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Fluorine-18-Fluoromisonidazole Radiation
Dosimetry in Imaging Studies
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Fluoromisonidazole (FMISO), labeled with the positron emitter 18F,is

a useful hypoxia imaging agent for PET studies, with potential
applications in patients with tumors, cardiovascular disease and
stroke. Methods: Radiation doses were calculated in patients un
dergoing imaging studies to help define the radiation risk of FMISO-
PET imaging. Time-dependent concentrations of radioactivity were
determined in blood samples and PET images of patients following
intravenous injection of [18F]FMISO. Radiation absorbed doses were

calculated using the procedures of the Medical Internal Radiation
Dose (MIRD) committee, taking into account the variation in dose
based on the distribution of activities observed in the individual
patients. As part of this study we also calculated an S value for brain
to eye. Effective dose equivalent was calculated using ICRP 60
weights. Results: Effective dose equivalent was 0.013 mSv/MBq in
men and 0.014 mSv/MBq in women. Individual organ doses for
women were not different from men. Assuming bladder voiding at
2- or 4-hr intervals, the critical organ that received the highest dose
was the urinary bladder wall (0.021 mGy/MBq with 2-hr voiding
intervals or 0.029 mGy/MBq with 4-hr voiding intervals).
Conclusion: The organ doses for [18F]FMISO are comparable to

those associated with other commonly performed nuclear medicine
tests and indicate that potential radiation risks associated with this
study are within generally accepted limits.
Key Words: fluorine-18-fluoromisonidazole; dosimetry; Monte
Carlo simulations
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Fuoromisonidazole ([I!Ã•F]FMISO, [l-H-l-(3-[18F]fluoro-2-

hydroxypropyl)-2-nitroimidazole], RO-07-0741 ) is a nitroimid-
azole that is structurally similar to the well-known radiosensi-
tizer, misonidazole. Both molecules distribute throughout the
total body water space, readily crossing membranes by passive
diffusion. Fluorine-18-FMISO is bound and retained within
viable hypoxic cells in an inverse relationship to the oxygen
concentration. Binding occurs at the same range of low oxygen
levels, which lead to ischemie cellular damage and increased
radiation resistance (1,2). Fluorine-18-FMISO is currently be
ing used with PET imaging to noninvasively assess hypoxia in
human malignancies (3-6) and in the hearts of patients with

myocardial ischemia (7). Accurate radiation dosimetry of
[ FJFMISO is required to evaluate the benefits and the relative
radiation-related risks. This article presents estimates of the
radiation dose to various organs and to the whole body. The
estimates are derived from time-activity curves of blood and
normal tissue from imaging studies of patients with tumors,
coronary artery disease, paralysis or arthritis.

MATERIALS AND METHODS

Patients
Biodistribution data from 60 patients (55 men, 5 women) who

underwent [IKF]FMISO PET scans at the University of Washington

between August 1989 and January 1996 were used for dosimetry
estimates. Fifty-four of the individuals had cancer and were imaged
to assess tumor hypoxia before radiotherapy, three patients hadhistories'of myocardial ischemia, two were paraplegic and one had

rheumatoid arthritis. None of the patients had clinical congestive
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heart failure at the time of the study. No dietary restrictions were
placed on patients for study purposes, and none appeared to be
clinically dehydrated during imaging. The normal tissues in the
imaging data used for dosimetry were distant from the site of
primary pathology. Urine samples were collected from 20 studies
to calculate the dose to the bladder. The imaging procedure was
approved by the institutional human subjects review committee and
informed consent was obtained from all patients before imaging.

Data Collection
Patients studied before February 1994 were imaged with the

UW-PET SP3000 time-of-flight PET scanner. Patients studied after
February 1994 were imaged on the GE Advance PET scanner. All
patients were positioned in the tomograph, and an attenuation scan
was obtained with a <>KGerotating sector source. In the SP3000,

following the attenuation scan, a vial containing water was re
placed by a calibration vial containing a known amount of I8F

solution positioned beneath the imaging table within the field of
view. In the GE Advance tomograph, the calibration vials were
imaged separately from the patient and reconstructed using the
same filter size as the emission images.

Fluorine-18-FMISO was prepared as described previously (8),
and the radiopharmaceutical dose and the activity in the calibration
vial were assayed in a dose calibrator before patient imaging.

