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FLUORESCENT THYROID SCANNING: A NEW METHOD OF
*
IMAGING THE THYROID 1

By
P. B. Hof‘fer,T W. B. Jones,I R. B. Cra.wford,‘L R. Beck, and A. Gottschalk

A method has been developed for imaging the thyroid gland through the use of K-shell fluo-
rescence. This work was stimulated by the pioneer efforts of Ja.cobson,1 Edholm,2 MacKa.y,3
Heedmam,4 and Roy et al,5 whose studies demonstrated the feasibility of radiologic detection of
in vivo thyroidal iodine. Although it is well known that the thyroid gland selectively traps and in-
corporates significant amounts of iodine, it is not generally appreciated that the iodine content
of the average thyroid gland is only .04 per cent by weight.” Nevertheless, this quantity is suffi-
cient to act as the target in the system to be described.

The technique for imaging the thyroid gland presented in this communication incorporates
the basic scheme of an x-ray fluorescent spectrometer. The equipment is a modification of the
TMC Model 331 photon spectrometer used in conjunction with a dysprosium-159 radiation
source. The dysprosium is placed in the flanges of a collimator, and a lithium drifted silicon
crystal (30 mm2 with 3 mm depleted region) is located behind the collimator in a low tempera-
ture vacuum chamber. A human thyroid gland, embedded in a plastic neck phantom serves as
the target in this study, and is placed in front of the source detector system. The experimental
set-up is illustrated in Figures 1 and 2.

Dysprosium-159 is used as the radiation source because it produces a reasonably mono-
chromatic 44.5 KeV x-ray. This energy is above the K-shell edge of iodine which is 33.2 KeV.
It is also high enough above the characteristic radiation of iodine not to interfere as background.
When the 44.5 KeV source x-ray interacts with a K-shell electron in the iodine atom, a photo-
electron is produced and a vacancy is created in the K-shell. An electron falls from one of the
outer shells to replace it, and a characteristic x-ray is produced. The probability of this occur-
ring is 87 per cent. When the electron is from the L-shell, the 28.5 KeV K, characteristic x-
ray is generated. When the x-ray is from the M-shell, the 32.3 K B characteristic x-ray is gen-
erated. Production of K, x-rays predominates over the production of KB x-rays in a ratio of
7.5/ 1.7 It is the K, x-ray with a half-value layer in soft tissue of ® 2 cm that is used to pro-
duce the thyroid image in this system. The detector is a 30 mm2 lithium-drifted silicon crystal
with a depleted layer of 3 mm. The energy resolution of this crystal in the energy range of 30
KeV is better than 500 eV full width at one-half maximum at 78°K. The efficiency of collection
is & 66 per cent.

The target phantoms in this study consisted of normal thyroid glands (obtained at autopsy)
fixed in formalin and embedded in a plastic (lucite) cylinder 9 cm in diameter. At no point was

This report was presented before the Radiological Society of North America, Chicago, No-
vember, 1967, and appears in Radiology, 90:342, 1968.

1FDepartrnent of Radiology, The University of Chicago.

" ISpecial Products Division of the Technical Measurements Corporation, San Mateo, Cali-
ornia.
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Figure 1. A diagrammatic representation of the fluorescent scanner.
The source consists of two 0.3 microcurie dysprosium-159 encapsulat-
ed pellets; the detector is a lithium-drifted silicon crystal; and the col-
limator a single 1/8-inch straight bore hole.

