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ABSTRACT

The absorbed dose and effective dose equivalent were

calculated in 25 patients injected with 740 MBq (zo mci) of rc-99m
labelled pyrophosphate. The patients were referred for routine

diagnostic bone scans. Four whole body scans were obtained over a
24 hour period after injection. Also, urine collections were obtained
just before each scan. The imaging system consisted of a scanning
table and two gamma cameras controlled by a mini-computer.
Anterior and posterior images were obtained simultaneously, and
were stored and analyzed on the mini-computer. Activity was
quantified using the geometric mean method. Biodistribution data
was obtained for the kidneys, bladder (urinary), bone (skeleton), and
soft tissue (remainder of the body). The absorbed dose was
calculated using the MIRD method. The effective dose equivalent
was calculated using the lcRp 26 weighting factors.

The following results give the mean and standard deviation for
25 patients and are normarized to a 740 MBq (20 mci) injection. The
absorbed doses to the various organs were, in mGy: bone surface
(56t17), bladder (21t11\, kidneys (11rg), red marrow (g.0+1.6),

total body (3.010.2), ovaries (2.9r0.s), testes (2.gt0.4) and the
remaining organs ("a). The effective dose equivalent was (6.1tO.g)
msv. Although the absorbed doses vary among organs by up to tsoyo,
the effective dose equivalent varies among patients by no more than
115%.
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INTRODUCTION

lnternal radiation dosimetry deals with the calculation of

absorbed dose to an organ in the body due to radioactivity

distributed within the body. This requires a knowledge of:

(1) the distribution of activity in the organs as a function of time
(also called biodistribution data or tíme-activity data);

(2) the nature of the radiation emitted by the radionuclide and the

energy carried by each different type of radiation; and
(3) the fraction of energy emitted by each source organ that is

absorbed in the particular target organ.

Item (2) is known with high accuracy compared to items (1)

and (3). Due to the variation of function, size, shape, linear

attenuation coefficient and relative location of organs among
people, items (1) and (3) are approximated by models based on some.
concept of an "average human". The calculation of the distribution of
activity among the various organs in the body is, at best, an

approximation based on measurements performed on available
subjects of varying anatomies and degrees of health.

The purpose of the present study was to obtain biodistribution
data with the view of improving the accuracy of dose calculations
over that currently reported in the literature. specifically, patients
referred for bone scans usíng Tc-9gm pyrophosphate were studied.
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RADIATION DOSIMETRY

ARSORBED rcSE

A standard method of calculating the absorbed dose to an organ

duo to some distribution of activity in the body has been developed

by the Medical lnternal Radiation Dosimetry (MIRD) Committee of the
society of Nuclear Medicine (REF, Loevinger 1g76). An organ with a
high concentration or large amount of activity is defined as a source
organ. An organ for which the absorbed dose is to be calculated is

called a target organ. A source organ may also be a target organ.
Note that the word "organ" is not used in the strict anatomic sense,
but can describe any part of the body, including the whole body.

The absorbed dose to an organ is defined as the energy

absorbed by the organ divided by its mass. The mean absorbed dose
to a target organ from a source organ is given by:

D(t,s) =Ã"xS(t,s)

D (t, s) mean absorbed dose to target organ "t. from source organ
"s" (mGy). The mean is used because the absorbed dose

varies over the volume of the target organ.

S value, or mean absorbed dose to target organ 't' per

unit cumulated activity of source organ usu (mGy/MBq-hr)

cumulated activity of source organ "s" (MBq_hr)

S (t, s)

Ã.



The total absorbed dose

target organ nt" is given by the

all source organs:

3

D, (or simply absorbed dose) to a

sum of the mean absorbed doses over

Dr=EsD(t,s)

The cumulated activity, Ã",

time-activity curue of the source
integration are from the'time of
time when alt activity is removed

physical processes.

is obtained by integrating the

organ 's". The limits of

administration of activity to the

from the body by biological and

The s varue, or mean absorbed dose per unit cumurated
activity, describes the contribution of absorbed dose to a target
organ from activity in a source organ, for a given radionucride. The
s value combines the physicar data of the radionucride (REF, Diilman
1975), the absorption data of the organs (REF, snyder 1977), and
Reference Man data (REF, rcRp 29 1g7s) ail into one number for each
pair of source-target organs (REF, snyder 1g7g). The s varues tor 2a
source organs and 20 target organs for Tc-ggm are given in (e06,
Mlno s vnlues FoR TEcHNelunr-99na). several assumptions are made in the
calculation of the s varues, with the major ones being that:

( 1 ) the activity in

(2) Reference Man

a source organ is uniformly distributed; and
is representative of the average human adult.
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ln practice, the activity in a source organ is never uniformly

distributed. Also, the anatomy of a person never conforms exactly
to the anatomy of Reference Man. As a result, the MIRD method only

allows one to calculate the absorbed dose to an organ to within a
factor of two to three (REF, Roedler 1gg1), so that the absorbed dose
calculations are estimates at best.

EFFECTIVE DOSE EQUIVALENT

The absorbed doses to the target organs were combined into

one number called the effective dose equivafent (REF, lcRp 26 1g7z).
The effective dose equivalent for a given set of absorbed doses
produces the same rísk as a uniform whole body radiation dose
which is numerically equar to the effective dose equivalent. The

advantage of this concept is that it is a direct estimate of risk and
is therefore additive, and allows direct comparison of the risks of
diagnostic procedures which use ionizing radiation.

The effective dose equivalent is given by:

He=[w1xH1

effective dose equivalent (mSv)

weighting factor for target organ "tu

dose equívalent to target organ "t" (mSv),

Ht=DtxQ

absorbed dose to target organ "t" (mGy)

!-t

W¡

Hr

Dr
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a quality factor

The weighting factors are defined for the seven most

radiosensitive organs in the body (e08, lcnp 26 wEtGHnNc rEcrons). The

weighting factors for all organs except the gonads are proportional

to the risk of induction of fatal cancers. The risk to the gonads is

for serious genetic disorders in the first two generations of

offspring. The 'remainder' refers to five other organs with the

highest absorbed doses, over which the remaining ,risk* is

distributed. The choice of five organs, instead of ten or more, is

arbitrary and leads to an overestimate of the effective dose

equivalent. The "breast" organ is not listed as a target organ in the

table of MIRD s values. lnstead, the 'other (muscle)" organ is

assumed to be equivalent to the breast for the purpose of absorbed

dose calculations. The sum of the weightíng factors is one.

The quality factor represents the relative biological

effectiveness of the radiatíon, which in turn depends on the energy

and type of radiation (REF, lcRU 40 19g6). To a first approximation,

electrons with energies greater than 30 kev and all gamma rays

have a quality factor of one. As shown in (e40, Decny scHEME or Tc-

99nn), Tc-99m emits gamma rays and erectrons, where most of the

electrons have a mean energy greater than 1s kev. Therefore, to a
first approximation, the quality factors of the radiations emitted by

Tc-99m are all unity, so that the dose equivalent is numerically

equal to the absorbed dose.



MIRD S VALUES FOR TECHNETIUM- 99M

S value, or absorbed dose per unll cumulated aclivity
wllh unlls of milllgray p€r mêgabecquer€l- hour
l mGy/MBq- hr-( s t t1oo00) 'ra¿lrrCi- hn

Adrenals
Bladder wall
Bone surface

Gl ( slom wall)
Gl ( small lntest)
Gl ( ULI wall)

Gl ( LLI wall)

Kldneys
Llver
Lungs
Marrow ( red)
Othor ( muscle)
Ova rles
Pancreas
Skin
S p leen
Te s tes
Thyrold
Uterus ( nongravld)
Total body

Adrenals

8.4E- 01

3. 5E- 05
5.4E- 04

7.8E- 04
2. 2E- 04
2. 5E- 04
5.9E- 05
3. 0E- 03
1.3E- 03
6. 5E- 04
9.7E- 04
3. 8E- 04

t. 6E- 04
2. 4E- 03
t. 4E- 04
r.7E- 03
8. 6E- 08
3. 5E- 0s
3. 0E- 04
5.9E- 04

Bl adde r

Contenls

4. lE-05
4. 3E- 02
2. 5E- 04
7. 3E- 05
8. IE-04
5.98- 04
2.0E- 03
7. 0E- 05
4. 6E- 05
6. 5E- 06
5. 9E- 04
4. 9E- 04
2. 0E- 03
6.2E- 05
1. 5E- 04
1. 8E- 04
1. 3E- 03
5.78- 07
4. 3E- 03
5.1E-04

Stomach
Conlenls

7. 3E- 04
7.3E- 05
2.4E- O4

3. 5E- 02
7.3E- 04
9. sE- 04
3. 2E- O4

9. 5E- 04
5.4E- 04
4.6E- 04
4.3E- 04
3.8E- 04
r.4E- 04
4.9E- 03
1.28-04
2.7.E-03
f.4E-05
2. 4E- 05
2.18- 02
s.1E-04

Small
lnlestlne
Contents

"' NOTE: tho S valuos for lhe bone and marrow have been modifled to accounl
surface distributlon of rc- 99m phosphorous radiopharmacour¡cals used in bone

2.78- O4

7. 0E- 04
3. 5E- 04
1. 0E- 03
2. 1E- 02
6. 5E- 03
2. 0E- 03
8. 6 E- 04
4. 9E- 04
5. 9E- 05
1. 2E- 03
4.18-04
3. 0E- 03
s. 7E- 04
1. IE-04
4.18-04
8. 4E- 0s
4.1E-06
2. 6E- 03
6. 5E- 04

Upper Larg
lnlosline
Conlenls

2. 5E- 04
5. 9E- 04
3. 0E- 04
1.0E- 03
4. 6E- 03
3. sE- 02
8. 6E- 04
7. 6E- 04
7.08- 04
7. 0E- 0s
1. 0E- 03
4.1E-04
3.28- 03
6. 2E- 04
1.1E-04
3.8E- 04
7. 3E- 0s
4.3E- 08
1. 5E- 03
5.98- 04

owgr Lafge
lntosllne
C on ls nls

9. 7E- 0s
1.9E- 03
4. 3E- 04
4. 9E- 04
2. sE- 03
l.1E-03
5. fE-02
2. 3E- 04
6. 8E- 05
2. 1E- 05
1. 4E- 03
4. 6E- 04
4. 9E- 03
2. 0E- 04
1. 3E- 04
2.28- O4

