. This anlysis consisted of selecting regions of interest and
the production of data sets consisting of events recorded in each region
at each time. ROI's were selected from images which were summed over
time periods of from eight to twenty minutes. This allowed the visual-
ization of anatomic structures which appear at different times during tle
data coilection interval. These regions were chosen to be smaller than the
anatomic boundary of each organ so that edge effects due to finite scin-
tillation camera resolution and organ shape could be minimized, but large
enough to minimize stastical fluctuations in the measurements due to the
Possion nature of the radioactive decay process. An example of the region
selection process is shown in figure 2.4. In the ingestion studies an attempt
was made to define regions for all organs of the digestive system including
stomach, small intestine, whole intestine, ascending colon, transverse colon,
descending colon(when visualized), and liver. Also a muscle sample from
thigh and a whole body sample based on the outline of the torso in the
image field, were obtained. In several small individuals a lung sample was
also obtained and in several subjects fat was visualized to a degree where
a sample could be obtained.

In the inhalation subjects lung, whole body, fat, liver, whole intestine,
stomach, kidney (when visualized) and muscle ROI's were selected.

When ROI selection and curve generation were completed for a given

subject, the curve data was transmitted to the VAX 11/780 computer for
further analysis,

absolute normalization of curve data

A normalization factor converting measured events per minute per unit ROI
area (N) to organ '*3Xe radioactivity concentration was determined for each
subject using the peak counting rate per unit ROl area in the stomach (C).
This rate was assumed to occur at the time at which all of the radioactivity
was in that organ. The standard stomach volume, V, = 402.0cc{45)147] ,
was used in this computation. In order to minimize the effects of variations
in stomach volume from subject to subject, the subjects who ate before

17



Figure 2.4: Example of Region of Intcrest Selection for an Ingestion Study.
At left is shown a fifteen Minute Swnmation Image Used to Define Regions.
At Right is Shown the Selected Regions for stomach, liver, small intestine,
descending colon and ascending colon
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the study were asked to eat only a small (100-200 cc chewed) volume of
fcod. The calibration factor (F) is given by F = D/{V,C) where D i< the
administered dose determined by measuring the dose container immediately
before and immediately after administration. The calibration factors along
with administered doses of '**Xe are shown in Table 2.2.

Four of the studies listed in table 2.2 were not performed on the 2500
Gamma Camera. Their calibration factors are not included in the average
which is displayed in the table for that camera.

This methnd of calibration was compared to the use of a generic camera
calibration derived frotn a chest phantom. It was deemed superior because
it controls for differences in absorption and photon scatter in diflerent sized
bodies. Using this calibration method the absolute quantitative accuracy
of the data is estimated to be approximately £20%. This claim is substan-
tiated by the data of table 2.2. For the sub-population of women all having
approximately the same body build (n = 7} the average calibration factor
is 0.0067+£0.00082 (95% confidence) yielding a fractional error spread of
24% including fluctuations due to the small sample size. The sources of
systematic error which cause this variation include differences in photon
absorption and scatterering due to organ geometry and differing distances
of organs from the scintillation camera surface.

primary data processing

The primary data processing leading to ahsolute organ 222Rn concentra-
tions was carried out on the VAX 11/780. The steps executed on each
organ curve for each subject are as follows:

o Normalize data for different collection time. yielding data in events/minute
and account for collection gaps.

¢ Inspect curve data for transfer errors, verify errors and rorrect.

¢ Integrate data to uniform one minute time samples. This was done to
reduce the size of the data sets and to make variance weighting and
other aspects of non-lincar least squares fitting more tractable. The
early data, sampled at high frequency was also treated separately (see

below).
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e Subtract background. An individual background correction for each
region in each subject was generated from background images col-
lected at the time of each study.

¢ Convert Curves to absolute concentrations using measured calibration
factors, correct for partition coefficient differences where appropriate
and correct for difference between!3?Xe and ?*?Rn half lives. The lat-
ter correction results in a 2*?Rn data set which is not decay corrected
(i.e., as measured). A

e Interpolate data between collection gap endpoints. Single exponen-
tial interpolation was chosen over linear, spline and colocation poli-
nomial interpolations because it gave the best visual impression of
the transitions, most of which occur at late times in the data sets,

This interpolation is only a convenience to simplify plotting and data
integration computations.

¢ Smooth data once with unweighted three point smoothing to reduce
stastical fluctuations and variations in the data due to minor subject
motion and contractions of digestive organs.

These steps lead to absolute organ curve data sets which are sampled
uniformly at one minute intervals. The entir: data base is presented in
graphical form in Appendix A and in numerical form in appendix B. An
example of a data set in one subject is presented in Figure 2.5. A separate
data base, which preserves the rapid time sampling of the early phase of
the studies was also prepared for separate analysis. This database includes
data from fifteen subjects and covers the first ten to fifteen minutes of data
collection ( to the time when one minute collection intervals were begun) in
each subject. This data has also been included in the larger data base but
has been integrated to one minute epochs there. A sample of an cacly data
set is shown in figure 2.6. Air sampling data (by nasal canula) collected
in cleven subjects was also transferred to the VAX 11780, An example of
this data in the is also presented in figure 2.6.

The inhalation data sets were treated in the same manner as the inges-
tion data sets to produce organ curves uniformly sampled at one minute
intervals. The resulting data sets, however are in relative and not abso-
lute concentration units. Expired air data in all of these subjects was also

20
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transferred to the VAX 11/780. A complete inhalation data curve data set
is shown in figure 2.7.