Patients were injected with 3.7 MBq/kg (0.1 mCi/kg)
[1XF]FMISO. Some of the patients were imaged continuously for
3-4 hr after injection. The majority were imaged using an
abbreviated protocol (3) in which they were imaged for 1 hr
beginning 2 hr after injection. Blood samples were collected during
the imaging procedure and counted in a 10-detector gamma
well-counter. The multiple detectors in the gamma counter were
normalized with 6KGestandards before use. Upon completion of

the imaging study, samples of the calibration vials were also
assayed in the gamma counter to cross-reference between tomo
graph, gamma counter and dose calibrator, thereby allowing all
imaging time-activity curves to be calculated as Bq-hr per gram of
tissue. All images were reconstructed with a spatial resolution of 12
mm. Performance details for each of the tomographs have been
reported (9-11).

Calculation of Tissue Time-Activity Curves
The gamma counter blood and calibration vial data were

background subtracted and converted from cpm/g to Bq/g using the
efficiency correction factors derived from standards that were also
measured in the dose calibrator. Tomograph images were recon
structed in intervals of 2-40 min. MRI and CT scans were used to

align the PET attenuation corrected images to identify areas of
normal tissue that were outlined as regions of interest (ROIs).
Additional ROIs drawn over the calibration vials were used to
determine efficiency. In the SP3000, a large ROI was drawn in the
space above the body to use for background scatter correction. In
the GE Advance, scatter correction was incorporated into the
reconstruction algorithm. Data from each ROI for each time
interval in counts/pixel were corrected for image duration and
tomograph efficiency using data from the calibration vial and
converted to units of Bq/g. Lung activity was corrected for tissue
density (0.36 Â±0.12 g/cm1) using the attenuation scan of a sample

set of 18 patients (12 ). Tissue density in other organs was assumed
to be 1.0 g/cnr1. The Bq/g values were then normalized to a 1 MBq

injection in a 70-kg patient. Total activity in each organ was
calculated by assuming uniform distribution of activity throughout
the organ and multiplying Bq/g by standard reference organ
weights (13).

Since full time-activity curves were not available for individual
patients imaged using the abbreviated protocol, the area under the
curve (A) needed for the MIRD calculation was obtained through

a combined patient time-activity curve for each organ. The nor
malized, not decay corrected, tissue activity (Bq/g) for all patients
for each tissue (including blood) was plotted against time (min) and
fit to the empiric function:

A(te
-Bl

Eq. 1
using the "Solver-Add In" function in EXCEL 4.0 (Microsoft Inc.,

Redmond, WA) to minimize the sum of the squares of the
differences between the function and the data for each tissue. This
formula was simply a gamma variate with an exponential tail used
as a means to fit a curve to the combined patient data. It was not
an attempt to physiologically model the kinetics of [18F]FMISO.

This function is more appropriate than a simple sum of exponen
tials since it can realistically account for the rising initial portion of
the curve.

The area under the curve (A) was obtained by adjusting the
curve height (A in the empiric function) to match the individual
patient data, but using the combined patient data curve shape to
interpolate the rest of the time-activity curve. Thus the values of B,
C, D and E were determined for each tissue from the combined
patient data and not for individual patients. These values were kept
fixed, and only A was adjusted to obtain an appropriate curve for
each patient.

Calculation of Total Bladder Activity
The measured activity for total excreted urine for all patients was

combined into one dataset and fit using the empiric formula for
exponential in-growth: A( 1 â€”e~Bl). This was then used to estimate

A, assuming patients voided at 2- or 4-hr intervals.

Radiation Dosimetry Calculation
The distribution of absorbed dose was calculated using S values

obtained from MIRDOSE2 (14) according to the MIRD scheme
(75). Implicit to the MIRD scheme is the assumption that the
integrated activity is known for each of the source organs.
Observed source organs in this study included: brain, lung, heart
wall, blood (heart chamber), marrow, liver, kidney, gastrointestinal
tract (accounting for activity in the small intestine, upper and lower
large intestine) and bladder. Bladder integrated activity was calcu
lated assuming repetitive voiding at either 2- or 4-hr intervals, as
described above. Source organ uptake varied between individuals,
implying there was also a range of absorbed doses associated with
the target organs. We estimated the range of absorbed doses to the
target organs by using Monte Carlo simulation, repeating the
following three steps 1000 times: (a) The integrated activity for
each measured tissue was randomly chosen from the source organ
data; (b) the dose to unobserved organs was calculated by assuming
that all unaccounted activity was uniformly distributed throughout
the body; and (c) the radiation doses to all target organs were
calculated using S values according to the MIRD scheme. This
scheme generated a distribution of expected radiation doses to the
target organs. The process was done using a spreadsheet program
(EXCEL 4.0 by Microsoft Inc., Redmond, WA) and a Monte Carlo
program (Crystal Ball 3.0 by Decisioneering Inc., Denver, CO).