4. 9E- 04
r. 5E- 06
f. 9E- 03
6. 2E- 04

Kldneys

3..0E- 03
7.6E- 05
3. 8E- 04
9. 7E- 04
7.8E- 04
7.8E- 04
1. 9E- 04
5.1E-02
1.1E-03
2. 3E- 04
1. 0E- 0s
3. 5E- 04
3.0E- 04
1. 8E- 03

1. 4E- 04
2. 3E- 03
2. 4E- 05
r. 3E- 05
2. 5E- 04
5.9E- 04

Llver

1. 2E- 03
4. 3E- 0s
3. 0E- 04
5.1E-04
4. 3E- 04
8. 8E- 04
8. 2E- 05
1. IE-03
1 .28- 02
6. 8E- 04
4. 3E- 04
3. 0E- 04
1.2E- 04
1.1E-03
1. 3E- 04
2. 5E- 04
L 7E- 05
4. 1E- 05
1.1E-04
5. 9E- 04

Lungs

7.3E- 04

9.7E- 06
4.18-04
4. 9E- 04
5. 1 E- 0s
5. gE- 05
1.98- 05
2. 3E- 04
8.8E- 04
r. 4E- 02
5.tE-04
3.5E- 04
2. sE- 05
7.0E- 04
1. 4E- 04
6.2E- 04
2.1E-06
2. 5E- 04
2. 2E- 0s
5.4E- 04

Olher t¡ssus
( muscle)

3. 8E- 04
4. 9E- 04
2.68- 04
3. 5 E- 04
4.1E-04
4. 3E- 04
4. 6 E- 04
3. sE- 04
3. 0E- 04
3. 5E- 04
5. 4E- 04
7. 3E- 04
5. 4E- 04
4. 9E- 04
1. eE- 04
3. 8E- 04
3. 0E- 04
3. 5E- 04
6. 2E- 04
5. IE-04

for lhe

lmaging (Johannson t9g1)
o)



MIRD S VALUES FOR TECHNETIUM.SgM

S value, or absorbed dose per unlt cumulatsd activity
wllh unlts of mllllgray per megabecquerel- hour
l mGy/MBq- h ¡-(37 /t ooo0)'rad/p Ci- hn

TARGET ORGANS

Adrenals
Bladder wall
Bono surface

Gl ( slom wall)

Gl ( small lntest)
Gl ( ULI wall)

Gl ( LLI wall)

Kldneys
Llver
Lungs
Marrow ( red)

Other ( muscle)
Ovarles
Pan c re as
Skln
S pleen
Tesles
Thyrold
Ulerus ( nongravld)
Tolal body

SOURCE ORGANS

Ovarles

8.9E- 05
1. 9E- 03
4. 1 E- 04

2. 2E- O4

3. 2E- 03
3.08- 03
4.IE-03
2.5E- 04
1. 5E- 04
1. 8E- 0s
1. 5E- 03
5.4E- 04
1. I E+00
1. 4E- 04
1.1E-04
l.3E- 04
0.0E+00
1. 3E- 06
5.78- 03
7.0E- 04

Pancreas

2. 5E- 03
3.88- 0s
4. fE-04
4. 9E- 03
4. 9E- 04
5.7E- 04
1. 5E- 04
L 8E- 03
1. 2E- 03
6.8E- 04
7. 8E- 04
4.9E- 04
l.1E-04
1. 8E- 0f
1.1E-04
5.1E-03
1. 5E- 05
3.2E- 0s
t. 4E- 04
7.0E- 04

Red

Marrow

6. 2E- O4

2.78- 04
1.1E-03
2.6E- 04

7.0E- 04
5. 7E- 04

7.8E-04
5. 9E- 04
2. 5E- 04
3.28- 04

8.4E- 03
3.2E- 04
8. 6E- 04
4.6E- 04
f. 6E- 04
2.58- O4

1.2E- 04
1.8E- 04
5. 9E- 04
5. 9E- 04

Cortlcal
Bone

"' NOTE: the S values for the

surface dlstrlbutlon of Tc- 99m

3. 0E- 04
l. 4E- 04
2. 2E- 02
r. 5E- 04
2. 0E- 04
1. 9E- 04
2.78-O4
2. 2Ê.- O4

1. 8E- 04
2. 5E- 04
1.1E-03
2.6E- 04
1. 9E- 04
2. 3E- 04
1. 8E- 04
l. 6E- 04
1.78- 04
2.18- O4

1.5E- 04
5. 4E- 04

Trabecular
Bo ne

3

1

.2
1,

2

f,
2.
2.
1.

2.
4.
2.
1.

2.
1.

1.
1.

2.
1.
5.

0E- 04
4 E- 04
2E- 02
5E- 04
0E- 04
9E- 04
7E-o4
2E- 04

.8 E- 04
5E- 04
3 E- 03
6E- 04
9E- 04
3E- 04
8E- 04
6E- 04
7E- 04
IE-04
5E- 04
4E- 04

S kln

1. 8E- 04
1. 3E- 04
2.78-O4
1. 5E- 04
1.2E-04
1.28-04
1. 3E- 04
1. 5E- 04
1. 4E- 04
1. 6E- 04
2. 6E- 04
1. 9E- 04
1. 0E- 04
1.2E- 04
4. 3E- 03
f. 5E- 04
2. 5E- 04
1. 9E- 04
1.1E-04
3. 5E- 04

bone and marrow have been modified to accounl for the
phosphorous radiopharmaceuticals used in bone lmaging ( Johannson 19Bl )

Spleen

f. zE- 03
3.28- 05
3. 0E- 04
2.78- 03
3.8E-04
3.8E- 04
l. 6E- 04
2. 5E- 03
2.6E- 04

6.2E-04
4. 6E- 04
3.88- 04
1.1E-04
s. 1 E- 03
1.3E- 04
8. 9E- 02
1. 3E- 05
2.48- 05
1.1E-04
5.9E- 04

ïesles

8. 8E- 08
r. 3E- 03
2. 5E- 04
8. 6E- 08
9. 7E- 0s
8. 4E- 05
7. 3E- 04
1.1E-0s
8. 4E- 08
l. 8E- 08
2. 0E- 04
3. 0E- 04
0.0E+00
1. 5E- 05
3. 8E- 04
4. 8E- 08
3. 8E- 01

1. 4E- 07
0.08+00
5.1E-04

Thyrold

3.5E- 0s
5.7E- 07
2.7E-O4
1.2E- 05
2.58- 06
3. 0E- 06
1. 2E- 06
9.2E- 06
2. 5E- 0s
2. 5E- 04
3.0E- 04
3. 5E- 04
1.3E- 06
f. 9E- 05
2.08,04
3.0E- 0s
1.48-07
6.2E- 01

1. 2E- 06
4.9E- 04

Tolal bodv

6. 2E- 04
6. 2E- 04
6. 8E- 04
5. 9E- 04
6. 8E- 04
6. 5E- 04
6. 2E- 04
5. 9E- 04
5. 9E- 04
5. 4E- 04
7. 8E- 04
5.1E-04
6.5E- 04
6. 5E- 04
3. 5E- 04
5. 9E- 04
4. 6E- 04
4.1E-04
7.OE-O4
5. 4E- 04

\t
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ICRP 26 WEIGHTING FACTORS

@GÄN WEIGHTING FACTOR

gonads

breast

lung

red bone marrow

bone surface

thyro id

remainder *

0.25

0.15

0.12

0.12

0.03

0.03

5 x 0.06

o five other organs with the next highest absorbed doses
(REF, ICRP 26 1977)
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LITERATURE REVIEW OF THE BIODISTRIBUTION

OF TC-99M PYROPHOSPHATE

INTRODUCTION

The main problem in internal radiation dosimetry is the lack of
biodistribution data on normal and diseased humans (REF, lcRU 92
1979, ICRP 30 1978). The biodistribution of a radiopharmaceutical
in humans depends on a variety of physiorogicar and

radiopharmaceutical factors. ln the absence of human data, animal
data are used (REF, Roedrer 1991, Lathrop 1gg1). This requires great

care, since there are physiological and anatomical differences
between animals and humans.

BIODISTRIBUTION OF TC-99M PHOSPHOROUS

BONE IMAGING RADIOPHARMACEUTICALS

Tc-99m pyrophosphate berongs to a famiry of rc-99m
phosphorous bone imaging radiopharmaceutícals, the first of which
was developed in 1971 (REF, subramanian 1g71). At present, there
are four such radiopharmaceuticals in routine clinical use:
pyrophosphate (PPi), hydroxyethylene diphosphonate (HEDp),
methylene diphosphonate (MDp), and hydroxymethyrene diphosphonate
(HMDP) (REF, Perez 1grz, yano 1979, subramanian 1975, Bevan

1 e80).
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These Tc-99m phosphorous radiopharmaceuticals are injected
intravenously into the body, where they are weakly bound to blood

and strongly bound to bone. About g0% of the activity in blood is
bound to protein, while the rest is free (non-bound) in plasma (REF,

Krishnamurthy 1g7s). The mechanism of binding to bone is poorly

understood, but is known to be related to bone formation and blood
flow (REF, Arnold 1982). The radiopharmaceutical is removed from

the blood by the kidneys, and excreted in the urine. The kidneys,

urinary bladder, skeleton, and some soft tissue are clearly visible in

an ímage of a normal patient (REF, subramanian 1g7s, Jones 1g76,

Davis 1976). ln the present study, soft tissue is defined as the
whole body less the kidneys, urinary bladder, and skeleton. The soft
tissue is also called the "remainder of the body" in other papers. ln

the rest of the text, the urinary bladder is called the bladder, and
the skeleton is called the bone.

T.

FACTORS AFFECTING THE BIODISTRIBUTION

The factors which affect the biodistribution of the
radiopharmaceutical fall into two groups: radiopharmaceutical and
physiologic. The radiopharmaceutical factors are due to
radiochemical impurities which cause increased activity in the soft
tissue, thereby increasing the absorbed dose to the soft tissue (see
'Quality control of rc-ggm pyrophosphate" section). The physiologic
factors are given below.
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. BONE FUNCTION

Abnormal bone function can change the bone uptake and bone

blood flow (REF, Alazraki 1gg4, Rosenthall 1976, Genant
1974).

- REi\¡AL FUNCTTON

Reduced renal function results in reduced renal excretion, and
higher blood excretion. Dehydration has the same effect.

- PATIENT AGE

ln general, as the patient age increases, bone uptake decreases
and soft tissue uptake increases (REF, wilson 1gg1).

- SYSTEMIC THERAPY

several drugs affect the biodistribution of bone imaging

radiopharmaceuticals (REF, Hladik 1gg2, Lenile 1g7g).