Analysis of Ingestion Studies

direct cumulative radioactivity computations Cumulative radioac-
tivity concentrations of ¥'Rn and its sucessive daughters ¥'*Po (T},; =
0.051hr), M*Pb (Ty;, = 0.44Thr), ¥*Bi (T,;; = 0.328hr), ***Po (T} =
4.44 x 107%Ar) and ¥ Po (Ty,; = 22.yrs) were determined form the data
sets uniformly sampled at one minute. The *?*Rn cumulative radivactivity
concentration(Cpa)was computed from the following expression:

éRn = ‘/0‘-" Cﬂn(") dt' + CRn(‘uua)/.Aunl (23)

where t.,, is the time at the end of data collection A, ia a rate constant
determined from a single exponential fit of the last part of the curve (last
25 points typically), and A, is the radioactivity concentration at the end
of the study as determined from the average of the last 5 points.

Based on inspection of the curves and least squares fit results (described
below), the time cutoff (t.,,,) was established for each integral. The crite-
rion used was that integration was stopped for major organs if and when
extraneous signal from overlying muscle and other tissues became the dom.
inant signal. In all but a {ew instances, there were no significant differences
between the cut-off integrals and integrals carried out to the end of the
imaging period. The second term of the above expression is a correction to
20 hour time based on the (monoexponential) tail of the organ signal. In
most instances this was a negligible correction but for a few of the studies
which were terminated before three hours it was five to twenty percent in
organs such as the descending colon. The above equation was programmed
as a numerical integration routine including the tail correction and applied
directly to the absolute curve data sets. Tabulated data from these inte-
grations is presented in the results section.

Daughter cumulative radioactivities were computed sucessively from the
radon curves by the following expression which assumes that the radioactiv-
ity concentration in a one minute epoch is the instantanenus concentration
at the beginning of the epoch. This is a very good approximation except
in the case of the short lived daughter. where it leads to an overestiinate of
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the cumulative activities.
Di(t) = Di(8)(1 — e ™3 Dy (t - bt)eMerdt (2.4)

where D;(t) is the concentration of daughter i at time ¢, A, is the decay con-
stant of the i'th daughter, and 61 is the collection time interval (1 minute).
This expression takes into account the production of daughter nuclide in the
current epoch plus the production ot daughter at that time from residual
parent assuming that the daughters, once produced do not migrate from
the organ within times on the order of five to ten halflives. The resulting
daughter concentrations were integrated, including a tail correction, using
the numerical integration routine mentioned above to produce daughter cu-
mulative radioactivity concentrations In the case of the daughters, the tail
correction is fairly large in some instances due to buildup of daughter.

Tables of daughter cumulative radioactivities averaged over the subject
population are given in the Results section.

Mean transit tir=s of **’Rn radioactivity through the organs of the
body were computed from the absolute radioactivity curves by numerically
evaluating the following expression:

T = /o' (Congenlt) at/ [ T Coranlt) (2.5)

where Corpan(t) is the ¥?Rn organ concentration.

These mean transit times represent the averag: time for a molecule of
3R n to transit a given organ after a §-function « [ radioactivity is intro-
duced into the stomach. The traditional organ tr-.asit time is the average
time for a molecule to transit an organ after the int oduction of a é-function
into the organ, can easily be computed from the transit times defined above
but are not useful for dosimetry calculations in practical situations and
therefore have not been considered. Transit time data averaged over the
subject population and several sub-populations are presented in the results
section of this report.

non-linear least squares fits to uniformly sampled data sets [t
can be seen from the examples shown in figure 2.5 and in Appendix A, that
there is considerable structure in the digestive system curves, especially
those of the stomach, small intestine, ascending colon and descending colon.

24



This is due to the fact that the digestive system is pulsitile in the sense
that food and digestive biproducts are moved through it by non-periodic
muscular contractions. A numbes of approaches to the modeling of this
data were investigated|43] including the possibility of I''ting the data to
pulsitile models. The pulsitile model approach was abandoned when the
results of our simulation studies demonstrated that it was very difficult to
achieve convergence of the fit in the presence of noise. Further simulation
studies demonstrated that simple compartmental models did fit the noisy
pulsitile data well on the average and hence this approach was persued.

All nonlinear least squares fitting was done using the Marquardt- Lev-
enberg Method(30](34] on the VAX 11/780. An interactive fitting package
including a curve display was written to handle the data sets as part of
this project. Using this package, each fit, its residuals and the raw data
were displayed and evaluated on-line and the fits were repeated as neces-
sary to achieve acceptable convergence and fit quality. In most cases the
errors in the parameter sets determined from the fits (diagonal elements
of the variance-covariance matrix from the fitting routine) were less than -
ten percent. Typically the residuals of the fits showed structure which was
associated with pulsitile changes in organ data.

The stomach and whole field were fit to a sum of exponentials under
the assumption that they behave like compartmental systems into which a
é-function input has been injected. The function fitted was of the form:

i Aje™! (2.6)

=1

where d4; and k; are the unknown parameters.

The small intestine and whole intestine were treated as compartmental
systems whose input functions were given by the rate of change of radioac-
tivity in the stomach. The model for the concentration in the target organ
in this case is:

Corgan(t) = Zn: fo' Aie M) 1y dy! (2.7)
i=1

where I(t) is the input function to the organ.

Two approaches to fitting these data were tried. In the first the con-
centration curve from the organ feeding the organ of interest was used to
directly compute an input function and in the second the organ of interest
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data were fit to a function which is the analytic convolution of the feeding
organ output function, determined from least squares, with the exponential
response function of the organ of interest. For a single exponential input (
denoted by subscript f) and response this funciinn has the form:

Cilt) = { Ay Aiky Ik, = ky)} (et — em) (2.8)

There were a number of convergence difficulties with the fits using the
direct numecrical the input function from the organ data. As a result of this,
the information reported herc is based on fits to the convolved analvtic
model. However, in cases where gued fits were achieved with the direct
approach (approximately vwo thirds of ithe subjects) the results of both
approaches were in good agreemcnt.

