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Design and Properties of the Whole Body
Scanner at Duke1

F. J. Pitcher, M.D.,2 E. C. Horn, B.S.,3 R. J. Reeves, M.D.2 and T. Buffalo, B.S.2

Within weeks of Roentgen's and Becquerel's discoveries, the biological
effects of ionizing radiation were recognized and the search for units of measure
ment of radiation doses began, so that radiation exposures might be measured
and duplicated in radiation therapy and in biological research. In the begin
ning the doses were expressed in terms of biological and chemical response
rather than physical units. In 1953, the International Commission on Radi
ological Units and Measurements officially adopted the principle of â€œabsorbed
doseâ€• (1). This principle furthered considerably the development of the
dosimetry of external radiation through the experimental use of dosimeters.
In systemic internal radiation the problems are somewhat different and not
as likely to be solved by experimental means because radioisotopes adminis
tered by a systemic route, i.e., orally or intravenously, follow a complicated
pattern of distribution and elimination. Thus, the problems of dosimetry of
systemic internal radiation are biological as well as physical in nature. The
assumption was made that the absorbed dose is a product of energy, concen
tration and effective half life of the radioisotope in tissue. This was proved to
be correct (2). But, since concentration as well as effective half life are func
tions of the distribution of the radioisotope, the distribution in vivo must be
known before the absorbed dose can be computed (3).

In vivo measurements of the distribution of radioisotopes have been made
by E. E. Pochin (4), J. P. Concannon (5), and M. Brucer (6). Pochin uses
a slit collimated G.M. tube that is moved on a rack above the subject in
transverse position from the vertex down. Concannon described a similar set-up
using a slit collimated scintillation detector. Brucer designed a stationary verti
cal and transverse plane of sensitivity through which the subject is moved.
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All three investigators use a single channel analog recording system that re
cords the distribution of a radioisotope or labeled compound in the form of a
radioactivity profile, i.e., a plot of counts per minute against the distance from
the vertex. For the purpose of our study, to further develop the method of
measuring the distribution of radioisotopes in vivo, an instrument was de
signed and built on Brucer's principle, but modified in two important aspects:
(1) division of the single plane of sensitivity into five separate channels of
detection to achieve a directional effect of response in cross-sections, and (2)

the recording of the counts for each channel in digital form to facilitate the
computer analysis of the data and the determination of the total body count.

The purpose of this paper is to present the design and properties of this in
strument.

INSTIIUMENT DESiGN

Experiences with Brucer's Linear Scanner suggested that uniformity of
detection can be achieved by opposing two identical detecting assemblies view
ing the entire width of the subject from above and from below (7) (Fig. 1,
A, B). Since the principle of uniform response is applicable to any two com
parable opposing detectors, the plane was divided into strips of detection by
adding collimating partitions between the detectors and by providing a read

A B C
Fig. 1. Frontal and sectional view of â€œuniformâ€•plane of response of the ORINS Linear

Scanner(A,B.),andoftheDukeWholeBodyScanner(C,B.).
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out system for each of the detection strips (Fig. 1, B. C). The entire sys
tem (shown in Fig. 2) consists of three parts: two opposing detecting assem
blies, the table, and the counting and recording electronics.

Each DETECTOR SYSTEM has five Harshaw integral assemblies with
2 x 2 inch thallium activated sodium iodide crystals, ranging in resolution from
7.8 to 8.2 per cent. The detectors are mounted vertically, two inches apart, in solid
blocks of lead providing shields of two inch thickness (Fig. 3). The lead blocks,
mounted above and below the table on a vertical support of C-shaped beams
of steel, are aligned so that each detector above faces one below in a vertical
line. The upper detector system can be raised and lowered.