Figure 2. Actual photograph of the experimental set-up. The target
phantom is made from a human thyroid gland imbedded in lucite.




the gland closer than 3 mm to the surface of the phantom, and the average thyroid mass had 1
cm of tissue equivalent over it. The neck phantom was then placed against the source-detector
system and an image was obtained. Because a weak 0.6 millicurie dysprosium source was used,
counts were collected at 7 mm intervals across the gland with a 7 mm vertical line separation
rather than by a continuous scan. The time required for each interval count was 40 minutes.
The signal from the crystal was amplified and recorded in a 400 channel analyzer. An x-y plot-
ter was used to store information from each 7 mm interval. Figure 3 demonstrates an x-y plot

HEHH
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Figure 3. x-y plot derived from the multichannel analyzer. This matrix
point was near the center of one lobe of the gland. The K, peak (28.5
KeV) is easily identified above background.

of the multichannel recording from one of these interval points near the center of one lobe. The
K4 peak is clearly seen above the background scatter radiation. The counts from the five chan-
nels centered at the K ; peak were integrated from the multichannel plot (12.2 channels per
KeV). The five channels immediately above and immediately below the iodine peak were also
integrated and subtracted as background from the peak counts. A numerical matrix was thus
produced which represents the counts above background at each point. From this matrix, an iso-
bar map of the thyroid was constructed (see Figure 4),

To determine the spatial resolution of the crude collimator used, a .002 inch molybdenum
wire was placed in the phantom at a depth of 3 mm and scanned at 1 mm intervals. The curve
produced had a full width at one-half maximum of 3 mm.

This system offers several advantages over conventional thyroid scanning. Patient irradi-
ation is incurred only during the examination since no radioactivity is injected in the subject.
The examination time is consequently dependent only on the strength of the dysprosium source
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Figure 4. A comparison of the fluorescent scan with a visual outline of
the thyroid gland in the phantom. The isobars are drawn at 50 count in-
tervals above background.

used. These preliminary studies demonstrate that a thyroid image containing more than 8,000
total counts (maximum count density 700 per cmz) can be obtained with a dose of but 500 m rads
to the gland (see Appendix).

The potential of this technique seems particularly exciting because it adds a unique param-
eter to thyroid imaging. The fluorescent scan will provide information about the distribution of
iodine in the thyroid, but gives only indirect information about gland function. As a result, it
may prove to be most valuable when used in conjunction with conventional scanning. A battery
of images utilizing the technetium pertechnetate scan, the radioiodine scan, and the fluorescent
scan would thus provide information about thyroid trapping, hormone formation, and overall
iodine distribution. It is even possible that the fluorescent scans of ""cold'" nodules would show
differences in iodine distribution that might be characteristic enough to permit accurate diag-
nosis of the various etiologies responsible for these lesions.

Although no scans have yet been carried out on humans or animals, a scanner that will be
suitable for such studies is in the process of construction.

APPENDIX

The anterior surface of the thyroid gland was chosen for dosimetry calculations because it
is the portion of the gland closest to the radiation source, and therefore receives the highest
dose. The measured air dose at the surface of the phantom was 700mR/hr. Since each point
count required forty minutes of exposure, the surface air dose was 467 mR. The 3 mm of tissue
between the phantom surface and anterior gland surface produced approximately 9 per cent at-
tenuation. Backscatter was calculated to be less than 16 per cent. The dose at the surface of the
thyroid gland was therefore approximately 500 m rads. Because a crude collimator system was
used, the areas receiving the highest dose were those outside of the field of view of the collimat-
ed crystal. With an improved collimator, it should be possible' to maintain a uniform 1 c¢m source
to skin distance, thereby reducing the gland surface dose to 175 m rads.

4




Since both dose and count rates are directly proportional to source strength x time, increas-
ing the source strength will allow a proportional decrease in counting time with no change in
dose. To illustrate, our current counts were accomplished with a 0.6 millicurie source in forty
minutes, giving an exposure of 0.4 millicurie-hours. It is feasible to increase the source strength
to 160 millicuries. The counting time per point could then be reduced to about ten seconds, and
the exposure would remain approximately 0.4 millicurie-hours. The matrix density we have used
in our phantom is one point per 49 mm2 or about 2 points per cm2. Assuming a 100 cm2 area to
be scanned, 200 point scans would be required. With a 160 millicurie source, the counting time
for the entire area would be 33 minutes. Since the points are not overlapping, the exposure would
again be 0.4 millicurie-hours or approximately 500 m rads to the anterior thyroid gland surface.
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MODULATION TRANSFER FUNCTION FOR RADIOISOTOPE IMAGING SYSTEMS*
By
R. N. Beck