Convergence difficulties were enouatered in attemnpting to fit the as-
cending colon and descending colon data either to an analytic model or
to the model based on a numerical input {rom the previous organ. Since
this difficulty is still unresolved, no analytic results for these organs are
presented.

An attempt was made (v fit the liver data to the convolved model us-
ing analytic input functions derived from the whole intestine data. The
estimated liver role constants were consistently very large, indicating that
radioactivity was cleared by the liver as fast as it was input. The liver was
therefore treated in the same niznner as the whole body and fit #o a sum
of exponentials. Lung data were derived from the liver data assuming that
all radioactivity reaching the liver from the portal circulation was rapidly
transferred to the lung. The lung concentrations undes this assumption are
related to the liver concentrations by a scale factor which is the ratio of the
organ volumes.

Muscle data (and the few direct fat samples obtained) were modeled as
a compartment which was driven by the fraction of the lung radioactivity
that is re-dissolved in the arterial blood and recirculated. Thus the muscle
input function was taken to be thc lung curve times the radon blood/air
partition coefficient. }fuscle and fat samples were indirectly obtained in fit-
ting stomach and liver curves. The ROI's placed over these organs tended
to view muscle in young nales and fat in obese males and most feinales at
late times . The parameters estimated from exponential components cor-
responing to muscle and fat were grouped with muscle and fat parameters
from direct samples.
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Cumulative radioactivities of 222Rn were computed from the compart-
mental parameter sets obtained by least squares fitting. The cumulative
radioactivity for each organ in each subject was computed and then these
resuits combined to form a population average. Average values of the pa-
rameter sets for each organ over the subject population were also computed.
These data are presented in the results section of this report. The fit pa-
rameters and concentration data computed from them are presented in the
results section of this report where they are compared to computations by
the direct approach described above. Examples of several least squares fits
to the data are shown in figures 2.8.

separate evaluation of early data In order to determine whether or
not significant amounts of radioactivity leave the body at early times after
ingestion by direct transfer through the stomach wall, the early data in 15
subjects was analysed separately. The stomach and whole body curves in
these subjects for the first 5-10 minutes were fit to a sum of exponentials
and were also qualitatively inspected in an effort to observe any peaks or
very fast decays. The time of appearance of radioactivity in the organs of
the intestinal system was also noted. Expired air curves measured in ten
of these subjects were also qualitatively graded.

2.5.5 analysis of inhalation data

The inhalation data sets were also analysed by nonlincar least squares. In
this case the the arterial input function which drives a given organ is leter-
mined by computing the curve of end tidal expired air concentration. This
method is used routinely for inert gas cerebral blood flow measurements{10}
. The organ curves were fit to a model which is a convolution of the ar-
terial input function determined in this way with a sum of exponentials
representing the organ response(equation 2.6).
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Table 2.3: Scintillation Camera Calibration Factors Measured for Each
Subject

. 1 Subject 1D Radioactivity . Calbration
Administered Factor
) " {mCi)
" ahern I o088 " 0.0104
| arrol 2.13 0.0077
ayer 1.46 - 0.0061
. broek 1.40 " 0.00886
. byrne . 1.38 , 0.0081
. eline T 1.28 ; 0.0082
. elmden S 113 . 0.012
 epling 0.64 ; 0,0145°
freedman 2.93 0.0447°
~ gallop 0.90 0.0109
' gmekinley . 1.89 . 0.0187
. hand 0.95 - 0.0074
hawkins . 0.60 0,008}
hill 2.22 0.0062
" hutchine 1.94 . 0.0063
jmckinley 0.25 " 0.0315°
kelleher 2.60 0.012
. litteld 0.50 . 0,022
; maio ©1.62 0.0108
* malcom 1.79 0.0076
macmillan 2.00 0.0100
miller 2.50 0.007
morgan . 0.60 0.0054
monroe 2.87 o.v168
muchrche 1.47 - 0.0108
park 2.47 0.0131
g taates 1 2.42 - 0.010
' wesolek i 1.62 i 0.0131°
: wiltee | 0.42 ' 0.007S
| AVERAGE __|l184¢ 700103
v8b. Lo 7T 7 oo
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Chapter 3

RESULTS

3.1 Introduction

This chapter presents the results of the measuremcnts and computations
described in the chapter on methods. As evidenced by appendices A and B,
a very large volume of data has been produced from the original image mea-
surements. In order to provide an understandable and useful presentation of
these results, the information presented here is mostly in the form of tables
of averages over the subject population and several sub-populations. The
results presented here were selected because of their pertinence to dosime-
try calculations. Since it may be of interest to some users of this report
to compute other information, the quantitative radioactivity concentration
data base for 2?Rn and it five daughters is included in the Appendices
in both graphical and numerical forms. This data, as well as the original
image data are available on industry-standard magnetic tape. Also avail-
able, though not included in the appendices, are the separate database of
ingestion curves sampled at high frequencies and early times, and the in-
halation study data base. The latter two data bases are not included in the
appendices since both provide secondary information in some sense.

In the case of the ingestion studies the results fall into two catagories,
those generated directly from the quantitative data base (direct results)
and those generated from parametcrs derived from least-squares fits to the
curves in the database (analytic results). As discussed in the chapter on
methods, the direct results are more complete than the analytic results
(do to difficulties in fitting some of the data to simple models) and are
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therefore treated as the primary results. The analytic results are, however,
fairly coinplete and are presented as supplimentary support for the direct
results.