The COLLIMATORS are mounted in front of the detectors. They have
fixed and movable parts (Fig. 3). The fixed parts consist of one inch lead par
titions between the detectors and on both ends of the lead blocks. The mov

able parts are made of two opposing lead shutters forming slit-like openings
12 inches in front of the detectors. The width of the opening can be varied

from 0 to 3 inches. Through this arrangement the five pairs of opposing de
tectors view from above and below a subject's cross-section in five segments
of 3 inch length, and of varying thickness, depending upon the width of the
shutter opening.

The ISORESPONSE LINES of the detection system are shown in Fig. 4.
The distance between the 90 per cent lines of adjacent channels is approxi
mately 1 inch. Only lines of less than 60 per cent response cross over into the
visual fields of the adjacent detectors.

Fig.2.EntireviewoftheDuke Whole Body Scanner:inforegroundthe2 opposing
detectionassemblieswithcollimatorsandverticalsupport,andthetablewithhorizontalsup
port;inbackgroundthecountingandrecordingelectronics.
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The TABLE is made of a lucite sheet, % inch thick, framed by an aluminum
molding and mounted on a carriage (Fig. 2). The carriage is moved on two
supporting, horizontal, C-shaped beams of steel by a motor mounted on one end
of the supporting frame. The lucite top can be raised and lowered so that the sub
jects can be centered between the two opposing banks of detectors within the
area of uniform response. Adjustable tabs mounted along the left side of the
table record by means of a microswitch preselected anatomical landmarks as
they pass through the area of detection. A limit switch at the far end of the
supporting frame releases the motor clutch to prevent the over-drive of the
table. The table speed is variable in steps of 11.3, 16 and 22.5 cm per minute.

The ELECTRONICS ASSEMBLY uses 10 low noise, two-transistor pre
amplifiers (RIDL 31-8), one for each detector (Fig. 3). High voltage is sup
plied to the system by a single high voltage power supply (Hamner N-4035).
The output signals from the two preamplifiers of each pair of opposing detec
tors are fed into one amplifier (RIDL 30-19) (Fig. 5) with a rise time of .25 to
1.0@ seconds and a decay time of 1.0 to 10.0 p. seconds. In addition, the
amplifiers have separate gain controls for each of the two preamplifiers. The
signals from each of the five amplifiers are fed into a single channel analyzer

Fig.3.Duke Whole Body Scanner,A) frontal,B) sectionalview withdetectors,shield.
ing blocks, collimators, preamplifiers and high voltage power supply.
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(RIDL 33-10).The analyzeroutputisfedintoan analoganda digitalcount
ing system. The analog system has a channel selector ( all, 1, 2, 3, 4, 5), a
linear logarithmic rate meter ( RIDL 35-7 ) and a pen recorder ( Westronics
S5A). The digital system uses ten six-digit scalers (Data Sharp 761 ) with a
resolution of .5 /L seconds and a resetâ€”startâ€”stop time of less than 1 p. second.
The output of the scalers goes into an interrogator control unit ( Special
Dataâ€”Sharp Read-out System ) . The interrogator is controlled by a micro
switch that stops the scalers 1 through 5 and initiates their read-out, while
scalers 1' through 5' are reset and started. The dead time of the system is .5
p. seconds. The microswitch is linked with the table drive and makes contact

every 2 cm the table moves. The counting time intervals of the scalers are
thus determined by the table speed. They are 6, 8.7 and 12.4 seconds. The
advantage of this arrangement is that the length of the scan, extending from
one end of the table to the other, is constant.

MODE OF OPERATION

The stability of the instrument and the uniformity of response of the five
channels is tested daily with a standard source. Adjustments are made if the
difference between the channels exceeds 2 per cent of the count rate. The
table speed and the digital system's performance are also tested daily. All sub
jects are carefully centered on the table with the assistance of channel lines
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Fig.4.Isoresponselinesof Duke Whole Body
view (shownforchannel1,2 and 3 only).
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engraved on the lucite top, and scanned in supine position from the vertex
down. An average of 10 anatomical landmarks is selected, dependent upon
the anticipated distribution of the radioisotope or labeled compound. The ad
justable tabs on the left side of the table are set accordingly. The collimator
opening and table speed are selected according to the amount of radioactivity
administered. The base level and window of the analyzers are set according

to the energy of the gamma ray of the radioisotope. The rate meter control
switch is set to record the output of all five channels. The instrument can
easily be operated by an experienced technician.