Chemotherapy and corticosteroids are especially effective in

decreasing the bone uptake. Arternativery, they may cause
increased lesion radioactivity during the early healing process
that follows initiation of chemotherapy.

. OTHER FACTORS

uptake in soft tissue is affected by a variety of factors, such
as cancer, infection, radiotherapy, etc. (REF, Alazraki 1gg4).
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URINARY EXCRETION

To calculate the activity retained in the body following

administration of a radiopharmaceutical, one method is to measure

the activity leaving the body (via exhalation, or excretion in the
feces and/or urine), and subtract it from the administered activity.
For Tc-99m phosphorous radiopharmaceuticals, activity leaves the
body mainly in the urine. urine collections are obtained typically
over a period of four physical half lives, which is when there is no

more than 6.25o/" of the injected activity remaining in the body. For

Tc-99m, this corresponds to about 24 hours (4 x 6.08 hours). A
convenient method of expressing the urine activity is to correct the
activity for physical decay, back to the time of administration. The

result is called the urinary excretíon and is expressed as a
percentage of the administered activity. Mathematically, the

urinary excretion is given by:

E ¡=r,¡ AuRrrur (t¡ )x exp (+ln(2) x t¡ / Ttn)
uE(tj )= x 100%

injected activity

j = 1 to n where n is the number of urine collections
UE (tj ) urinary excretion at time !
Aunrr.¡e (ti ) activity in the urine coilection obtained at t¡

T tn physical halflífe of Tc-99m = 6.03 hours
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From the urine collections, the time of injections, and the injected

activity, one can calculate the activity in the whole body at the time
each collection is obtained.

The urinary excretion in humans using Tc-ggm pyrophosphate
has been measured in three studies (REF, subramanian 1975,

Krishnamurthy 197s, weber 1gr4). These resurts are summarized in

(e21, Un¡rvEnvEXcRETtoN lN HUnrßNS ustNc Tc-g9v pyRopHospHATE (cnneu nruo

rnele)). The urinary excretion increases rapidly, reaching B0% to 40%
of the injected activíty over the first four hours. At four hours, the
urinary excretion curve of Krishnamurthy et al. is significantly
lower than that of subramanían et al., probably due to increased bone
lesion uptake.

The dependence of urinary excretion on bone function was
studied in normal and diseased humans with other Tc-9gm
phosphorous bone imaging radiopharmaceuticals. The 24 hour
urinary excretion has been measured in three studies using various
Tc-99m bone imaging radiopharmaceuticals (REF, Fogelman 1g7g,
Thomsen 1986, schultz 1gg7). These results are summarized in
(e23, 24 Houn URINARY EXcRETtoN tN HUlnANs usrNc vAnlous Tc-ggrvr pHospHoRous

BONE tMActNG RADtOpHARmECeurrcnls). Although different

radiopharmaceuticals are used, and the definitions of normal and
diseased humans differ, there are some similarities among Tc-99m
phosphorous bone imaging radiopharmaceuticars:
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(1) the range oÍ 24 hour urinary excretion values is large for

diseased humans, ranging from about 10% to g0%;

(2) the urinary excretion for normal humans overlaps with the

diseased group in the 60% to g0% range; and

(3) the urinary excretion data for the diseased group can be

further divided with respect to bone and renal function.
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BL@D

The blood tíme-activity data in humans using Tc-g9m

pyrophosphate has been measured in two studies (REF, Subramanian

1975, Krishnamurthy 1g7s). These results are summarized in (e24,
Bt-ooo rlhdE-AcrtvtrY DATA lN HUMANS ustNc Tc-ggru pyRopHospHATE, coRREcrED FoR

PHyStcAL DECAY, (OnEeH nruo rneu)). These workers did not measure the

activity in soft tissue (meaning the whore body less the bone and

other source organs): lnstead, the activity in soft tissue was

assumed to be due to the activity in blood, which was more easily

and accurately measured.

ln these two studíes, the activity in blood was found by

measuring the activity in a blood sample and scaling the result by

the total blood volume in the body. The total blood volume in an

adult body is five litres, based on Reference Man data. The data by

Subramanian et al. was based on seven blood samples obtained over a
24 hour period and fitted to a triexponential function. The data by

Krishnamurthy et al. was based on five blood samples obtained over

a 24 hour period and fitted to a biexponential function. A review of
the data by Krishnamurthy et al. showed that they missed the first
exponential term by not taking blood samples early enough after
injection. Therefore, we will use the data by subramanian et al. for
further discussion.

The constants and half lives of the triexponential function

found by subramanian et al. are compared to those of other Tc-ggm
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phosphorous bone ímaging radiopharmaceuticals (e26, Br_ooo nME_

ACTIVITY DATA IN HUMANS USING VARIoUS Tc-99n¡ PHoSPHoRoUS BoNE IMAGING

RADÍOPHARMACEUTICALS, CORRECTED FOR PHYSICAL OCCAV). ThE VAIUES ArE

comparable, except for the half life of the third exponential term.
The very wide range of half tives in the third term may reflect the
chemical differences of the phosphorous radiopharmaceuticals, such
as between the organic phosphonates and inorganic phosphates (REF,
Billinghurst 1gg2). The wide range may arso be due to the errors
which result from fitting a limited number of points to a
triexponential function.

The triexponential time-activity curve of blood is explained in

terms of a five compartment model consisting of urine, blood, bone,
bone extracellular fluid (EcF), and non-bone EcF (REF, Billinghurst
1982) (e27, Ftve coupARTMENT IuoDEL FoR BoNE rMAGrNc RADropHARmceurcnls).

Note that the non-bone ECF and the blood are different. The first
exponential is probably due to the distribution of activity throughout
the ECF space as well as the blood. The second exponential probably
represents bone uptake, via the bone EcF, leading to the re-
establishment of the non-bone ECF equiribrium, and resurts in a drop
in both the blood and non-bone ECF activity. The third exponentiar
probably represents the urinary excretion, which seems to be in
marked contrast to the fact that 40% to 60% of the activity is
excreted in the urine in the first four hours after injection (REF,
Subramanian 1g7S). However, note that:
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(1) the urine activity is a direct function of the blood activity, so

that the rate at which the urine activity increases is much

higher during the early periods when there is a much higher

blood activity.

(2) the blood activity remains in equilibrium with the activity in
the non-bone ECF which probabry returns to the blood as the

activity is removed from the brood by the kidneys and is, in
turn, excreted by the kidneys.

KIDNEYS

The kidney time-activity data in humans using Tc-9gm

phosphorous bone imaging radiopharmaceuticals are not available in

the literature. Animal studies using Tc-ggm pyrophosphate have

found that the maximum uptake in the kidneys was 4.3"/o of the

injected activity per 1% body weight [(kidney activity/injected

activity)/(kidney weight/body weight)l (REF, subramanian 197s,

Eckelman 1974, Hosain 1973) (e28, Kto¡¡ev IME-Aclvtry DATA tN ANTMALS

ustNc Tc-99u pynopHosnunre). Assuming that the kidney activity

concentration in humans is the same as in animals, then the kidney

activity concentration in humans is obtained by multiplying this

value by the ratio of the kidney weight to the whole body weight for
an adult human, expressed as a percentage. using Reference Man

data, the maximum kidney activig is equal to 1.9% (4.3o/o x (0.31

kg/70 kg) x 100) of the injected activity. No data is available on the



1B

effective half life of the kidney activity. This data is found in the
present study.

ME

The bone time-activity data in humans using Tc-ggm
phosphorous bone imaging radiopharmaceuticals are not available in

the literature. There are several problems with quantifying the
activity in bone (REF, Blau 1976). ln a whole body image, a region of
interest cannot be drawn that includes only the skeleton. Even if
that were possible, it would be very difficult to quantify the
activity because the thickness of bone and overlying soft tissue
varies over the body. Another method of quantifying the activity
involves calculating the activity per unit weight in a sample bone
volume where the bone shape and thickness are known, and scaring
the result by the total bone weight. However, it has been well
documented that the distribution of rc-ggm phosphorous

radiopharmaceuticals in bone is non-uniform. A whole body scan of
a normal human using Tc-ggm pyrophosphate demonstrates that the
uptake in the vertebrae and pelvis is higher than in the long bones.
Even in different parts of the same bone, such as a rib, the
concentration may vary by a factor of three (REF, subramanian
1975). Also, Tc-g9m phosphorous radiopharmaceuticals are
distributed on the bone surface, as opposed to being distributed
throughout the total bone volume (REF, Arnold 1gg2). Furthermore,

the skeleton consists of cortical bone, trabecular bone, and bone
marrow, and the amount of each type of bone varies over the
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skeleton (REF, Blau 1976). All these factors make it very difficult

to accurately calculate the bone activity direcily.

The activity is not taken up instantaneously in bone, but
increases over the first two hours (REF, snow 1g7s, citrin 1g7s,
Potsaid 1977, castronovo 1g77). For the purpose of catculating the
absorbed doses, Subramanian et al. assumed that S0% of the injected
activity was taken up into the bone instantaneously, and onty

underwent physical decay (REF, subramanian 1g7s). Assuming that
the skeleton represents 10"/" of the total body weight in humans, a
50o/" concentration is equivalent to about 7o/o of the injected activity
per kilogram of bone. Animal studies using Tc-ggm pyrophosphate

have shown that the uptake in the femur was g.B% of the injected

activity per kilogram of bone in miniature swine, 6.2% in dogs, and
91.4% in rabbits (REF, Eckelman 1974). The 91 .4/o value for rabbits

is much higher than the 7o/o valuq and shows the problem with

extrapolating animal data to humans.

Krishnamurthy et al. catculated the activity in the bone and
kidneys together by subtracting the blood (= soft tissue) activity
from the whole body activity (REF, Krishnamurthy 197s). They

calculated the activity in the bone and kidneys to be 59% of the

whole body activity at 4 hours (corrected for physical decay).

correcting for the kidney activity, this is comparable to the bone

activity estimated by subramanian et al (REF, subramanian 19zs).

ln both calculations, it was assumed that there was no uptake in

soft tissue.
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ln summary, due to the non-uniform distribution of activity in

bone and the non-uniform composition of bone, the bone activity
cannot be accurately calculated directly. ln the present study, the
bone activity is found by subtracting the activity in the kidneys,

bladder, and soft tissue from the whole body activity. As a result,
the main problem in the present study was being able to accurately
calculate the soft tissue activity.