The modulation transfer function, MTF(v), describes the response of a linear image-form-
ing system to a sinusoidal object with spatial frequency vlcycles/cm]. This is analogous to the
temporal frequency response of an electronic amplifier or filter. The rationale for this descrip-
tion arises in a natural manner from the fact that any object and its image can be described in
terms of the amplitudes and phases of their respective frequency components;1 the MTF(v) is
simply a measure of the efficiency with which the modulation at each frequency v is transferred
by the imaging system from the object to the image, and is unaffected by the average or '"DC
component' of the object. .

The MTF(v) has been used in optics,2 photography,3 and diagnostic radiology4 as a mea-
sure of spatial resolution which is more general than a single number, such as the resolving
power for line patterns. The latter may be thought of as indicating the highest spatial frequency
to which a system responds adéquately. The need for this more general measure of resolution
exists because image quality is not necessarily correlated with resolving power, since the high
frequency response does not indicate how well an imaging system responds to object components
of lower frequency.5 In short, the intuitive notion that the system which best reproduces the
small structures (high frequency components) in an object will certainly reproduce the large
structures best, is false,

' When applied to radioisotope imaging devices, the MTF(») can be used to describe the
response of a collimated radiation detector to a planar source of radioactivity (located at a dis-

6,7

tance z from the collimator face) in which the concentration varies sinusoidally with spatial fre-
quency vlcycles/em] = 1/A, where Alem] is the wave length. Using the notation of Figure 1, the
typical object component' is a plane-wave distribution, uniform in the y direction, described by

a(x)[photons emitted; _ 7, 3

so0-cm? v)sin2 mv x. 1)

The (true mean) object modulation or contrast, mo( v), is defined by

m (¥) s%ﬂ % )

CR
When the detector axis is at the point x, this ubject structure gives rise to a detector count rate

This report appears in part as a chapter in Handbook of Radionuclides ed. by John Cam-
eron, published by the Chemical Rubber Co., Cleveland, Ohio.

More explicit notation would indicate that this source is the differential element of a vol-
ume distribution of radioactivity, p(x,y,z) [BhOtS%r::s_ g;:ll ;tted], at a distance z from the collima-
tor and at a depth zg below the tissue surface, with effective source strength given by da(x,y,z)

= P(x,y,z)e” KZogz. In addition, it is assumed here that the frequency spectra for the x and y di-
rections are identical, so that a one-dimensional treatment suffices.
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with a true mean value C(x), which is also sinusoidal and described by
C(x )[c0unts] =C+ C(V)SIn 2nvXx, (3)

sec

Since this count rate gives rise to an image, the (true mean) image modulation or contrast,
mI(v), is defined by

C,-C S
my( )Eg(cﬁ=z;%¢§. S (@

The modulation transfer function is simply the ratio of image modulation to object modulation,
defined by
.: v)

From equations (2) and (5) it is clear that MTF(v) can be determined directly by measuring
mI( v), described by equation (4), with a sinusoidal source for which o,=0and m ( v) =1 (or
with any other sinusoidal source for which m (v) is known).. For these measurements it is con-
venient to use as a test object a sinusoidal sunburst pattern of rad10act1v1ty which contains the
-useful range of v. 6,

Alternatively, it has been shown™*" that the MTF( v) can be determined from the line
-spread function, L(x), which describes the response to a uniform line source of radioactivity,
parallel to the y-axis, and at a distance z from the collimator face (see Figure 2). In this case,
MTF(v) is equal to the Fourier transform of L(x), normalized so that MTF(o) = 1; that is,