Since there is no reported S value for the dose from the brain to
the lens of the eye, it was calculated, assuming the lens was located
2 cm from the surface of the brain and by integrating the
contributions from the brain in 1 cm increments. This calculation
assumes uniform distribution of activity in the brain, which should
be reasonable for the lipophilic [I8F]FMISO. The S value for the
lens by this approach was 1.2 X 10~5 Gy/MBq-hr (4.3 X 10^5

rads/juCi-hr). Images of the head showed no excessive accumula
tion of activity in the area of the eye. The dose to the lens was
calculated using the above S value for brain; the S values for
thyroid as the target organ were used for all other sources. This
approach should yield a slight overestimate of the radiation dose to
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FIGURE 1. Activity of [18F]FMISO in the source organs: brain, intestines,blood (heart chamber) and heart wall with the best fit curve used to determine A for

individual patients. The data has been normalized to 1 MBq injected per 70 kg body weight.
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FIGURE 2. Activityof [18F]FMISO in the source organs: kidney, liver, lung and marrow with the best fit curve used to determine A for individualpatients. The

data has been normalized to 1 MBq injected per 70 kg body weight.
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FIGURE 3. Activity of [18F]FMISOin a livercurve with the best fit curve used

to determine A. The best fit curve was determined by fitting function (7 ) to all
the liver data. Only the scaling term, A, was varied to fit the curve to this
dataset. The data has been normalized to 1 MBq injected per 70 kg body
weight.

the lens since the thyroid is somewhat closer to most of the source
organs than the eye.

Effective dose equivalent to uniform whole-body exposure was
calculated using the weights published in ICRP 60 (16), assuming
a relative biological effectiveness of 1.0. The dose estimates for the
gonads, bone marrow, colon, lung, stomach, bladder, breasts, liver,
esophagus (assumed to be the same as stomach), thyroid, skin,
bone surface and remainder of body were multiplied by their
appropriate weights and summed to calculate effective dose equiv
alents for men and women.

RESULTS
All the data were normalized for a 1-MBq injection into a 70-

kg man. The clearance curves for the combined patient data for
each of the source organs determined are shown in Figures 1
and 2. Figure 3 illustrates a sample liver curve that has been fit,
by simple scaling, with the best fit curve from the entire set of
liver data. Blood clearance is characterized by a rapid distribu
tion phase, followed by a first order elimination phase. Most
organs equilibrate with blood FMISO levels within minutes of
injection. The mean area under the curve (A) and s.d. for each

TABLE 1
Tissue Uptake of Fluorine-18-FMISO for an Injection of 37 MBq

OrganBrainIntestinesHeart

chamber(blood)Heart
wallKidneysLiverLungsMarrowWt*(g)1420798454316299191010001120A

(MBq hr)
means.d.1.51.80.850.420.464.02.01.10.30.80.40.090.151.81.10.4nf(ROI)10(72)7(61)55(766)13(151)12(88)12(108)35(417)17(167)

observed source organ, along with the number of patients and
ROIs, are shown in Table 1.

Accumulation of activity in the bladder is presented as voided
urine activity and the curve fit for exponential in-growth in
Figure 4. The mean calculated integral activity, with voiding at
2 hr intervals, was 24.5 kBq/hr, and with 4-hr voiding intervals
was 41.9 kBq/hr.

The median dose and the 25th and 75th percentiles, as

determined from the Monte Carlo simulations, assuming blad
der voiding every 2 hr, for each organ are presented in Table 2.
Bladder voiding every 4 hr resulted in an increased dose to the
bladder, but not to other organs, so only the 2-hr voiding doses
are shown. The highest radiation absorbed dose was to the
bladder wall (0.021 mGy/MBq or 0.029 mGy/MBq, respec
tively, with 2 or 4 hr voiding intervals). The calculated
total-body dose for a 70-kg man injected with [I8F]FMISO was

0.013 mGy/MBq. The calculated total-body dose for a 57-kg
woman was 0.016 mGy/MBq. Since the absorbed doses to
individual organs for females were virtually the same as the
male organs, the data were combined and reported here using
the S tables for the adult male. The effective dose equivalent
(ICRP 60) was calculated to be 0.013 mSv/MBq for men and
0.014 mSv/MBq for women (16).