SOFT TISSUE

The soft tissue time-activity data in humans

phosphorous bone imaging radiopharmaceuticals are

the literature. ln the present study, the soft tissue
whole body less the kidneys, bladder, and bone.

using Tc-99m

not available ín

is defined as the
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pêrcenl of
injected

activity (semi-
log)

URINARY EXCFIETION IN HUI/ANS
USING TC-99M PYROPHOSPHATE
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after injection (hours)

@ Subramanian

o Krishnamurthy

w Weber
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time
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URINARY EXORETION lN HUMANS ustNc rc-99m pyRopHospHATE

time

(hou rs)

activity (percent

A

of injected activity)

BC

0-1
0-2
0-3
0-4
0-5
0-6
0-24

29.9 r 3.9

38.0 r 4.3

42.7 + 4.1

45.9 + 4.3

48.2 + 4.5

49.8 + 4.5

58.9 + 5.2

16.4 r 3.0

23.0 r 3.3

28.5 + 3.6

31.7 + 4.0

38.2

(28.1 s6.4)

A - Subramanian, rì=6, normal, +1 standard deviation

B - Krishnamurthy, rì=10, abnormal, +1 standard error

C - Weber, o=5, abnormal

Abnormal refers to patients undergoing bone scans for suspected

bone lesions, and "no is the number of patients in the study.



23

24 HOUR URINARY EXCRETION IN HUMANS USING

TC-99M PHOSPHOROUS BONE IMAGING RADIOPHARMACEUTICALS

Activity expressed

standard deviation

as percentage of the injected activity, +1

or range is specified.

normal Tc-99m agent Reference

59r5

81 +2

69r5
51 r5

32+4
28 to 56

11 to 79

19 to 60

6to54

pyrophosphate

pyrophosphate

pyrophosphate

HEDP

Mæ

imidodip hosphate

Subramanian, 1g7S

Krishnamurthy, 1g75

Weber, 1974

Fogelman, lg7g

Thomsen, 1986

Schultz, 1gB7
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p€rcent of
injected
activ ity

(semi-log)

BLOOD TIME-ACTIVITY DATA IN HUMANS
USING TG99M PYROPHOSPHATE, CORRECTED

FOR PHYSICAL DECAY

10 15 20
after injection (hours)

@ Subramanian

o Krishnamurthy

2505
time
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BLOOD TIME-ACTIVITY DATA IN HUMANS USING TC.99M

PYROPHOSPI..IATE, CORRECTED FOR PHYSICAL DECAY

A - Subramanian, n=6, normal, +1 standard deviation

B - Krishnamurthy, ñ=10, abnormal, +1 standard error

Abnormal refers to patients undergoing bone scans for suspected

bone lesions, and on" is the number of patients in the study.

tim e

(hours)

activity (Y" of the injected activity)

AB

3 min

5 min

10 min

0.5 hr

1

2

3

4

6

I
24

48.4 * 8.9

37.9 + 4.6

18.1 + 3.9

13.0 f 2.0

9.35 + 1.7

7.95 ! 1 .7

6.83 + 1.4

6.41 + 1.3

5.44 + 1.0

32.0 r 3.0

20.0 r 2.0

14.5 r 2.0

11.5 r 1.5

10.5 + 1.5

9.5 r 1.0
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BLOOD TIME-ACTIVITY DATA IN HUMANS USING TC-99M PHOSPHOROUS

BONE ¡MAGING RADIOPHARMACEUTICALS, CORRECTED FOR PHYSICAL

DECAY

Subramanian

Tc-99m pyro

iAiT¡

Bíllinghurst

other Tc-99m agents

A¡ T¡

1 74.0 0.03

2 18.3 0.64

3 7 .4 53.7

70 - 80 0.05 - 0.10

15 - 20 0.25 - 0.50

1-7 2.50 - 8.33

Ai percentage of the injected activity,

corrected for physical decay

Ti half life (hours)

activity = E ¡ = 1,s Ai x exp ( -ln(2) x t/T¡ )

(ie: Subramanian's blood data is given by

A = 74.0 g -ln(2) v0.03 + 19.3 e -tn(2) v0.64 + 7.4 s _tn(2) v5s.7 )
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FME COTüPARTMENT MODEL FOR
BONE IMAG ING RADIOPHARMACEUTICALS

ECF = extra-cellular fluidnon-bone ECF

unne
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KIDNEY TIME.ACTIVITY DATA IN ANIMALS

USING TC-99M PYROPHOSPHATE

group A B animal

Eckelman

Subramanian

Krish nam u rthy

1.3 rabbit

3.0 1.3 rabbit

4.3 1.9 rabbit

A - Percentage of injected activity per 1% (kidney weighvbody

weight) of the animal.

B - Percentage of the injected activity, extrapolated to a human

adult, assuming that the % injected activity per 1% (kidney

weighvbody weight) is the same in humans as in animals.
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PATIENTS

INTRODUCTION

ln the present study, 26 patients referred for bone imaging
were studied (however, only 25 were used in the dose calculations.
The omission of one patient is explained in the "results and
discussion; soft tissue' section). patients were asked to
participate, and if they agreed, signed consent was obtained in
accordance with the University of Manitoba Committee on the Use of
Human subjects in Research. No attempt was made to select a
specific group of patients, but due to patient referral patterns, the
patients in the present study were generally old, and had a variety of
diseases. The entire study spanned a six month period.

PATIENT DATA

The following data were recorded for each patient: sex, age,
weight, height, body thickness over the chest, injected activity,
number of scans obtained, time of each scan, bone function (presence
of bone lesions), renal function, diagnosis, medical history relevant
to the present study, and medication (Aeeeruorx l, pnre¡¡r onrn). The
body thickness over the chest was used to calcutate the contribution
of counts from sott tissue overlying the kídneys, bladder, and spine.
The injected activity was carcurated by measuring the activity in

the syringe before and after injection. Abnormal bone function was
defined as abnormal uptake of activity in any part of the skeleton,
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based on the bone scan reports obtained for each patient. Renal

function was based on the tests for serum urea, serum creatinine,

urine creatinine, and creatinine clearance (REF, Rock 1986).

However, these tests are only partial indicators of renal function,

and was not availabe on all patients.

The 25 patients (14 male, 11 female) had the following

statistics (mean and standard deviation): age (60+19 years), weight

(73+19 kg), and height (173+16 cm). The mean weight and height

were similar to Reference Man values for adults (70 kg, 170 cm).

The patients fell into four groups: possible bone metastases (14),

osteomyelitis (7), arthritis (3), and vascular disease (1). Six of the

25 patients were diabetics. Most patients were taking medication

such as analgesics to reduce pain, and antibiotics against infection.

PATIENT PROTOCOL

ln a clinical bone scan, the patient is injected intravenously

with 740 MBq (20 mci) of rc-99m pyrophosphate, and scanned two

hours later (FlG, Ctt¡ltcntwHoLE BoDy TMAGES ustNc Tc-9gu pyRopHoseHnre).

The two hour time is chosen to maximize the image contrast

between bone and soft tissue, while the count rate is still high (REF,

Weber 1974). The duration of the scan ranges from 1S to S0

minutes, depending on the area scanned, and results in an image with

about 500,000 counts. Care is taken to ensure that the patient does

not move during the scan.



31

ln the present study, the patient underwent four whole body

scans in addition to the clinical bone scan (e84, Senrnu wHoLE BoDy

l¡vîAGES OBTAINED lN THE PRESENT STUDY USTNG Tc-99u pynopHoseHare). Note the

clarity of the kidneys, bladder, and bone in all the images (some

details were lost when the images were transferred from film to
papeO. The objects adjacent to the legs are calibration sources.

The fourth image, taken at about 24 hours after injection, contains

much fewer counts than the other three images, thus its statistical

quality is compromised. The number and timing of the extra bone

scans depend maínly on the cooperation of the patient, and to a
lesser extent on the physical half life of the radionuclide and the

uptake of radiopharmaceutical. These factors are described below.

PATIËNT COOPERATION

The maximum duration of a scan was about 30 minutes, which

was the longest time that one could expect a patient to repeatedly

lay on a table without moving, and do so voluntaríly. ln addition to

the extra scans for the present study, patients had their own

schedules to follow (ie: eat, sleep, undergo diagnostic tests, etc.).

- PHYSICAL HALF LIFE AND RADIOPHARMACEUTICAL UPTAKE

To obtain images with about s00,000 counts in a B0 minute

scan duration, it was important to obtain images early after

injection, before too much activity was rost by physical and
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biological decay. The biological half

infiníte, so that the effective half life
physical half life of Tc-99m.

life of the bone activity is

is equal to the 6.08 hour

Patients were scanned four times at about 1.5, 4.s, 7.5, and
25.5 hours after injection, this choice based on the cooperation of
the patient, the physical half life of the radionuclide, and the uptake
of the radiopharmaceutical. Urine collections were obtained just
before each scan, but no brood samples were obtained. The urine
collections were cumulative, so that all the urine was collected
from the time of injection to the time of the last scan.

ln general, a complete patient study consisted of four scans
and four urine collections. However, this was not always attainable
in practice. sometimes, a scan was missed because the patient had
to undergo other diagnostic tests. of the 26 patients, 17 patients
were scanned four times, and g patients were scanned three times.
The first urine collection was missed in 9 patients. Missing a scan
(usually the third or fourth scan) results in a small increase in the
error in the absorbed doses, whereas missing the first urine
collection results in a large underestimate in the absorbed doses.



ANTERIOR

Clinical whole
after injection

POSTERIOR

body images obtained 2 hours
using Tc-99m pyrophosphate
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Serial whole body
study usíng Tc-9gm

4.5 hours

images obtained in the present
pyrophosphate (ANTERtOR VtEW)
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TC-99M PYROPHOSPHATE RADIOPHARMACEUTICAL

PHYSICAL PROPERTIES OF TC.99M

Technetium-ggm has excellent physical properties for imaging
with a gamma camera (e40, Decev scHEME oF TEcHNErrunn-ggu). The short
six hour half life and the absence of beta radiation contributes to
low absorbed doses to the organs in the body compared to other
radionuclides. The mean energy per unit cumulated activity is 0.303
gram-rad/¡rci-hr for Tc-ggm. The 140 kev gamma emission has
good penetration; 50% is absorbed in 4.6 cm of water, and yet the
energy is low enough to be collimated without greatly decreasing
the sensitivíty.