PRESENTATION OF DATA

The data collected by the system are presented in two forms: as a profile
scan and as a digital scan. With the ratemeter control switch on â€œallâ€•,the pen re
corder plots continuously the sum of the count rates of the five channels
against the distance from the subject's vertex through the recording pen and
records the position of the selected anatomical landmarks through a marker
pen. The result is a curve labeled â€œRadioactivity Profileâ€•by Pochin and â€œLinear
Scanâ€•by Brucer. In our Set-up this form of recording has two functions: to

I thru5
l'thru 5'

Tobli MicroSwitch

Fig.5.Duke Whole Body Scanner,countingand recordingelectronics(shown forchan
nel 1 only).
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give an estimate of the distribution of the radioisotope and to monitor the

instrument's performance. The digital data are recorded by a fast IBM type

writer. It records the counts per counting time interval for each channel in

six digits and the numerical designation of the readout in three digits ( Fig. 5).
The result is a digital scan with one 3-digit and five 6-digit columns recorded
in 100 lines for the total length of the table. These data are recorded also in

series on the tape punch. The position of the anatomical landmarks is re
corded on the digital scan manually, i.e., by switching the typewriter ribbon
from black to red.

ANALYSIS OF DATA

The profilescan,atthepresenttime,isnot subjectedtoany furtheranalysis.
For the analysisof the digitalscan,a program has been developed for an
IBM 7072 computer that converts the readings of the five channels into a con
tour map with lines of equal radioactivity levels, and calculates the amounts of
radiation present above each contour level in counts per time interval and in
percent of the total body count, that is, the summation of all counts. The pro
gram proceeds as follows: As the data of the digital scan consist of 500 counts
taken in 100 equally spaced lines by five equidistant counting channels, the

counts can be most easily presented as a matrix of five columns and 100 lines:

Y1,2 Y14 Y15
Y21 Y2,2 Y25

Y1001 Y1002 Y5003 Y100@4
Afterthecontourintervalissetby dividingthehighestcounton thedigitalscan
into 40 equal steps, the five Y's of each line are plotted against equal distances
and the plotted points are connected by linear interpolation, which produces a
profile (Y1 through Y5 in Fig. 6). The points of interception of the profile with
the contour lines are reduced from two to one dimension and labeled with sym

bols from 1 to 9, from A to Z, and from 0 through +, â€”,. to = (bottom line in
Fig. 6).

For the purpose of a quantitative estimate of the distribution of counts,
itisassumed thatthe plottedprofileof each read-outlinerepresentsa â€œsliceâ€•
of 100 units in width and 1 unit in thickness. The computer integrates, step
by step, the â€œareaâ€•or â€œvolumeâ€•under the profile for each contour line, while
being instructed by the program through the Y's when to use a triangle and
when to use a trapezoid formula for integration (shaded area in Fig. 6).
The program also tells the computer to stop integrating when a particular
contour line does not intercept the profile line (contour line 3 in Fig. 6 inter
cepts Y3-Y4, but not Y4-Y5). The calculated areas are continuously summed
as the computer proceeds from one read-out line to the other.

RESULTS

The finished product of the computer analysis is a scan that records
through the position of the contour symbols 40 levels of equal counts through
out the entire scan (Fig. 7). If equal symbols are connected by smooth lines
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a contour map of distribution of counts is produced similar to a geographical
map. These contour maps are used only as a visual aid for the recognition of
regions of concentration of radioactivity. These regions are localized anatomically
by transferring the anatomical landmarks from the digital scan onto the com
puter scan with the aid of the cycle numbers recorded on the left side of the
scan.