DISCUSSION
Fluoromisonidazole shows substantial promise as a hypoxia

imaging agent. PET imaging of [18F]FMISO in patients with

tumors indicates that this test can quantify hypoxia. When fully
validated, this procedure may be used to guide appropriate,
physiologically based treatment for patients with medical con
ditions in which hypoxia influences response to therapy. The
nanomolar dose of [18F]FMISO used in these tracer studies is

approximately one ten-thousandth of the dose of misonidazole
used clinically. No chemotoxicity from [18F]FMISO was ex

pected nor has any been noted (17). This present investigation
therefore concerns only the radiation exposure issues to better
define the radiation risk of [I8F]FMISO PET imaging.

In addition to the simplifications inherent in the MIRD
phantom model (14,15), additional assumptions were made in
analysis of our data. The most important assumptions were as
follows:
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FIGURE 4. Integrated [18F]FMISO urine activity of 42 samples from 20

studies normalized to 1 MBq injection per 70 kg body weight. The line is the
best fit curve used to determine A for individual patients. Note that the mean
total excretion is about 30 kBq, or 3% of the injected dose.
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TABLE 2
Radiation Absorbed Dose to Organs

2 hrvoids(median

Target organmGy/MBq)AdrenalsBrainBreastsGall

bladderwallLower
large

intestineSmall
intestineStomachUpper

large
intestineHeart
wallKidney

LiverLungs

MuscleOvariesPancreasRed

marrowBone
surfaceSkinSpleen

TestesThymus

Thyroid
Urinary bladder
wallUterusEye

lens
Total body0.01660.00860.01230.01480.01430.01320.01260.01400.01850.0157

0.01830.0099

0.01420.01760.01790.01090.00770.00480.0163

0.01460.0155

0.0151
0.02100.01830.0154

0.01261.

Tracer distribution was assumed
throughout each organ.

2. Tracer clearance was through both 1Percentiles(mGy/MBq)

25%75%0.01650.00800.01220.01450.01210.01090.01260.01130.01710.0143

0.01630.0092

0.01410.01740.01780.01030.00760.00480.0163

0.01450.0153

0.0150
0.01640.01810.0153

0.0126to

beBiologie;0.01670.00930.01240.01500.01520.01420.01270.01500.01990.0180

0.02060.0114

0.01430.01780.01790.01160.00790.00480.0165

0.01480.0156

0.0152
0.02390.01860.0155

0.0126homogeneous

il and physical
decay during the course of an imaging study, but clear
ance was assumed to occur by only physical decay after
the final imaging time point. This was a conservative
assumption that would lead to overestimation of the actual
radiation exposure.

3. Accumulated bladder activity was calculated based on
repeated voiding every 2 or 4 hr.

4. Since full tissue curves for each patient were unavailable,
a scaled best fit curve shape was used to calculate Ã€for
individual patients.

Our results were checked for plausibility by a simple calcu
lation. Assuming that 100% of the injected dose (1 MBq)_was
evenly distributed and retained throughout the body, the A for
the total body should be:

1 MBq
0.693

MBq - hr. Eq. 2

Since the S value for total body â€”Â»total body in 70-kg men is
4.9 X 10~" Gy/MBq - hr (1.8 X 10^5 rads//Â¿Ci-hr), the

whole-body dose should be 0.013 mGy/MBq or 48 mrad/mCi.
For 57-kg women, the S value for total body â€”Â»total body is
5.9 X 10~6 Gy/MBq-hr (2.2 X 10~5 rads/ju.Ci-hr) making the

whole-body dose 0.016 mGy/MBq, or 58 mrad/mCi. These
conservative, average whole-body doses are within the range of
doses calculated for individual organs (0.0048-0.029 mGy/
MBq) and agree well with the calculated whole-body dose of

0.013 mGy/MBq (Table 2). The two approaches yield essen
tially the same numbers because [I8F]FM1SO is lipophilic and

distributes relatively evenly throughout the body. Only a small
amount is lost through the kidneys (3%-4% during the entire
study), so most of the activity remains in the body until it
decays. These values are also consistent with the effective dose
equivalent calculation of 0.0134 mSv/MBq and 0.0140 mSv/
MBq for men and women, respectively.

The octanol:water partition coefficient of FMISO is 0.40
(18), implying that it is freely diffusable throughout most
tissues. Time-activity curves show that FMISO concentrations
in tissues such as brain and muscle equilibrate with blood
within 10-20 min of injection. Increased retention in other

normal tissues can be attributed to specific physiologic pro
cesses. Metabolism of nitroimidazoles occurs in the liver (19),
and excretion occurs principally through the kidneys and
bladder (20), resulting in increased radiation dose to these
organs.