The main purpose of the inhalation studies was to determine the effect
of radioactivity reaching the various organs, particularly muscle and fat, via
recirculation from the lungs after ingestion. The results reported here are
therefore aimed toward that purpose at the expense of a detailed reporting
of cumulative radioactivity concentrations and other parameters associated
with the inhalation of ***Rn.

3.2 Results from Direct Analysis of Quan-
titative Data

Table 3.1 summarizes the results of direct computation of cumulative ra-
dioactivy concentrations of ??Rn and its daughters per ingested millicurie
of 222Rn. These data represent averages over the entire population of inges-
tion subjects and have been computed as described in the Methods chapter.
In the case of stomach, small intestine, wholc intestine, whole body , liver
and muscle the averages presented are over thirty subjects, while that for
ascending colon is over twenty two subjects and that for descending colon
is over ten subjects. The smaller samples in the latter organs are due to
difficulties in selecting unambiguous regions in some cases and to lack of
visualizitation of those organs in others, the latter heing true particularly
for the descending colon in studies having relatively short imaging times
and in some fasted subjects where no radioactivity was observed.

The lung cumulative radioactivity concentrations reported in table 3.1
are derived from the liver data assuming that all of the radioactivity ap-
pearing in the portal circulation was delivered to the luny over very short
times.

In most organs the *’Rn concentration was close to zero al the end
of the measuring interval. There are some exceptions to this in the short
studies of the tail correction used to extrapolate the data to long limes
adequately corrects for this,as demonstrated by computer simulation, in
most instances. The possible exceptions to this are the fat and muscle
samples for which the data of Table 3.1 show significant underesitimates
of *’Rn cumulative radioactivity concentrations compared to the analytic
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estimates presented in the following sections.

The standard deviations given in table 3.1 are sample deviations and
in most iastances they are fairly large. This reflects normal physiological
variability and differences in digestive status among the subjects.

The daughter cumulative radioactivity concentrations per milllicurie of
322Rn ingested are given in (nCi/cc)-hrs and are cumputed under the as-
sumption that deposited daughter atoms remain where they are leposited
and do not migrate during the intervals over which the measurements and
computations are carried out. Measurements in five subjects at times
greater than twenty four hours post-ingestion indicate that the level of
322Rn radioactivity in the body per ingested millicurie is less than 0.75.Ci.
This supports the arguement that all of the deposited energy due to the
daughters is local with the possible exception of long lived **°Pbh. Refine-
ments of these estimates could be made by accounting lor the kinetics of
the heavy metal daughters.

For the long lived product *'°Pb, the entries of table 3.1 are expressed
as total radioactivity concentration under the assumption that virtually ali
atoms produced are still present in an organ at the end of the computation
interval.

Table 3.2 gives the mean transit time of 22Rn through each organ aver-
aged over the subject population for a §-function input to the stomach. It
should be noted that the sample standard deviations in this parameter are
somewhat smaller (percentagewise) than for the cumulative activities. This
is probably due to the fact that the mean transit time is independent of
the absolute calibration factor for each subject and the uncertainty in the
calibration factor is approximately +20% (Mecthods chapter). These num-
bers represent a convienient, model independent characterization of each
organ and could be used, in combination with estimates of initial organ
radioactivity concentrations, for simple dosimetry calculations.

3.3 Results from Analytic Treatments of
Ciuantitative Data

Non-linear least squares fits were carried out on the quanitiative **?Rn
curves as described in the Mecthods chapter. The parameter estimates from
these fits, averaged over the subject populadon are presented in table 3.3.
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Table 3.1: Average *?Rn and daughter Cumulative Activities Computed
Directly from Time-Activity Curves

Table 3.2: Organ Mean Transit Times of 22?Rn after Ingestion

© Organ Mean Transit Time (inin)
. stomach - 43.8%20.2
" small intestine ' 94.11851.)
_ whole intestine 102.6138.8
liver 83.0432.1
lung 82.0£33.0
whole body ADTL2T A

I

Organ TRy RALEPY MFy I ETH T, Ty,
(uCi/ce)-hr {nCisee)-hr (nCi/ce)-hr (nCi/ce)-hr {nCifec)-hr  (nCijee)

stomach 2.6864+2.31 1.644%1.43 12.63£11.33 9 84tR .62 0.31£0.29 99.15412.22

amall intes 0.4410.41 0.2910.28 21.55110.84 0.1510.14 " 0.05110.049 . 155£17.28

tine :

whale intes- | 0.37£0.45 0.2310.28 1.62+1.01 1.17£1.27 - 0.2%21+0.44 8.44%8.07

tine '

ascending 0.21+0.20 0.143£0.13 0.93+0.87 0.6410.50 . 0.02740.023 5.48+%.70

colon :

descending 0.33+0.31 0.20+0.19 1.6611.27 0.8910.77 ' 0.02310.023 3.3613 21

colon

liver 0.096+0.078 0.058+0.048 0.454£0.28 0.35+£0.30 S 0.01120.009 ¢ 3.1740.66

lung 0.18+0.14 0.20440.1668 | 1.52%1.28 0.03740.033 0.020£0.017 5.8216.71

muscle 0.038+0.033 0.023+0.020 0.174£0.18  0.12£0.11 0.004+0 003 0.89+1.08

whole bady 0.20+0.28 010+0.18 1.424£1.30 . 1.0THO 08 - 0.01%+0.032 10.49+12 8

fat .0261:.015“ ) 0_.917:20.009 0.12+0.08 0.081+0 080 0.0031+0.0021 0.79%0.76



In all cases a compartmental model was assumed. As explained in detail in
the Methods chapter, the stomach, whole body and liver curves were fit to
sums of exponentials while the other organs were fit to a model which is an
analytic convolution of an input function derived from a fit to the output
function of the previous organ and a sum of exponentials. Difficulties with
convergence of the fits were encountered in attempting to fit the ascending
and descending cclon data. Therefore no results are renorted in the table
for those organs. The number of parameters used to describe each organ
was chosen retrospectively after fitting the data to different numbers of
exponentials. In some instances the signal from a given organ was contam-
inated by a contribution from overlying muscle or ‘at. These contaminants
were accounted for by the fits and the parameters of the muscle and fat
components stripped out of the organ curves were grouped with the pure
muscle and fat parameters. Most of the fat samples reported here were
obtained as contaminant signals.