QUALIry CONTROL OF TC-99M PYROPHOSPHATE

Quality control of the radiopharmaceutical ensures its
constant composition, reproducible biologic behavior, and safety for
human use. There are a number of chemical, physical, and biologic
tests that are done, and are described in detail in the United States
Pharmacopeia (REF, usp xx 1g7s). The main tests are for
radioactivity, radiochemical purity, sterility, and pyrogenicity, and
are described briefly below. Normally, tests are done prior to the
use of the radiopharmaceutical. However, due to the short physicar

half life of rc-ggm, the results of the tests for sterility and
pyrogenicity are only known after the radiopharmaceutical has been
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used clinically. Arso, these tests take time to do, on the order of
several days.

ACTIVITY

ln addition to the radioactivity assays on each preparation, the
activity in the syringe was measured before and after injection
using a dose calibrator, so that the amount injected coutd be
measured accurately. The accuracy of the dose calibrator was
estimated to be within *2o/o.

RADIOCHEMICAL PURITY

Radiochemicar purity is the percentage of the totar activity in
the specified chemical form. Radiochemical impurities arise from
self-radiolysis, heat and right degradation, and the presence of
interacting chemicar species. chemicar reactions occur in the
solvents used because of irradiation of the sorvent molecutes.

Radiochemicar impurities may be taken up into organs that are
not under study, causing unnecessary doses to these organs and
decreasing the contrast between the organs under study and the
surrounding tissue. The two main radiochemicar impurities in Tc_
99m pyrophosphate are free pertechnetate and colroidar species.
The presence of free pertechnetate causes increased activity in the
salivary glands, thyroid, stomach, and gastrointestinar tract (REF,
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Abdel-dayem 1974). The presence of colloidal species causes
increased activity in the liver (REF, Eckelman 1984).

An acceptable and reliable test for the radiochemical purity of
Tc-99m pyrophosphate consists of two sirica ger thin rayer
chromatograms, one deveroped in methyr ethyr ketone to measure the
percentage of free pertechnetate and one developed in saline to
measure the percentage of colloidal species (REF, Billinghurst
1973). The sum of the percentages of free pertechnetate and
colloidal species must be less than 5% for clinical use. This was set
somewhat subjectively to maintain a high and consistent image
quality while rejecting a minimum number of preparations. For a
higher percentage of impurities, say 1oo/o, fewer preparations are
faíled, but the uptake in non-source organs increases, decreasing the
contrast between bone and surrounding tissue.

The tests for radiochemical purity were done on each
preparation, prior to its use.

STERILITY

The short six hour half life and the heat sensitivity of Tc-ggm
pyrophosphate requires it to be sterilized by membrane filtration, as
opposed to heat sterilization. Membrane filtration removes
organisms and particles greater than 0.22 ¡rm in size, which
includes most bacteria. However, this does not include most
viruses, which lie in the range of 0.015 to 0.8 ¡rm. The steririty test
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consists of incubating the radiopharmaceutical for one to two
weeks. The test results are only known after the

radiopharmaceutical has been used clinically.

The sterility test was done on each preparation.

PYROGENICITY

Pyrogens are species (chemical or biological) which produce

fever in man and animals. Pyrogens usuSally result from non-sterile
preparations. Pyrogen contamination is prevented by keeping

chemicals and equipment sterire. The pyrogenicity test consists of
injecting the radiopharmaceutical into three rabbits and measuring
the increase in rectal temperature. lf none of the rabbits shows an

individual temperature rise of greater than 0.6oc, and if the sum of
the temperature rise in all three rabbits is less than 1.40c, then the
radiopharmaceutical is considered to be free of pyrogens. The test
results are only known after the radiopharmaceutical has been used
clinically.

The pyrogenicity test was done on each lot number, from which
the preparations were made.



40

DECAY SCHEME
OF TECHNETIUM-99M

lsomeríc level decay
half life = 6.03 hours
(REF, Dillman 197S)

99m
49 Tc

142.7 keV

keV

oo
49 Tc
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DECAY SCHEÅ'4E OF TECHNETIUM- 99M

isomeric level decay
half life = 6. 03 hours
( REF, Ditlman i975)

N

E

^

mean number per
mean energy per
equilibrium dose

disintegration
particle

constant

RADIATION
^(s- rad)

ñ'
GAMMA 1

M INT CON ELECT

GAMMA 2

K INT CON ELECT

L INT CON ELECT

M INT CON ELECT

GAMMA 3
K INT CON ELECT

L INT CON ELECT

M INT CON ELECT

K ALPHA 1 X- RAY
K ALPHA 2 X. RAY
K BETA 1 X-RAY
KLL AUGER ELECT
KLX AUGER ELECT

LMM AUGER ELECT

MXY AUGER ELECT

0.0000
0.0035
0.2630
0. 0232
0.0034
0. 0011
0.0001
a. 0022
0.0010
0.0003
0.0017
0.0008
0.0004
0.0005
0.0002
0.0004
0.00I1

0.0000
0.9860
0. 8787
0.0913
0.0118
0.0039
0.0003
0.0088
0.0035
0.0011
0.0441
0. 0221
0. 0105
0.0152
0.0055
0.1093
1. 2359

0.0021
0.0016
0. 1405
0.1194
0.1377
0. r400
0. 1 426
0. 1215
0. 1398
0. 1 422
0.0183
0.0182
0.0206
0. 01 54
0.0r78
0.0019
0.0004
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WHOLE MDY IfuIAGING SYSTEM

INTRODUCTION

The whole body imaging system consísts of two stationary
Picker Dynacamera 3 gamma cameras mounted with one camera
above and one below a horizontal scanning table, all interfaced to a
Medical Data systems A2 minicomputer (e4g, wsor_E BoDy TMAGTNG

svsrenn). With the patient lyíng on the table, the table is motor driven
at constant speed between the two gamma cameras such that the
entire table is covered in three rongitudinar passes. Anterior and
posterior images are obtained simultaneously, and stored on a
computer disk.

SCANNING TABLE

ln scanning mode, the effective scanning area of the gamma
camera is a 15.2 cm rong by 20.8 cm wide (6" x g',) rectangre. To
scan the entire tabre area of 1gs cm rong by 61 cm wide (76,,x z4*),
the table makes three longitudinat passes and two lateral shifts in
the shape of an "s' (esO, scEr,¡¡¡r,rc rnele). The count rate obserued at
the end of the scan is lower than at the start due to the physical
decay of the source and the finite time needed to scan the whore
table. The dependence of the count rate on table position was
removed by having the tabre retrace the passes so that the tabre
starts and stops at the same position, making a totar of six
longitudinal passes and four laterat shifts.
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GAMMA CAMERA

The gamma camera obtains a two dimensional image of a three
dimensional distribution of radioactivity by a combination of
collimation and electronic positioning circuitry. The gamma camera
consists of several components including cottimator, radiation
detector, position and energy determining circuitry, and image
display (e51, GEnnn¡n cnrraenn). Each component is discussed below.

COLLIMATOR

The resolution of the gamma camera is rargery determined by
the resolution of the collimator, which in turn, is determined by the
type of collimator, number of holes, hole síze, hole length, septal
thickness, and collimator material. ln the present study, a parallel
multihole collimator was used. tt consists of a lead slab with an
array of holes perpendicular to the face of the crystal. lts purpose

is to improve the resolution of the gamma camera by only accepting
photons which travel approximately parallel to the holes. photons

not travelling parallel to the holes are mosily absorbed by the lead
septa.

Using a parallel multihole collimator,

decreases with increasing source-detector

in air decreases only slighily with distance,

the spatial resolution

distance. The sensitivity

because while the
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spat¡al concentration of photons decreases by the inverse square of
the distance, the total area of crystal exposed to the source
increases by the square of the distance.

RADIATION DETECTOR

The radiation detector of a gamma camera consists of a singre
sodium iodide crystal 40.6 cm (16 inch) in diameter and 1.27 cm (0.5
inch) thick. The crystat is viewed by 1g photomultiplier tubes
(Ptu1T's) which detect the right produced by photon interactions
(photoelectric, compton) with the crystal. lf the energy of an
absorbed photon is assumed to be deposited at a singre point in the
crystal, and if the light is assumed to radiate from this point, then
the amount of light sensed by any individual PMT is directly related
to its proximity to the point of absorption. tn the present study, the
PMT's are opticaily coupred to the crystar by a rayer of transparent
grease.

POSITION AND ENERGY DETERfuIINATION

The photomultiplier tubes are connected to an etectronic
network which is designed such that each tube contributes a fixed
portion of its output signal to the generation of a set of four
position signals. This is shown schematically in (e52, posrro¡¡
DETERMINING clRculrRv oÉ rHE GAM[ilA cnnenn). Each PMT is connected through
capacitors to four output leads called x+, x-, y+, and y-. The amount
of signal that each PMT contributes to these four leads is directly
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proportional to the capacitance values shown in the diagram. For

example, tube 7 contributes an equal amount to each of the four

coordínate signals, while tube 1 contributes three times as much to
x- as to x+. ln this manner, the position coordinates (x,y) of an

interaction in the crystal is found by taking the difference of the x+

and x- signals to give x, and taking the difference of the y+ and y-

signals to give y.

The four signals x+, x-, y+, and y- from each photomultiplier

are fed into a summation circuit, which determines the total amount
of light produced and hence the total amount of energy deposíted in

the crystal. The output of the summation circuit, the z pulse, is

used for energy discrimination by the pulse height analyzer (pHA).
The PHA allows only those pulses that have amplitudes falling
within a preselected energy range to pass on for further processing.

The PHA thereby excludes pulses created by scattered photons and by
radioisotopes other than that being imaged.

IMAGE DISPLAY

lf the z pulse meets the energy window requirements, the (x,y)

position signals are applied to the deflection plates of a cathode ray

oscilloscope. Accepted pulses from the PHA are used to unblank the
oscilloscope, which results in a flash of light on the screen at a
position directly related to the position of the interaction in the
crystal.
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GAfuIMA CAMERA. COMPUTER INTERFACE

ln a single gamma camera system, the position signals (x,y)

for each valid photon interaction, together with the position signals
of the table (x',v'), are fed to the offset control and gate circuitry to
generate a new photon signal (x,y) ín the reference frame of the

table. This is shown schematically in (e58, CEr,¡enE DAIA pArHwAy pRrop

To MoDlFtcnrtorv). These analog signals are digitized into a matrix for
each detector and stored in the computer. tn the present study, two
gamma cameras are used to obtain anterior and posterior images

simultaneously. The digital signal resulting from the addition of the
position and table signals of camera B (anterior camera) are fed to
the multiplexer unit inserted in the data pathway of camera A
(posterior camera). This is shown schematically in (e54, Gnn¡eRn DA1A

PATHWAY AFTER ntootrtcRrlolt). The multiplexer contains pulse shaping and
delay circuitry to minimize dead time losses, which result when
signals from camera B are sent to the multiplexer while it is

processing signals from camera A.