In addition, the computer scan records the total number of counts for
each read-out line along the right margin (Fig. 7), the total number of counts
for each channel at the end of the columns, and the total body count in the
left lower corner. The total value of the counts above each contour line is
recorded on the next sheet and expressed in counts as well as in percent of
the total body count.

The calculation of the amount of radioactivity present in regions of con
centrations, or for that matter, in any region of interest is made by selecting
the read-out lines representing these regions and by instructing the computer
through the corresponding cycle numbers to integrate the areas for the selected
lines. The results are again expressed in total region count, in counts above
each contour level and in percent of total region count. As the unit of mea
surement is the same as that for the total body count, the results are also
expressed in percent of the total body count.

The accuracy of this method of distribution measurement was tested with a
water filled phantom, containing a 1, 2, and a 4 p.c source of 131J (Fig. 7). The

integrated values of the source regions gave a ratio of 1: 2.3: 4.3. Several hun

dred clinical scans have been obtained with good results; an example is shown in
Fig. 8).
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Fig. 6. Principle of the computer program showing, for a single read.out line, the points
ofequalradioactivitylevels'(bottomline),theirabscissavalues(secondlinefrom bottom),
the contour intervals on the left and the corresponding count values on the right, and the
process of area integration (shaded area).
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DISCUSSION

A method of measuring the distribution of a radioisotope or labeled com
pound in vivo is a prerequisite for the practice of internal radiation therapy and
the development of its dosimetry so that absorbed doses to target and nontarget
tissue can be determined. It is desirable for the evaluation of radioisotopes and
labeled compounds as to their feasibility for internal radiation therapy and for
the detection and localization of tumors. Most of our present knowledge comes
from animal experiments, but its extrapolation to man is very limited, particu
larly under pathological conditions. Conventional methods of external counting
are employable only to a very restricted number of situations. The methods in

troduced by Pochin and Brucer have the advantage of offering information
on whole body distribution. Our experience with the ORINS Linear Scan
ner (8,9) suggested that distribution measurements may be made in vivo by
using a standard, i.e. an aliquot of the administered dose, or by expressing the
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Fig.7.Computerscanofa phantom.
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area under the profile section of interest as a fraction of the total body area.
Since the use of a standard in external counting requires the employment of
phantoms, and since a great variety of phantoms would be necessary to mea
sure total body distribution, it was decided to use the total body count as a
unit of measurement of distribution. Beside simplicity, this approach offers
the advantage of expressing regional values in terms of the administered dose,
as it has been shown that the administered dose may be expressed in terms of
the total body count (10). Furthermore, the method permits the measurement
of total body retention, since this is measured also in terms of total body counts.

Symph.

Fig.8.Computer scan(partialview) ofa patientwiththyroidcarcinoma,metastaticto
both lungsand rightfemur,6 days afteran oraldoseof lOOmc of 19@ Noticeretentionin
theneck (1.1%) inboth lungs(4.4%),and to the rightof the symphysis(1% of the ad
ministered dose).
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The data obtained with the instrument described herein lend themselves well
to this type of analysis through the aid of the computer program.

The counting efficiency of the instrument is 1318 cpm per channel in air
with an 1311source of one microcurie located at the mid point of a channel with
a collimator slit of 2 inches, and the analyzer set at 310 base level and a window
of 100 key. The background count under the same conditions is 49 counts per
minute. One of the unique features of the instrument is that the count response

can be varied in 3 ways: through opening or narrowing the analyzer window,
through opening and narrowing the collimator shutter, and through acceleration
or deceleration of table speed. Through this arrangement, it became possible
to scan subjects with a wide range of doses (from 10 p.c to 200 mc). This fea
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ture of the instrument makes it particularly suitable for clinical work, both at
tracer as well as therapeutic levels.