2,3,7
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Figure 2, The line spread function, L(x), (depicted here for a line
source in the focal plane at a distance z = F from the collimator face).
consists of three principal components: (1) Lg(x), due to properly col-
limated Y-rays emitted within the field of view with radius R. (2) Lp(x)
due to primary y-rays emitted within the region with radius Ry, which
penetrate the collimator septa, and (3) Lg(x), due to Y-rays emitted
within the region with radius Rg, which are scattered within the patient
or collimator. .




f‘:’oL(x)efz ﬂiVde

MTF(v) = = (6)
J_ JL{x)dx
If L(x) is an even function, as is usually the case, equation (6) reduces to
m
[}
[ L(x)cos2r vxdx 151 L(xj)cos21rvx].
MTF(v) = =% =2 M
[ o Lix)dx 3 L(x)
j:l )
where X; = (j-1)8%,§j=1,2,3 ... m.

The approximation given in equation (7) provides a useful basis for computing MTF(v)
from measured values of L(x). To measure L(x), a line source in a small diameter polyethylene
tubing 30 cm in length is recommended,8 L(x) being measured over the range -15cm = x = +
15 cm, Because septal penetration and scattering within the collimator are energy-dependent
phenomena, and both affect L(x), the measurements should be made with the isotope to be used
in clinical practice. If scattering within the tissue is to be taken into account, the measurements
are made with the line source in a suitable tissue-equivalent scattering medium. The result is
an effective MTF for the particular isotope, scattering medium, collimated detector, and pulse
height analyzer window setting. In this case the object is described simply by distribution of
radioactivity, which also describes the distribution of emission of primary, unscattered, photons.
Thus, the object is weakly self-luminous and embedded in a medium which both absorbs and

scatters primary photons.. The relative numbers of scattered and unscattered photons that emerge

from the tissue-equivalent medium depend on the energy of the primary radiation, the dimension
of the scattering medium, the depth of the radioactivity within this medium, et cetera. The radi-
ation that enters the detector consists of both unscattered photons and a continuous spectrum of
scattered photons with reduced energy. The portion of this radiation that ultimately contributes
to the image depends on the collimator solid angle of view, the detector sensitivity and energy
resolution, as well as the setting of the pulse height analyzer window. The net overall effect of
any particular choice of this complex set of parameters can be described in terms of the re-
sponse to a point source of radioactivity. This is called the point spread function, and is propor-
tional to the sum of probabilities that a photon emitted at the point (x,y) in the z plane will enter
the detector: (1) properly, or "'"geometrically'; (2) by penetréting the collimator septa or side
walls; and (3) by scattering in the tissue or collimator. With these components indicated by sub-
scripts G p’ and s respectively, the shape of the point spread function is given by

PX,y) =Pg(,y) +p,(x,y) + Py (%) (8)
The shape of the line spread function is then given by

. ‘w N ’

L(x) = J_,P(x,y)dy = Lg(x) + L, (x) + L (x) (9)
The total response to a uniform sheet distribution is prdportional to

f:o I% px,y)dydx = [*_L{x)dx = f?w[LG(x) + Lyy(®) + Ly()dx = G(1 + P +8) (10

7,9

which defines G, the '"geometrical efficiency'" of the collimator, and the penetration and scat-




ter fractions, P and S. The latter are measures of the responses due to penetration and scatter,
respectively, relative to the geometrical response. [See Figure 1 for the relation between p(x,y)

and L(x); Figure 2 for components of L(x) in relation to the collimator; Figure 3 for MTF com-
ponents.]

MTF('D )= MTFG +P- MTFP + S'MTFs
1+P+s

-_—
-~

o A 2 3 4 9 1.0 K] 1.2 13

¢ 5 6 T .8
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Figure 3. Large structures are partially resolved even by radiation
that enters the detector by septal penetration and

scattering processes
(MTF,, and MTFg > 0 for v < .5 cycles/cm or A 52 cm). ‘i‘his radia-
tion s{’mply reduces MTF(v) for v > .5 cycles/cm.