IMAGE ACQUISITION

The computer acquires images from the gamma camera in a
variety of modes. ln the present study, anterior and posterior

images are acquired simultaneously in .list mode'. ln this mode, the
computer records in sequence the position coordinates (X,y) and time
of each photon accepted by the pHA. The data are stored in a buffer,
and then written onto the removable disk. Later, when the image
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acquisition is complete, this sequential list of data is sorted into

the anterior and posterior images. Each count generates one 16 bit
word. Since the storage capacity of a removable disk is 1.2 million

16 b¡t words, then the maximum number of counts in each of the

anterior and posterior images must be less than 600,000 counts,

since the timing marks occupy some space as weil. The rate at
which data is written onto the disk must be compatible with the

maximum count rate of the gamma camera. ln the present study,

ímages are stored as 128 x 12g word matrices, which correspond to

a spatial resolution of 1.7s5 cm. A higher resolution can be

achieved by using 256 x 2s6 word matrices, but one would require

four times the number of disks to store the images.
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SCANNING TABLE

76',
Motion of the
respect to the

table with
gamma camera.

*
24"

The effective scanning area of
the gamma camera is a 6" by g"
rectangle even though the crystal
diameter is 16". Since the width
of the rectangle is 8", three
longitudinal passes are required
to scan the 24" wíde table.



POSITIONING
CIRCUIT

PHOTO.
MULTIPLIER
ruBES

GREASE

SODIUM

GAMMA CAMERA

IODIDE 

-ø
CRYSTAL

PARALLE 

"fMULTIHOLE

COLLIMATOR

UNBI-ANK

(}t
J



52

POSITIOT\, DETERMTNTNG CTRCU tTRy
OF THE GAMMA CAMERA
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QUALITY CONTROL OF THE IMAGING SYSTEM

INTRODUCTION

Quality control of the imaging system ensures that the images
are reproducible and of high quarity. euarity contror consists of
several qualitative and quantitative tests. ln the present study, the
scanning table was tested for uniform motion. The two gamma
cameras were tested for spatial resolution, uniformity, linearity,
sensitivity, deadtime, and reproduciblilty of energy window setting.
All tests were done under typical patient scanning conditions with
the collimators attached to the gamma cameras.

RADIATION SOURCES

All quality control tests involved the use of radioactive
sources. ln the present study, three types of sources were used:
poínt, line, and flood. The point source consisted of a 10 ml syringe.
The line source consisted of a B mm diameter plastic tube 30 cm
long. The tube was held straight by a plastic sheath. The flood
source consisted of a 40 cm x 40 cm x 2.5 cm plastic container.
These sources were fiiled with a uniform míxture of water and rc-
99m activity. For measurements in water, sources were placed in a
rectangular aquarium, whose dimensions were s0 cm x zs cm x 30
cm (height).
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To obtain a flood image of the entire table, a scan was
obtained with the flood source placed on the posterior gamma

camera (the one under the table), covering the effective viewing
area of the two gamma cameras. The flood source was stationary
with respect to the gamma cameras. The result was a flood image
which looked the same as if a flood source the size of the table area
was used.

SCANNING TABLE

To ensure that the tabre speed was uniform, a frood source was
scanned for each patient. A uniform table speed should produce a
constant count (within statistical error) for count profiles obtained
parallel to the length of the table (e62, Fr_ooo enortle). The variation
in the longitudinal count profire for the flood images was typically
under 10o/o, indicating that the table speed was approximately
uniform. The absorption of counts by the table was assumed to be
small and uniform over the entire table.

SPATIAL RESOLUTION

The spatiar resorutíon was measured by scanning a tine source
in air and in water. At the mid-prane between the two detectors,
the full width at harf maximum (FWHM) of the two detectors was
(2.3t0.9) cm in air and (g.sr0.g) cm in 25 cm of water (e63, spRnEl
RESOLUTTON tN AtR nruo wnren). The error in the FWHM, 0.g cm, was set
equal to one half of the pixel dimension (0.s x 1.7s5 cm). The
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spat¡al resofution in water does not increase smoothly with

distance because of the large pixer size in the image. ln the present

study, the smallest organ of interest was the kidney, whose width is

about ô cm. over the course of the entire study, for all patients, the
resolution of the posterior camera remained constant, while the
resolution of the anterior camera became steadily worse, increasing
by about 0.5 cm. This may have been due to the drying of the grease

which couples the photomultiprier tubes with the crystal.

DETECTOR UNIFORMIry

An ideal gamma camera has a uniform detection efficíency

across its field of view, such that an image of a uniform flood

source would also be uniform and a profile of a ftood image of a
uniform detector would be of uniform amplítude. ln practice, the
detection etficiency varies across the field of view, such that an

image of a uniform flood source is non-uniform. A profile of a flood
image of a non-uniform detector is shown in (e62, Fr_ooo enorue).
Thus, any phantom or patient image requires correction for the non-
uniform detector response. The patient and phantom images were
corrected for the detector non-uniformity by dividing the patient
image by the flood image, and scaling the result by some constant.
This method of uniformity correction preserves the relative

difference in counts among different pixels, allowing quantitative

information to be obtained. This method is explained in more detail
in the 'Data analysis, Detector uniformity" section. The variation in
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the latitudinal count profile for the flood images was typicalty 1s%
to 40o/".

I.INEARITY

Linearity is the ability of the gamma camera to produce an
image of a line source without spatiar distortion. A scan was made
with the line source placed diagonally across the table, and the
linearity was checked visually in the image. The linearity was
checked twice, once at the beginning and once at the end of the
entire study. No distortion was observed in the images at either
time.

SYSTEM SENSITIVITY

The sensitivity of the imaging system is defined as the count
rate per unit activity. ln the present study, the counts per unit
activity for a given scan duration was measured in each patient scan
by placing a point source, filled with a known amount of rc_ggm
activity, on the tabre beside the patient. The counts over the point
source were obtained from the image by drawing a region of interest
around the source, and the counts were normalized to the g.6 minute
scan duration. The counts per unit activity at the normalized scan
duration varied by less than 10/o over the course of the entire study,
for all patients (e64, svsreH¡ serusrrrvrrv). The sensitiviity seems to
decrease over time, probably due to the drying of the grease which
couples the crystal to the photomultiplier tubes.
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DEADTIME

while the gamma camera processes the positional and energy
information from each pulse, it is unable to begin processing a
second pulse, so that some interaction events are lost. ln the
present study, the deadtime was measured by the paired source
method, where the counting rates of two sources were counted,
separately as R1 and R2, ârìd together as R12. Assuming that the

imaging system was paralyzable, then the deadtime T is given by
(REF, Harbert 1984):

2 Rtz ln [ (R1 + R2)i R12 ]
T=

(R1 + R2)z

The sources were counted separately and simultaneously under
constant conditions of geometry, scatter, and absorption. The
deadtime of the gamma camera was measured once at the start of
the entire study, and was found to be about 3 ¡rsec.

Data is not written directly on the computer disk, because of
the relatively long time (70 msec) needed to move the read-write
head to the correct rocation on the disk. lnstead, the computer
memory is used as a buffer to allow data acquisition at high count
rates, so that when the buffer is filted, the data is then transferred
in a block to the dísk. The data transfer rate for a 16 bit word is 1 1



psec for the computer disks used in
buffer, the deadtime of the imaging

camera, and not by the computer.
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the present study. With the

system is limited by the gamma

To see if the images in the present study needed correction for
deadtime, the counts were measured from severat point sources (10
ml volumes of water) with activities ranging up to 35 MBq using a
typical patient scan duration (e65, Denorrme). The counts start to
increase non-linearly at about s0 MBq. Typical concentrations of
activity in the body fall below s MBq per 10 ml of tissue (eg: for a
700 MBq injection into a 70 kg body, and assumíng a uniform
distribution, then the activity per 1o mr vorume is approximatery
given by 700 MBq/70000 ml = 0.2 MBq/10 mt). The maximum
concentration of activity in the body, usually found in the bladder, is
about 25 MBq per 10 ml, based on the urine coilections. Therefore,
since the typical activity concentrations observed in the patients of
the present study fell ín the linear part of the deadtime curve, no
deadtime corrections were necessary.

ENERGYWINDOW SETTING

The choice of energy window setting is a trade off between
sensitivity to the primary gamma rays versus the ability to
discriminate against scattered photons. rf a retativery wide energy
window is used to increase the sensitivity, then a proportionatery
larger number of scattered photons are accepted as varid events,
which decreases the spatial resotution. ln the present study, an
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asymmetric, 15% window was used, ranging from 1BS kev to 1s6

keV. This setting was used to decrease the counts due to scattered

photons. The energy window setting was checked once per month,

and readjusted to the above range if necessary.
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FL@D PROFILE
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BASIC DATA

Patients were scanned four times at 1.s, 4.s, 7.s, and 2s.S
hours after injection on 740 MBq of rc-ggm pyrophosphate. urine
collections were obtained just before each scan, so that they
spanned the periods from 0 to 1.s hours, 1.5 to 4.s hours, 4.s to 7.S
hours, and 7.5 to 25.5 hours. patients were not asked to urinate
before injection.

To correct the non-uniformity of the gamma cameras, a flood
source was scanned for each patient. with the duar gamma camera
imaging system, each scan generated anterior and posterior views
simultaneously, which were stored as 12g x 12g word matrices.
Thus, a complete study consisted of four urine coilections, four
anterior and four posterior whore body images, and one anterior and
one posterior flood image, for a totar of ten images.

The count statistics for typical patient and flood images are
shown in (e68, cou¡¡r srATtslcs oF eATTENT AND FLooD ruaces). The area of
the table was about 4000 pixels. The area of the body was about
2000 pixels, found by incruding onry pixers with counts greater than
some threshord varue (the derineation of areas in the patíent image
is described in the 'Regions of interest" section). The totar count in
each of the first three patient images was maintained at about
400000 counts by increasing the scan duration to compensate for
the physical and biological decay of the activity. Typical scan
durations and scan times are shown in (e69, scn¡r DURATT'NS AND scAN
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rMES). The fourth image was rimited to about 60000 counts by the
maximum scan duration of B0 minutes. The mean count is equal to
the total count divided by the area over which the total count is
obtained. The maximum count in the patient image was usually
located over the bladder.