As in the casc of the directly computed cumulative radioactivity concen-
tration data, the large sample standard deviations in table 3.3 refect physio.
logical and digestive-status variations in the subject population The errors
in the individual parameter estimates as determined from the variance-
covariance matrix of the fits are less than 10% in all cases and thus repre-
sent only a small contribution to the overall variances. Since the amplitude
parameters of the fits are in quantitative units, these average parameters
can be used to compute cumulative radioactivity concentrations. A possi-
ble problem with this is that in some organs there is a wide variation (an
order of magnitude in the case of the stomach) in the rate constants and
the average rate constant might not yield the correct cumulative activity
as compared to the average of the individual cumulative activities due to
the non-linear effects introduced by exponentiation.

Table 3.4 presents cumulative 222Rn radioactivity concentrations com-
puted from individual analytic cumulative concentrations averaged over the
subject population. A comparison with table 3.1 shows that these argee
well with comulative activities computed {rom the averaged rate constants
in most instances. Also shown in table 3.4 are the organ cumulative concen-
trations for ?**Rn computed by the direct approach. Again the agreement
is quite good except in muscle and fat. In these cases the analytic values
arc deemed to he the more reliable for the reasons discussed in the last
section.
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Table 3.3: Average Anulytic Rate Constants and Ampltudes from Fits to
322Rn Ingestion Quantitative Concentration Curves

orgaﬁ n Ay ki - Al ' ke As ky
stomach 27 4.2312.43 2.67+2.80 - C - - -

small intes- 23 0.560+£0.66 1.26£0.68 - S - -

tine ‘ .

liver 27 0.2010.28 3.20+2.76 {' 0.06:£0.07 | 0.884£0.50 - -

whole body || 28 0.284+0.19 3.37+197 | 0.21+0.28 | 0.8410.32 0.042+0.041 | 0.154+0.13
lung 28 0.501+0.3% 3.37+1.07 ! 0.34+0.51 © 0.838120.33 0.07710.075 | 0.53+£0.127
muascle 18 0.042+.049 0.4410.18 v L. - -

fat 10 0.03110.019 | 060O8+0.028 | - i - - -
wheleintes- || 28 0.2540.38 0.81540.47 | - D - - -

tine i

Table 3.4: Analytic vs Direct Average ?*?Rn Cumulative Radioactivity Con-
centratiom in (2Ci/cc)-hr

Organ analytic Direct
“stomach 1.67%3.42 T 2.66£2.31 .
i small intestine | 0.46£0.41 . 0.44£0.41
! whole intestine ‘ 0.47£0.48 | 03720.48
| sscending colon |- “ 0.21 £0.20
, descending colon L — 4 0332031
* liver i 0.000:£0.08 | 0:008+0.078
: lung 0.18+0.18 , 01710.14
© muscle ! 0.00940.10 0.038+0.033

whole body © 035£0.29 0.2910.26

fat 0.01940.014 0.0260.015
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Table 3.5 gives an example of the rate constants and cumulative *¥?Rn
radioactivity concentrations (both direct and analytic) in the individual
subjects for the small intestine. This data, averaged over subjects yields
one entry in table 3.1 or table 3.3.

Table 3.5: Example of Organ Rate Constants and Cumulative Concentra-
tions in Individual Subjects - Small Intestine

3.4

Analytic

Subject A (uCifcc) k (he-l) Direct
(uCi/ce)-hr {(uCi/cc)-hr

Ahern 0.243 0.772 0.33 [}
Arrol 0.78 0.74 1.69 1.93
Ayer 0.032 0."% 0.255 0.108
Brock o.n? 1.74 0.219 0.260
Cline 1.62 221 1.0% 1.02)
Elmdon 0.122 0.1% 1.01 076
Epling 0.23 1.24 0.18 0.18
Gallop 0.25 0.43 0.42 0.60
Hand 0.038 0.84 0.22 0.076
Hawk 3.8 0.90 0.09 0.07
Hill 1.20 1.08 1.038 0.80
Hutch 017 1.19 0.43 0.53
Jmecknley 0.152 1.02 0.078 0.078
Kelleher 0.117 1.81 0.55% 0.20
Littell 0.018 0.29 0.096 002
Maio 0.23 0.38 1.042 0.09
Malcom 0.022 0.53 0.34 0.57
MacMillan 2.13 2.53 0.8 0.48
Morgan 0.218 1.13 0.7 0.19
Muchre 0.048 0.69 0.09 0.11
Park 0572 2.72 0.87 0.68
Teates 0.160 2.08 0.20 0.25
Wiltee 0.38 1.9 0.16 0.15

Comparisons of Sub-populations

322Rn cumulative radioactivity concentrations and mean transit times com.
puted by the direct approach were compared among several sub-groups
of subjects. These include males, females. fasted subjects and the two
catagories of fed subjects. The cumulative radioactivity concentration val-
ues for the groups are presented in table 3.6 and the transit time values in
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table 3.7. As before, the standard deviations are sample standard devia-.
tions.