The MTF due to properly collimated radiation alone is defined by

-2mivx 0 -2nivx
17 L(x)e dx  [> La®e dx
MTFg(v) = = G =2 G = (11)
J’_O‘;LG(x)dx . _

“Similarly, 'consideringu pehetration and scatter responses 'Separately, we can define

fiowLp(x)e-z ﬂiV.de
— GP

MTFp( v) = , : (12)
and »

o -2mivx g
f_wLS(x)e dx
MTF(v) = ——gg—— o L 13

From equations (6) and (10), the MTF due to the combination of these components of detector

response is

10




12 L) + L () + L )le " Xax

MTF(v) = P (14)
and using equations (11), (12), and(13), equation (14) reduces to
MTFq(v) + P- MTF,(v) + §- MTF(v)
MTF(v) = G P _ (15)

1+P+§

If the collimator septa and side shielding are sufficiently thick, P << 1; furthermore, if the
detector has good energy resolution, so that most of the scattered radiation can be eliminated
by pulse height selection, S << 1. ’

In addition, the magnitude of each component MTFG, P s depends on the shape, and espe-
cially the v;iidth, of the corresponding line spread component LG’ P s relative to the wave
length A =5. Near v =0, A is very large compared to the width of all these components, since
all of them decrease at least as fast as the inverse of the distance from the detector axis. In
this case, cos27vx = 1 in equation (7), MTFp, s 1 in equation (15), and MTF(v) = 1.

In the mid-frequency range that is of primary interest (see Figure 3 for v > .5 cycles/cm),
where A is comparable to the width of L (x) but small compared to L (x) and L (x) we find
that MTF, (u) and MTF (v) are small compared to MTFG( v) and equation (15) reduces to

MTFG(v) . :
MTF(v) = TFP+Y) : _ (16)

In this frequency range, penetration and scatter are essentially equivalent to background
radiation* in the sense that they reduce the image contrast and contribute nothing to the forma-
tion of a structured image. In the high frequency range, MTFG(V) = 0 also; thus the detector
does not resolve very small structures.

It is clear from equation (7) that for v = 0, cos27vx = 1 and MTF(0) = 1 for any line spread
function L(x). In addition, the normalization factor 1/f :oL(x)dx in equation (7) insures that
MTF(v) is independent of the magnitude of L(x) [and, therefore, independent of such factors as
the counting rate, counting time, concentration of radioactivity in the line source, et ceteral. On
the contrary, MTF(v) depends only on the shape of L(x), which should be determined accurately,
i.e., with negligible statistical error. In this way, the two main causes of poor image quality,
namely distortion and noise, are separated experimentally as they are separated conceptually.
In the context of scanning, distortion occurs primarily in the form of smoething due to imper-
fect spatial resolution,7 which is associated with decreasing values of MTF(¥») as v increases.
Noise, in the form of random fluctuation in the mrmber of photons recorded per unit area, is as-
sociated with limited detector sensitivity9 [in addition to limited source strength, scanning time
et cetera]. In practical systems, a compromise between resolution and sensitivity is required, 0
and this can be seen as a compromise between distortion and noise. ]

When the counting rate in equation (3) is written explicitly in terms of parameters used to
describe the detector - pulse height analyzer system,’7 we obtain

Here it is assumed that ""background radiation" is independent of the source to be imaged,

and is due to cosmic rays, radioactivity in the materials comprising the detector; et cetera. If

is the count rate due to such sources, it can be seen, by adding Cy, to Ct and Co in equation
(IB that image contrast is thereby reduced

11




C(x)[ws—u:f’] =G(l + P + S) qyl& + MTF(v) & (v)sin2 7 vxI. am

Here, n is the photopeak crystal efficiency and ¢ is the fraction of unscattered photopeak pulses
passed by the pulse height analyzer.
In the mid-frequency range, where equation (16) holds, equation (17) reduces to

C(x)[c—o—su—é‘é—s] = GnyYla(l + P +S) + MTF(v)3(v)sin27vx] (18a)