It has been shown that the scanning resolution of a multichannel collimator
is largely a function of its geometry and may be presented as

(a + b + c)
R=d (11)

a

where R is the resolution distance, d the width of the collimator, a its length (12
inches), b the distance from the source to the collimator opening and c the dis
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Fig. 9. Computer scans of a patient (partial views) obtained 3 hrs. after a test dose of
lmc of @â€˜I.The contour interval of scan A is 498, of scan B, 87.
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tance from the central plane of the scintillator to the near end of the collimator;

c is in our situation negligible. As the d value of this collimator is different for
the x and y axis ( d1 = 3 inch, d@variable from 0 to 3 inch ), the resolution dis
tances are also different for both axis, and approach equal values only for a col
limator slit of 3 inches. The arrangement used in this instrument is a compromise

dictated by spatial considerations and considerations of efficiency of detection
and of control of sensitivity. As it was the primary purpose to measure the dis
tribution, the choice of detectors with 2 inch diameter crystals appeared to
guarantee adequate sensitivity for tracer studies, without compromising resolu
tion too much. The thickness of the septa was also restricted by spacial limita
tions in the x axis and by consideration of loss of counting surface between the
channels. Because it is desirable to scan subjects with therapeutic doses, the

variability of the collimator opening was essential for the control of the instru
ment's response. On the other hand, by choosing 5 instead of 6 detectors it
became possible to view midline structures with a single channel of detection
instead of two, thus avoiding the flattening of midline peaks of counting. As a

result, the combined scanning resolution is blurred in the x axis but has still
proven to be adequate in localization of even small sources, while extended
sources produce an adequate image. Thus, the identification of structures con

centrating radioisotopes has so far not posed any problems. In dubious cases, a
conventional area scan is used for final identification.

The linear interpolation between five points of radioactivity measurements
used in the computer program is not the best possible solution because radia
tion surfaces are expected to be smooth and continuous. Its advantages, how
ever, outweigh its shortcomings; the method presented is easily programmed
and faster by far than any alternative. Since the program is used primarily as a
clinical tool and large numbers of scans have to be processed, the cost per con
tour map should be minimal. Better methods would require curve fitting and
numerical integration of a very large variety of complicated functions. Each

scan would take one hundred fittings and several thousand integrations as there

a
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Fig.10.Longitudinalprofileplotsofthedigitaldataofchannel3 of thescansshown in
Fig. 9. The integrated value of the shaded part is 122505 units or 39% of the total body
count in both situations.
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are 40 contour intervals in each scan. The amount of accuracy recovered by these
more exact methods would probably not justify the increase in costs and in re
quired time.

Occasionally, when relatively high concentrations of radioactivity occur in a

single region, details of distribution may be lost in regions of lower levels of
radioactivity because the single contour step may be relatively high, as the

number of steps is restricted to 40 in the present computer program ( Fig. 9A).

In this event, a considerably smaller step size may be chosen and a second com
puter scan may be obtained, showing the desired details ( Fig. 9B ). As a result,
details of the peak will be lost and will appear â€œoffscaleâ€•on the contour map.
This effect is also shown in Fig. 10 which shows the length profile of the middle

channel of the case shown in Fig. 9A and B. This â€œoffscaleâ€•effect, however, does
not affect the area integration shown for the region of the symphysis in Fig. 10
(shaded area); the values for both scans are identical. As situations like this
may be predicted from a review of the digital scan, the correct step size may be
chosen for any area of interest without compromising the distribution measure
ment. The process may be reversed for a background cut-off effect in situations
where too much detail may hinder the recognition of areas of relatively low
concentration gradient.

SUMMARY

The whole body scanner described measures retention and distribution of
radioisotopes in vivo. The values derived by computer analysis are expressed
in fractions of the administered dose. A visual presentation of distribution is

provided by the computer in the form of a radioactivity contour map that per
mits the detection and localization of concentrations of radioactive material.
The instrument is capable of making measurements of radioisotopes at tracer and
therapeutic dose levels. It is helpful in clinical investigations and it may enable
us to improve the dosimetry of internal radiation.
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