One tailed T-tests|{34] comparing these two parameters among the groups
were carried out to test for differences. The results of these tests are sum-
marized in tables 3.8 and 3.9. These tables give the precentage differences
between pairs of subject groups for a given parameter and the probability
that this diflerence is due to noise alone from the T-tests. Differences with
P 0.10 are not assumed to be significant but may demonstrate trends which
would emerge if a larger population were studied. More differences reached
significance for the mecan transit times than for the concentrations. This
is again a reflection of the superior statistical quality of the transit time
estimates.

Several features of these differences should be mentioned. First, females
show higher cumulative radioactivily concentrations and corrispondingly
longer transit times in most organs than males. This is probably due to
the fact that overall body retention of inert gases is expected to be higherin
females than in males due to the presence of more fatty tissue. The stomach
in females shows a faster mean transit time while the stomach cumulative
concentration diflerence does not reach significance. This is consistent with
Lhe fact that stomach emptying times in females are faster than those in
males. Both of the fed groups (1hr and lhr pre-study) show lower cumula-
tive concentrations and transit times in most organs than the fasted group,
the exceptions being stomach where the differences are equivocal and de-
scending colon which shows the opposite behavior. These differences might
be explained by the fact that the digestive system is more active in fed
subjects and that there is still food waste ,which retains radioactivity, in
the descending colon . However, one might expect that, in fasted subjects,
cumulative radioactivity concentrations should be smaller than those in fed
subjects because of the fast component of transit through the stomach and
small intestine. This point requires further clucidation before a conclusive
explanation can be offered.

The subjects who have eaten one hour before the study show higher
cumulative concentrations and longer transit times than those who ate at
four to six hours again indicating higer retention of *¥?Rn except in ascend-
ing colon and descending colon, neither of the latter differences reaching
significance.
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Organ fusted fed (1hr) fed (4-6hr) males females
stomach 2242260 || 3.0422.34 1.6540.71 | 2.42132.00 ‘1.87+28)
small intestine 0.481+0.32 0.44+0.48 0.4940.34 . 0.3110.18 0.63+0.562
whole 0.37£0.16 0.40+0.54 0.290+£0.18 0.2810.18 0.49+0483
intestine

ascending 0.254+0.24 0.17£0.15 0.31£0.31 0.204£0.18 0.1140.2%
colon

descending 0.204£0.09 0.43+0.38 0.20£0.07 0.1810.08 0.13+0.28
colon :

liver 0.17£0.04 0.10£0.09 0.0840.03 0.0940.07 0101008
lung 0.3010.07 0.1910.18 0.1210.08 T 0.1740.18 0.18£0 .14
muscle 0.N08+0.04 0.0440.03 0.02.4+£0.0% 0.0412004 0.0410.03
whole body 0.20+0.15 0.3410.21 0.171£0.08 0310 tr29t0.1

Table 3.6: Average Radon Cumulative Activity Concentrations in (3Ci/cc)-
hrs for Different Subject Sub-Groups

Table 3.7: Mean Transit Times (min) of Ingested ***Rn for Diflerent Subject
Sub-Groups

Organ fasted fed (thr) fed (4-Bhr) males femnles
stomach 37.0+18.8 48.1+£21.22 37.8+10.4 , 39.61180 . 40.0424.0
small intestine || 114.74066.7 94.8446.0 69.8124.0 . 81.2421.2 i 11132687
whole 138.3+47.5 107.9133.8 T4.71190.6 ' 101.04£39.7 | 108.5438.8
intestine | i

ascending 141.6170.0 126.42€1.5 101.0£21.0 ; 116.0£30.4 : 147.1£78.2
colon !

descending 1C7.8102.2 144.0£83.5 81.014.8 | 103.21221.9 ! 171.0402.2
colon !

liver 93.31+30.0 89.5+31.3 5104138 77.4420.0 " ARGLIS Y
tung 93.3+30.0 80.5+31.3 51.0£13.% 7744200 A0 GLA.D
muscle 180.6+42.7 137.0£53.5 85.4%11.2 118,360 7 133.01503
whole body 105814248 78.9+24.1 55.8+35.4 TVI6L21.8 . AT 44215
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Table 3.8: Percent differences and levels of significance by T test 0f cumu-
lative radioactivity concentrations in sub groups

Organ Fasted; Fed ﬁ:ed/(shr) Fed/(5hr) male/female
stomach T-s(Pp20) || s P2s)y || a7(P.03) || -13()
small intestine | 8 (.) 2() -1 (-) -42 (P .03)
whole ?(s) 22 ( P .28) 28 (-) -43 (P .10}
intestine

ascending 32 (P .28) 19 (-) 45 (P .28) 45 (P .25)
colon

descending -83 (P .10) 0.0t (.) 53 (P .10) -58 (P .10)
colon

liver 41 (P .08) 84 (P .01) 40 (P .10) -10 (-)
lung a7 (P 02) 0 (P 01) 40 (P 12) .10 (+)
muscle 50 (P .10) 67 (P .01) 50 (P .08) 0(-)
whole body 15 () 41 (P .03) 50 (P .10) 8 (-)

Table 3.9: Mean transit time differences and levels of significance by T-Test
among sub-groups

| Organ 1 Fasted/Fed Fested/(shr) Fed/(Shr) [} mole/femnle
stomach (P ag) 10 () 21 (P 10) 18 (P .10)
small intestine | 17 (P .20) 39 (P .10) 26 (P .10) -30 (P .05)
whole 22 (P 0.10) 46 (P .01) 31 (P .03) -4(-)
intestine
ucl:endin( | 14 (.) 1n(p.10) 20 (P .20) -21 (P .12)
¢olon
descending 14 (-} 81 (P .08) 43 (P 0.12) -40 (P.10)
colon
liver 4(-) 45 (P .01) 43 (P .01) <24 (P .10)
lung 4(.) 45 (P .01) 43 (P .o11) -24 P 10)
muscle 24 (P .08) 52 (P .01) as (P .01) 4(.)
whele body 25(P .03) 20 (P .01) 29 (P .05) -16 (P .08)
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3.5 Results of Separate Analysis of Early
Ingestion Data

A gronp of fifteen ingestion subjects were imaged at high frequency (typ-
ically 1 sec images for 2min and 5sec images thereafter) during the initial
ten minutes after the beginning of ingestion. In nine of these subjects the
expired air from the respiratory system was sampled during the same pe-
riod. The purpose of these measurements was to determine if there were
large transfers of radioactivity out of the body via routes such as direct
transfer across the stomach wall.