The PET acquisition of [I!<F]FMISO tissue time-activity

curves provides data for the calculation of cumulative radiation
doses to each organ that is accurate only within the counting
limitations and spatial resolution of the tomograph. Thus,
dosimetry calculations of small organs which can not be
visualized, such as the adrenals, ovaries or testes, were done
assuming average total-body concentrations in those sites.
Images that included these organs did not suggest any remark
able accumulation of activity.

There is substantial noise in some of the data presented,
particularly in Figure 4, the total activity excreted in urine. This
variation presumably arises from a wide variation in degree of
hydration and renal function in these patients. The variation in
the activity plots for other tissues is to some extent due to the
relatively large numbers of patients imaged between 100 and
200 min. The curves from individual patients did not increase
during that time. An example of a typical tissue imaged
continuously is shown in Figure 3.

The relatively wide range of activities seen in the various
organs implies a relatively wide range of absorbed radiation
doses. A Monte Carlo simulation method was used to estimate
this range. The Monte Carlo method was used to randomly
select the measured activity in different source organs and then
calculate the absorbed doses to the various other target organs.
This process was repeated 1000 times to obtain a distribution of
absorbed doses. The main reason this approach was used was to
estimate the variation in radiation doses that might be expected
from individual to individual. An interesting effect that was
seen in doing the Monte Carlo simulation was that the variation
in estimated doses to target organs was less than the variation of
activity in the source organs. This is because a large fraction of
the absorbed doses to the target organs arises from the activity
distributed in the "remainder of body." The activity in the
"remainder of body" is relatively constant since it is due to the

activity injected minus the activity in all the measured source
organs and minus the activity lost in the urine. Overall, the
Monte Carlo method shows that the estimated radiation doses
do not vary markedly between organs or between individual
subjects, in spite of the wide variation in the data shown in
Figures 1 and 2. In actual practice the main factor that will
result in variation in dose will be patient weight. The average
absorbed dose will be directly related to the administered dose
per kilogram of body weight.

CONCLUSION
To adequately assess a benefit-to-risk ratio, the potential

benefits of a procedure must be well defined. The organ and
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total-body doses associated with ['"FJFMISO PET imaging are

comparable to or lower than those associated with other widely
used clinical nuclear medicine procedures (21-24). The radia
tion exposure to the critical organ, the bladder wall, could be
reduced slightly by increased frequency of bladder voiding.

Ongoing clinical trials using [ F]FMISO-PET imaging will
establish its appropriate role in the diagnosis and management
of patients with tumors, ischemie heart disease and stroke,
thereby defining the benefit. Should [IXF]FMISO-PET imaging

be validated as a useful clinical test, this analysis indicates that
the radiation absorbed dose resulting from the imaging proce
dure is favorable for further use of this imaging agent.
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Demonstration of Rectosigmoid Fistula Dynamic
Scintigraphic Peritoneography
Hussein M. Abdel-Dayem, StÃ©phaneLubicz and Arthur Radin
Nuclear Medicine Section and Section of Medical Oncology: Departments of Nuclear Medicine, Obstetrics and Gynecolog)'
and Medicine, New York Medical College, Valhalla, and St. Vincent 's Hospital and Medical Center, New York, New York

Intraperitoneal installation of chemotherapy through a Mediport
implanted subcutaneously in the abdominal wall is used currently for
treatment of peritoneal mÃ©tastasesfrom ovarian, gastric and colonie
carcinoma. There is a variable incidence of complications due to the
procedure reported in the literature. The main predisposing factor
for these complications is the Â¡nhomogeneousdistribution of the
chemotherapeutic drugs within the peritoneal cavity. We report an
unusual case of a rectosigmoid fistula that developed 6 wk following
the insertion of a Bardport subcutaneously in the abdominal wall for
intraperitoneal therapy. The fistula was clearly demonstrated by
dynamic scintigraphic peritoneography. This is a new modification
of scintigraphic peritoneography as practiced routinely. We endorse
the previous recommendation that scintigraphic peritoneography be
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performed before every intraperitoneal installation of a chemother
apeutic drug or radiopharmaceutical to ensure the homogeneous
distribution of the drugs and to prevent complications.

Key Words: intraperitonealchemotherapy; peritoneography;ovar
ian cancer; colon cancer; gastric cancer
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Intraperitoneal instillation of cisplatinum, interferon or 32P

chromic phosphate, alone or in combination with intravenous
chemotherapy, has been reported as an acceptable approach for
the treatment of peritoneal carcinomatosis in patients with
ovarian, colonie or gastric carcinoma (1-9). To facilitate the

frequent intraperitoneal installation of the chemotherapeutic
drugs or radiolabeled phosphate, special catheters (modified
Tenckhoff), needles (veress) or peritoneal ports have been
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