The background count was measured for each patient study by
doing a scan using a 9.6 minute scan duration, with all radioactive
sources includinE the patient, removed from the vicinity of the
imaging system. The contribution of the background counts to the
patient counts was ress than one percent, which was smail compared
to other errors in the present study, so that no correction was made
for background counts. The variation of the background counts over
the five months of the present study was abou t 10% (eT}, BncxcRour,¡o
couNTs AS A FUNCTTON OF ïUe). The anterior gamma camera was about
300/o more sensitive than the posterior gamma camera.
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COUNT STATISTICS OF PATIENT AND FLOOD IMAGES

1 pixel = 1.755 cm x 1.755 crt = 3.0g0 cm2

"patient (1-3)'refers to the first three scans obtained over the first
eight hours after injection, whire "patient (4)" refers to the fourth
scan obtained at about 25.5 hours after injection.

area

(pixels) total

patient (1-g)

patient (4)

f lood

background

2000

2000

4000

4000

400000 200 5500

60000 30 825

2000000 500 800

1000 0.25 4
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ryPICAL SCAN DURATIONS AND SCAN TIMES

scan time

(hou rs)

scan duration

(minutes)

patient image

counts

1.5

4.5

7.5

25.5

10

16

23

30

400000

400000

400000

60000

Scan time refers to the length of time after injection that the scan
was performed.
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SCAN DURATION CORRECTION

To quantify the activity in the body, it was convenient to
normalize the counts in the images to the g.6 minute scan duration,
which was the shortest duration used to scan patients. This allowed
us to compare the counts from image to image for a given patient,
since different scan durations were used to obtain each image. The
scan duration was measured by the computer. Recall that the table
made three longitudinal passes and two lateral shifts in an "s,, shape
in one direction, and then retraced the "s" shape in the opposite
direction to complete the scan. During the time which the table
made the lateral shifts, the gamma camera did not accept data.
Therefore, the time of the lateral shifts, totalling one minute, was
subtracted from the scan duration to obtain the actual time during
which data was accepted. The error in the scan duration was tess
than 1%. Given that the tabre speed was constant for a given scan
duration, and that ail images were obtained over the same area, then
the normalized count is given by:

Cr=Crx(T-1)/(t-1)

C1 normalized count using scan duration T,

whereT=9.6minutes
measured count using scan duration t, where t is in
The scan duration t was measured by the computer.

minutes.
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DETECTOR UNIFORMITY CORRECTION

To correct the 15% to 4oo/o variation in the uniformity of the
two gamma cameras used in the present study, a flood source was
scanned for each patient studied. The non-uniformity in a patient
image was removed by díviding the patient imago by a flood image,
with appropriate scaling of the two images. The anterior flood
image was used to correct the anterior patient images, and the
posterior flood image was used to correct the posterior patient
images.

The problem with performing division and multiplication
operations on an image was that the computer software onry ailows
integer values to be stored in a pixel. Therefore, fractional numbers
were truncated to the next lower integer value, resulting in an
underestimate of the number. one can define a truncation error as
the fraction truncated divided by the integer varue (exampre : z1/s =
4.2, truncation error = 0.214 = 0.05 or s/"). rn practice, the
truncated value was unknown, and since the maximum truncated
value was 0.9g, then it was convenient to define a maximum
truncation error, given by 0.9g divided by the integer value (using
the previous example, the maximum truncation error is equal to
0.9914 = 0.25 or 25o/o).

ln the present study,

image was large compared

patient image, so that the

the mean counts per pixel in the flood

to the mean counts per pixel in the

division of the patient image by the flood
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image would produce a large truncation error in the counts of the

resulting image. The error was minimized by scaling up the patient

image and scaling down the frood image before the divísion

operation.

The uniformity correction featured three types of image

operations: multiplication by a constant, division by a constant, and

division by an image. To murtipty or divide an image by a constant,

the user selected the image and entered the constant into the

computer. The constant was specified up to two decimal ptaces.

The value in each pixel of the image was then multiplied or divided
by the constant. The result was truncated, and replaced the original
pixel value. To divide one image by another, the user selected the

two images. The value in each pixel in the first image was divided

by the pixel value in the second image with the same coordinates.

The result was truncated, and replaced the original pixel value in the

first image. Division by zero resulted in a zero value being assigned

to the resulting pixel.

The uniformity correction consisted

below, and was performed on each pixel in

of four operations, given

the image.

1,2,3,4

P

o

Q={ [( P x F1 ) r /( R / Fz)eJs x F3]¿

order of operations

uncorrected patient image

corrected patient image
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R

F1

flood image

scaling factor for uncorrected patient image

= 32767lPnax

maximum pixel value in

maximum pixel value in

scaling factor for flood

chosen to minimize the

normalization factor

327 67
EI max

F2

F3

a word mode image

the patient image

image,

truncation error

ln the first operation, the uncorrected patient image p was
multiplied by a constant F1. The constant was chosen such that the
maximum pixel varue in the uncorrected patient image was scared up
to 32767, which is the maximum value of a signed 16 bit integer.
The maximum pixel value in the uncorrected patient image was
determined by the computer, and the constant was calculated by
hand. The muriprication operation was then performed.

ln the second operation, the flood image R was
constant F2. The constant was chosen such that the
the maximum truncation errors due to each operation
minimized- This is exprained in greater detair rater.

ln the third operation, the scaled up patient

was divided by the scaled down flood image ( R /
un-normalized and corrected patient image.

divided by

net effect

was

image(PxF1 )

F2 ), resulting in

a

of
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ln the fourth operation, the un-normalized, corrected patient
image was murtipried by a constant FB. The constant was chosen
such that the total count in the corrected patíent image, e, equaled
the total count in the uncorrected patient image, p.

Consider the effect of the flood scaling factor on the maximum
truncation errors, using typicar patient and frood image counts (see
"Basic data" section):

Pr", = lnâxinìum pixel value ín uncorrected patient image

= 5500

P"u" = rTìeân pixel value (over body) in uncorrected patient image

= 200

R"u" = nìêân pixel vatue in flood image

-- 500

F1 = scaling factor for patient image

= 32767lPn,ax

= 32767 /5500

=6
Q"o" = fTìêâñ pixel value (over body) in corrected patient image

= 200
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FL@D SCALING FACTOR

TABLE 1

Calculation of corrected patient image

factor (F2):

as a function of flood scaling

TABLE 2

Maximum truncation error (expressed as a percentage) in

operation as a function of the scaling factor for the flood
obtained by díviding 0.g9 by the count in columns 2, 3, 4
table above.

each

image, F2,

&5inthe

F"uu x FI

1 200

1 200

1 200

167

33.3

7 .14

7.2

36

168

200

200

200

27.8

5.56

1.19

0.99

P"o" x F1

0.99

Rave I F2

0.99

P"ou x F1

Rave I F2

sum of max

truncation

errors

-0.1%

-0.1

-0. 1

+0.6

+3.0

+14

-14

-2.8

-0.6

-0.5

-0.5

-0.5

-14

-0.4

+13
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ln (e76, Fr-ooo scALrNc FAcroR, TABLE 1), the corrected patient

images are calculated for different flood scaling factors, showing

the counts after each operation. ln (e76, Frooo scALtNG FAcroR, rnele 2),

the maximum truncation errors are calculated for each operation.

The sign of the error indicates whether the error causes the
corrected patíent image, Q"u", to be over or under estimated

(corresponding to + and - respectively). The truncation error in

scaling the flood image competes against the truncation errors in

the other operations. The sum of these maximum truncation errors
is given in the last column and is shown graphically in (e78, suM or
THE MAXIMUM TRUNCATION ERRORS VERSUS THE FLOOD SCAL|NG recron). The sum is
zero when the flood scaling factor is equal to about 1S for patient
images with a mean count per pixel of 200. For patient images with
a lower mean count, the frood scaling factor is correspondingly
higher. This calculation is also performed for the whole range of
counts in the patient images (e79, Sutr¡ or rHE MAXTMUM TRUNoATToN ERRoRS

VERSUS rHE PIXEL vRtue), and the sum of the maximum truncation errors
is found to lie within t1o/o of zero for counts greater than about one
third of the mean count per pixel in the patient image. over 70"/o of
the pixels over the body have counts greater than one third of the
mean count per pixel (e80, Plxel vALUE DrsrRlBUTtoN tN THE pATtENr rnmoes).

shown in the diagram is the count distribution in two patient

images, one with good contrast and one with poor contrast.



78

sum of the
max¡mum
truncation

e rro rs

25%

20%

1s%

10%

5%

OYo

-5%

-10%

-1s%

SUM OF THE MAXIMUM TRUNCATÐN ERRORS
VS THE FLOOD SCALING FACTOR

40 60 80
flood scaling factor

pixel value = 200
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5V"

SUM OF THE MAXIMUM TRUNCATION
ERRORS VS THE PIXELVALUE

flood scaling factor = 16

1 00 200 300

Oo/"

sum of the -5%
MAX¡MUM
truncation

e rrors -1 0%

-15%

-20%
400 500 600 700 800 900
pixel value

@@@@@¡@
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PIXEL VALUE DISTRIBUTION
IN THE PATIENT IMAGES

percentage 1OO./"
of pixels
over the

body with 8oo/o

values
greater than 60%
some pixel
value in
tYPical 40%
patíent
images ZO./"

@ poor contrast image

o good contrast image

Oo/"

200 300 400
pixel value

over 7O1" of the pixels have
values greater than B0
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REGIONS OF INTEREST

The computer software allows one to draw regions of interest
(ROl's) in an image to obtain count statistics on those regions. tn

the present study, anterior and posterior images were obtained

simultaneously in each scan, so that it was only necessary to
construct Rol's for the images of one view. The drawing of the Rol's
was based on the posterior images, because the posterior camera
was closer to the patient, and hence the resolution of the posterior

images was slightly better than that of the anterior images. An

exception was the bladder, which appeared more clearly in the

anterior image due to its proximity to the front of the body and due
to the presence of bone (rower pelvis) behind the bladder.

ln the patient images, both rectangular and írregular shaped
Rol's were drawn to obtain count statistics. These statistics
included the maximum, minimum, average and total counts, together
with the number of pixels in the region. The construction of the
rectangular and irregular Rol's is described below.

The keyboard and joystick were used to enter the coordinates
and dimensions of the rectangular Rol's into the computer.

Rectangular Rol's were drawn around the folrowing regions: tabre,
calibration soL¡rces, left thigh, right thigh, left intestine, right
intestine, upper spine, and lower spine (egs, Reoror.rs or rrurenesr). The

dimensions of the rectangular ROI's were constant over all images of
all patients.
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The location of some of these rectangular regions are not self
evident from the names given to these regions. The thigh Rol's were

defined by an area on the inside of the upper legs, excluding the bone.