The results presented in table 3.10 suggest that such loss does not occur.
As can be seen in the table, when single exponental rate constants fit to
the early stomach data are compared to the stomach rate constants from
fits to the full data sets, in many cases the early rate constants are smaller
than those from the complete data set reflecting the pulsitile nature of
the stomach and in all other cases they are approximately the same as
the rate constants from the full data sets. In the fasted subjects there
was a rapid disapearance of radioactivity from the body (k£ ~ 10Ahr-") but
the: radioactivity can be traced through the small intestine to the lung.
In all instances where the expired air was monitored, the appearance of
radioactivity in the lung correlated with arrival of radioactivity at the liver
via the small intestine. The whole body rate constants show the same type
of behavior as the stomach rate constants again yielding no evidence of an
early escape from the body of large amounts of radioactivity.

3.6 Results from Inhalation Studies

The purpose of the inhalation studies was to assess the effect of **’Rn
radioactivity reaching the various organs via recirculation from the lung.
Recirculation occurs because a fraction of the radioactivity reaching the
lung from the portal circulation of the liver is dissolved in arterial blood
and carried throughout the body by blood flow. This phenominon is the
primary source of radioactivily in the muscle and fat following ingestion of
an inert gas|49}{51].

Table 3.11 shows the rate constants {or the clearance 3?Rn from vari-
ous organs after inhalation of 22*Rn. These rate constants were obtained
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by non-linear least squares fits to the inhalation organ curves. The model
assumed was a surn of exponentals convolved with the experimentally mea-
sured arterial inpuy function from th~ lung.

All of the major organs showed a very fast turnover of **?Rn which was
consistent with clearance by blood flow. In Table 3.11 organs have been
grouped for simplicity. The data of table 3.11 for all organs other than
muscle and fat may be interpreted as meaning that recirculation effects
in high flow organs are negligible compared to direct effects of ingestion
because of the rapid clearance of radioactivity due to blood flow, In fat and
resting muscle however the accumulated radioactivity is significaut because
of slow clearance by blood flow. Multiple fat and muscle samples wcre
taken in ecach individual, Many of these samples were slower components
of fits to the organ curves. The mildly obese subjects in tlhe inhalation
group usually had a fat component in each abdominal curve and most
females showed distinct fat deposits in the hips and breasts in the image
data. Muscle samples were reliably obtained fioin the abdominal curves of
lean males as well as from hip and thigh muscle when possible, The rate
constants for muscle and fat determined from the inhalation studies agree
well with those obtained from the ingestion studies.

Muscle and fut cumulative radioactivity concentrations for ingestion
were computed from the inhalation single exponential rate constants and
amplitudes. The amplitudes were put on an absolute scale by using the
average scintillation camera calibration factor from table 2.3 (iethods sec-
tion). The input function used for this computation is made up of the two
fast components from the ingestion lung curves muitiplied by the air-blood
partition coefficient for 222Rn (A = 0.187). The result of this calculation is
compared to the direct and analytic esitmates of muscle and fat cuinulative
32Rn concentrations computed from the ingestion data in Table 3.12. The
inhalation fat estimate agrees fairly well with the direct ingestion compu-
tation but is low compared to the ingestion analytic estimate by a factor
of three. The inhalation muscle estimate is about a factor of two lower
than either of the ingestion results. A possible explanation for these dis-
crpancies is that, since the rate constants are very similar, many of the
muscle and fat samples used in the ingestion computations may have been
contaminated with signal from digestive organs producing artifically high
curve amplitudes. Another possible explanation is that the radioactivity
is more uniformly distributed in the body as a result of inhalation than
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Table 3.10: Early Ingestion Rate Constants for Stuinach and Wnule Sody

subject sample “early stom-

time (nec) ach rate
(hr=t)

ayer H 0.12

arrol | 1.83

cline | 0.13

ehinden 1 1.20

gallop 2 0.004

gmckinley 1 117

hand |} s

hill 1 11.4

hutchins 1 20

kelleher 1 7.2

maio 1 4.1

malcom F 0.82

manroe 2 20

park 2 1.45

tantes 1 0.20

Table 3.11:

stomach
rate from
1 min date
(he~t)

0.85
3.48
2.97
1.24
1.82
0.89
2.07
9.77
i.70
6.99
4.23
9.28
5.78
.72
2.84

enrly whnje

body
(hrt)

rate

" 0.013

1.40
.009
0.88

. 0.008

1.99
1.55
2.9
045
1.57
.64

117
1.21
1.42
0.02

T fastest
- whole body
rate from 1
min  data
(hr-1)
0.57
J88
267
©0.92

T

0.6¢

8.38

6.63
. 3.68
» 3.28
C 877
©1.98
. 3.8

2.3
229

air
sampling

Average Organ Rate Constants from Inhalation Studies

organ

liver,
kidney

spleen,

stomach, small
intestine
ascending
colon, descend-
ing colon
muscle

fat

N

27
14

43

Average

Rate Constant

(hr~t)
31.9213.8

36.8£22.0

9.88:+3.55

0.41+0.12

0.11520.0:
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it is for ingestion, causing the calibration factors to undercompensate for
absorption and scatter in the inhalation case. A separate calibration for
the inhalation studies could possibly remedy this.
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Table 3.12: Comparison of Muscle and Fat resulic from Inhalation and
Injestion Studies

parameter T ingestion mus- || inhalation ingestion fat inhalation fai
cle muascle

amplitude Tooaa | oos2 0.021 0.027

(uCi/ce)

rate constant 0.442 0.437 0.092 0.087

(he=?)

Anslytic 0019 0.0107 0.099 0.0343

cumulas-

tive concentra.
tion (uCifcc)-
hr
Direct  cumu. 0.028 - 0.038 -
la.
tive concentra.
tie', (uCi/cc).
hr




Chapter 4

CONCLUSIONS

A database consisting of Quantitative radioactivity concentrations per in-
gested mCi of ***Rn has been produced from measured data in thirty sub-
jects. '¥¥Xe ingestion kinetic curves were measured in each subject for the
otgans of the digestive system, muscle, fat, lung and whole hody., From
these data, kinetic curves of radioactivity concentration per mCi of *?Rn
ingested for the five radon daughters have also been produced. These data
are presented in graphical and tabular forms in the appendices of this re-
port, They may be used as a basis for dosimetry calculations and kinetic
studies by other investigators. In addition, a database of *?Rn kinetic
curves at high sampling frequency (1 sec) and a data base of ?*?Rn relative
concentrations after inhalation of that gas have also been produced. These
latter databases are not included in the appendices but are available along
with the primary data base on industry standard magnetic tape.

Quantitative cvmulalive radioactivity coucentrations ior ***Rn and its
daughlers have been computed by direct manipulation of the kinetic curves.
For ¥ Rn, these concentrations vary from a high of 266 uCi/cc per mCi
ingested for the stomach through values in the range of 0.20 uCi/cc per
mCi ingested for the intestinal system and whole body to a low of 0.038
and 0.026 pCi/ce per mCi ingested for muscle and fat respectively (table
3.1 ). The cumulative concentrations of radon daughters, presented in table
3.1, arein the one to ten nanocurie range for all daughters except the long
lived 2'°Ph for which the stomach concentration is 99.15 nCi/cc. These
cumulative concentration data constitute a body of information for radon
dosimetry computations.

46



Fits of compartmental models to the ?*?Rn kinetic curves confirm the
results of the direct computations and also furm a useful data set for dosime-
try studies and additional, more detailed, modeling studies. The average
kinetic rate constants over the subject population arc given in table 3.3.

Organ Mean tiansit times for 2??Rn after ingestion have also been com-
puted. These data indicate that the majority of the radioactivity is cleared
from most organs within ten hours. Exceptions to this are fat and to some
degree muscle. Measurements in five subjects at times greater than twenty
four hours post ingestion indicate that no '**Xe radioactivity was present
in any individual at the 0.75xCi level (table 3.2).

The results of high frequency measurements at early times post-ingestion
indicate that there is no rapid escape of radioactivity from the body by
routes other than through the intestines. Although a fast component was
observed in fasted subjects, it was consistent with a fast component seen
in the analysis of the one minute data extending over the entire imaging
period and it correlated with radioactivity transiting the small intestine at
carly times.

Inhalation measurements confirm that the turnover of 22Rn radioactiv-
ity recirculated from the lungs is rapid in the major organs and does not,
therefore, contribute significantly to cumulative radioactivities. Estimates
of rate constants for muscle and fat from the inhalation studies agree well
with those from the ingestion studies. However, estimates of muscle and
fat tissue concentration using the inhalation data vary by up to a factor of
two with respect to those computed directly from the ingestion data. These
differences are most likely due to technical factors such as the inappropriate
use of ingestion calibration factors for the inhalation studies.

Differences between the male and female sub-populations were observed
as were differences between subpopulations having different digestive sta-
tus. Females appear to have higher cumulative radioactivily concentrations
and longer mean transit times than males. Fasted subjects have higher
concentrations and longer transits than fed subjects in general and those
fed one hour before the study bave higher values of these parameters than
those fed five hours before the study. Dillerences among the digestive status
groups reached significance in fewer instances than those in the male/female
groups possibly because of small sample sizes. The digestive group differ-
ences mentioned here are not conclusive for this reason,

The work completed in this project can he extended and improved in
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several ways. Organ radiation doses can be generated for 22Rn and its
daughters directly from the cumulative concentration data. The kinetic
curves can be used as a basis {or attempting to model the digestive system
in more detail, to model the migration of the daughters within the body
and to take into account *¥?Rn bound to food in the digestive system.
The inhalation data could be used Lo generate a separate dosimetry data
base for ???Rn inhalation, although more subject measurements might be
needed first. Further work could be done to improve the fits of convolved
models to the organs of the lower digestive system since this presented a
source of difficulty in the present investigation,

Also, the experimental preparation developed in the course of this work -
could be used for more extensive studies of the effects of digestive status
and different types of dietary intake on **?Rn kinetics.
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APPENDIX A

Quantitative ??2Rn and Daughter Concentrations
vs Time in Graphical Form

The following graphs present the quantitative radioactivity vs time
curves for ***Rn and its daughters for the ingestion subjects studied in this
project. The 2*?Rn and the daughter curves both have units of uCi/cc. The
order of presentaiton is such that the 2??Rn curves for all subjects are given
first then all subject curves for each daughter are sucessively presented.

This data is available in tabular form (Appendix B) and on industry
standard magnetic tape along with subroutines to read and manipulate it

in FORTRAN 77.
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