The intestine Rol's were defined by the soft tissue below the

kidneys, above the pelvis, and to the left and right of the spine. The

upper and lower spine Rol's were defined approximately by the areas
between the first and seventh thoracic and the first and fifth lumbar
vertebrae respectively.

lrregular ROI's were constructed by first enclosing the region
with a rectangular Rol, and then drawing a second Rol within the
rectangular Rol such that only pixels above some threshold count
were included. The threshold count was selected such that the area
was approximately constant over all images of a given patient.

lrregular Rol's were drawn around the kidneys, bladder, and whole

body.
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REGIONS OF INTEREST

spine

pelvis

femur

table

whole body

calibration
sources

upper spine

kidneys

lower spine

in testin e

bladder

thigh
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URINE AND WHOLE BODY ACTIV]TY

URINE ACTIVITY

The activity in a urine collection was calculated by comparing

the count rate from a 10 ml urine sample to the count rate from a 10

ml volume of water containing a known amount of rc-99m activity.
The count rates were measured using a well counter. The urine

sample was usually diluted to make the count rate low enough so

that count losses due to the dead time of the well counter were
negligible. At least 10000 counts were obtained from each sample
so that the error from counting statistics was less than 1o/o. Each

urine collection was sampled twice, from which an average activíty
per 10 ml urine sampre was obtained. The activity per unit vorume

in the sample was scaled up by the dilution factor and by the total
urine volume in that collection, and corrected for physical decay, to
give the activity in the urine collection at the time the collection
was obtained.

WHOLE BODY ACTIVITY

There are two methods for calculating the whole body activity:

(1) using only the urine collections; and

(2) using the whole body counts from the four scans and the first
urine collection.
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ln the present study, the second method was used becasue it was
probably more accurate. This is explained below.

URINE COLLECTIONS

ïhe whole body activity at the time of each scan is given by:

Aeoov (t¡) = Aeooy (t¡_r) x exp [,ln(2) x (t¡-t¡_1)lTtnl - Aunrrue (t¡)

t¡

T ttz
Aunrr,¡e (t¡)

Aeoov (ti)

Aaoov (to)

time of the i'th scan, i = 1 , Z, g, 4
physical half life of Tc-9gm, 6.03 hours

activity in the i'th urine collection, or activity
in the urine collected between t¡ and t¡_1 (MBq)

whole body activity at the time of i'th scan (MBq)

whole body activity at the time of injection

and equal to the injected activity (MBq)

(defined only for i=1)

The whole body activity at the time of a scan can be calculated
given the whole body activity at the time of the previous scan, the
activities in the urine collections, and the tíme of each scan. The
injected activity was measured using a dose caribrator with an

accuracy of +2y". A typical time-activity curve for the whole body is
shown in (n8g, wuou BoDy rME-Acrvrrv cunve). ln the diagram, the
regions of constant slope correspond to the decay of rc-ggm, with a
physical half life of 6 hours. They are separated by regions with a
sharp decrease in activity, corresponding to the excreted urine. The
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accuracy of the whole body activity calculations depend mainly on

the completeness of the urine collections. lf urine was missed in a
collection, the activity in the body was overestimated. urine

collections were prone to being incomprete due to patients

forgetting or being unable to urinate into the containers provided.

As a result, this method of calculating the whole body activity was

not used in the present study, and instead, a method using the whole

body counts and the first urine collection was used.

A convenient method of accounting for all the activity is to
correct the activities for physical decay and express the result as a
percentage of that injected. One can define the whole body retention

(WBR) and urinary excretion (UE) as follows:

Aaooy (t¡) x exp [+ln(2) x (t¡-t6)tTtn]
wBR (ti) = x 100%

Aeoov (to)

where i = 1, 2, 3, 4

I i=r,i Aunrrue (t¡) x exp [+ln(2) x (t¡-ts)/Ttn
uE (tj) =

Aeoov (to)

wherej=1,2,3,4

l
x 100%



The sum of the whole body retention

equal 100o/" at all times. lf a urine

sum would be less than 100%.

B7

and the urinary excretion should

collectíon was incomplete, the

WHCX-E BODY CCIJNTS

A more accurate method of carcutating the whole body
activity, employed in the present study, used the whole body counts
and the first urine coilection. This method assumes that the
activity per unit count for the whole body is constant with time:

Aeoov (t) / Ceooy (t) = constant

The whole body activity at the time of each scan is given by:

Aeooy (t¡) = Caooy (t¡) x Aseov (tr) / CBoDy (tl)

Aeoov (t) whole body activity as

Ceoov (t) geometric mean of the

counts as a function of

method" section)

where i = 1, Z, g, 4
Ceoov (ti) whole body counts at the

Aeoov (t¡) whole body activity at the

Aeoov (tr) whole body activity at the

= Aeooy (to) x exp þln(2)

a function of time (MBq)

anterior and posterior whole body

time (see "Geometric mean

time of the i'th scan (count)

time of the i'th scan (MBq)

time of the first scan (MBq)

x (t1 -ts)/T t nl - Aunlrue (tr )
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The whole body actívity at the time of the first scan was calculated

as in the previous method, using the activity in the first urine

collection. The urine activity at the time of the second, third, and

fourth urine collections was then calculated from the corresponding

whole body activity:

Aunl¡¡e (ti) = Aaooy (ti_r) x exp [-ln(2) x (t¡-t¡-1)/Ttn] - Aeoov (ti)

where i = 2, 3, 4

If all the urine collections were complete, then the urine activities

as calculated from the whole body counts should equal the urine

activities as calculated from the urine collections. This comparison

is shown later in the "Results and discussion" section.
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act iv ity

(percentage of
injected activity,
semi-log scale)

Shown is a typical whole body
Vertical lines represent voided
The dots represent whole body
Slope of the curve corresponds

WHOLE BODY TIME-ACTIVIry CURVE

100%

tg

time (hours)

time-activity curve.
urine activity at each scan time.
activity at each scan time.
to the 6 hour half life of Tc-9gm.

AuRrrue (t 
e )

Amv (t z)
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SOFT TISSUE, KIDNEY, BLADDER, AND BONE ACTIVITY

INTRODUCTION

The gamma camera image consists of a two dimensional count
map of a three dimensional distribution of activity. To quantify the
activity in an organ from the image, a region of interest is drawn
around the organ to obtain the counts over the organ. For some
organs, it is necessary to subtract the counts due to activity in
overlying soft tissue. The organ counts are then multiplied by an
activity per unit count conversion factor, which is obtained from
phantom studies. This conversion factor requires a knowledge of the
organ thickness and the body thickness over the organ. ln this
section, it is shown how to quantify the activity in the four source
organs: soft tissue, kidneys, bladder, and bone.

There were several problems in calculating the organ activity:

DEPENDENCE OF COUNT RATE ON SOURCE DEPTH

The count rate detected by a single gamma camera decreases
exponentially with organ depth due to attenuation by overlying soft
tissue. The depths of the various organs could not be easily and
accurately measured for all patients. This problem was solved by
using the geometric mean method, the details of which are discussed
later in the "Geometric mean section".
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COUNTS DUE TO OVERLYING SOFT TISSUE

The counts over an organ such as the kidneys or bladder were

mixed with counts from overlying soft tíssue. This problem was

solved by subtracting some fraction of the intestine counts, which
is discussed later.

CALCULATION OF THE SOFT TISSUE ACTIVITY

A region of interest could not be drawn around the whole soft
tissue volume without incruding the kidneys, bladder, and bone.
Also, the soft tissue thickness varied over the whole body. This
problem was solved by calculating the activity in a sample soft
tissue volume, such as the thigh, and scaling the result by the total
soft tissue volume. The total soft tissue volume was found using
the sex and weight of the patient, as well as Reference Man data.
This method assumed that the distribution of activity in soft tissue
was uniform.

CALCULATION OF THE BONE ACTIVIry

The calculation of the bone activity had the same problems as
in the calculation of the soft tissue activity, with the additional
problem that the distribution of activity in bone was highly non-
uniform, so that one could not calculate the bone activity from a
sample bone volume. This bone activity was obtained by subtracting
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the activity in the kidneys, bladder, and soft tissue from the
activity in the whole body.

GEOfuIE]RIC MEAN METHOD

ln the present study, the activities in the soft tissue, kidneys,
and bladder were catcurated using the geometric mean method.
using this method, the calculated activity was approximately
independent of the organ depth.

consider the counts measured by the anterior and posterior
gamma cameras due to a rod of uniform activity perpendicular to the
camera faces, lying within a tank of water (eg7, Geon¡erRrc MEAN

uerHoo). ln terms of the patient, the rod corresponds to an organ and
the water tank corresponds to the body. The anterior and posterior
counts (Cnr.¡r and Cpqsl respectively) are given by:

I

Cnrur = E A exp (-Irr a) J exp (-p2x) dx
0

= E A [exp (-pr a)] t1 - exp (-ttzt)l / Vz

Cposr = E A lexp (-pr b)] t1 - exp (_ttzt)l t ttz

E counts per unit activity in air (counts/MBq)

A activity per unit length (MBqicm)

Fl linear attenuation coefficient of water (cm-r¡

Itz linear attenuation coefficient of the rod (cm-r¡

L depthofwater=â*b+l (cm)
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I anteroposterior length of rod, I < L (cm)

a, b water depth separating the rod from the

anterior and posterior cameras, respectivery (cm)

The geometric mean count C is given by:

C = (Cnrur Cposr)1/2

= E A lexp (-pr (a + b)/Z)] [1 - exp (-ttz\l / ttz

= E A I exp (-¡4Lt2) exp ((pr -pe) V2) (z{t2t) sinh (¡t2t/2)

where L = â+ b + l, and sinh (z) = [exp (z) _ exp (_z)]12.

The geometric mean count is theoretically índependent of the source
depth, that is, independent of a and b. The activity in the rod is
given by:

Al =
E exp (-tttU?) exp ((pr -pz) t/2) (z/¡t2t) sinh (¡t2t/z)

exp (-¡4L/2) attenuation due to water of depth L

exp ((pl - Fe) l/Z) replace rod of p1 with rod of ltz
(2/¡t2l) sinh (¡t2l/Z) dependence on rod length

= 1, for I = 0 (point source)

> 1, for L > I > 0 (line source)

A I activity in rod

E counts per unit activity in air