=C + C(v)sin2n VX, , (18b)

where equation (18b) is the same as equation (3). Comparing equations (182) and (18b), it is
clear that, in the mid-frequency range, penetration and scatter contribute only to the average
count rate, essentially as background radiation does.
If the scanning time per unit area is t[%:z—:‘ , the count rate in equation (18) gives rise to a
m

true mean image defined by

Cx)t = N(x) [99212@] =N + N(v)sin27vx (19a)
cm
N(x) = Gpytlo(l + P +8) + MTF(v)o(v)sin2nvx] (19b)

Observed images will be distributed about N(x) with a standard deviation S.D.[N(x)] = /N(x),
or a fractional standard deviation given by

_S.D.INK)]__1 20
R @0

The quantity € is a2 measure of the statistical error or noise in the image due to random
fluctuation of o(x). For a noise-free image, it is necessary that € = 0; however, since N(x) is
always finite in practice, image quality is always limited (to the extent that € > 0) by noise.

Comparing equation (17) with equation (1), it is clear that C(x) can yield an undistorted im-
age of o(x) only if MTF(v) = 1. From equation (16), this condition is satisfied in the mid-fre-
quency range only if MTFG(V) =1, and P =0 and S = 0. In practice, these conditions are never
met, and to the extent that MTFG(V) < 1, image quality is limited by spatial resolution.

Equation (19b) provides a useful description of the true mean image of a sine-wave distri-
bution of radioactivity in terms that relate the noise and distortion to parameters which describe
the situation. To summarize:

1. Noise in the image results from the fact that the scanning time, concentration of radio-
activity, and sensitivity to properly collimated radiation are necessarily finite [Gn wt}; < 0 im-
plies that € > 0]. '

_2. Distortion in the image results from the limited spatial resolution for properly collimat-
ed radiation [MTFG(V) < 1 implies that N(x) 5 constant X v (x)].

3. Image contrast is further reduced by the response to essentially uncollimated radiation

from the patient [P, S 7 0 implies that
MTFGmO
my = r¥prs < MTFgmpl

The total count rate due to a more complex source in the z plane is found by summing the

count rates due to the average concentration of activity ;'(z) and all frequency components
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3 (v,z). For a volume distribution of radioactivity, the total ¢ount rate is found by summing
count rates from all z planes, taking attenuation into account.

The above analysis is based on the assumption that the radiation detector is linear; that is,
the counting rate is proportional to the concentration of radioactivity. This assumption is valid
for scintillation detectors over the range of concentrations usually encountered in scanning.
Within the linear range, the same type of analysis can be carried out for a camera-type detec-
tor.ll’lz

If the recording device is also linear (and this may be the case even if film is used, pro-
vided that the object contrast is sufficiently low), the MTF of the scanning system is simply
given by the product of the MTF's of the detector and recorder.

This analysis may be extended to include the MTF of the human visual system
conditions where the latter is linear.

10,13 under
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A VERSATILE INSTRUMENT FOR PHOTOSCAN ANALYSIS WHICH PRODUCES
COLOR DISPLAY FROM BLACK AND WHITE PHOTOSCANS*

o |

D. B. Charleston, R. N. Beck, J. C. Wood, and N. J. Yasillo

Over the past several years many different techniques have been devised in an attempt to '
present radioisotope scanning data in a form that is most useful for evaluation by a clinician, '
One such technique, color presentation of a scan display, has been given considerable attention
and effort. Past experience has indicated that color scan displays are useful in the examination
of scan pictures, provided the original data are not distorted by the color processing.

The desirability of the color scan presentation of scan readouts has been demonstrated by
the many determined attempts to achieve it. The direct production of color scan readouts, the

."re-scan" color method, the multiple exposure color technique, the hand-colored digital read-
out display, the closed circuit color television system, and the flying-spot-scanning color read- |
out system are examples of the approaches made to achieve visual aid for scanning with the use !
of color. '

Production of the original scan display in color has proved helpful in spite of the fact that
the display is limited to a single color picture in which the colored contour intervals are fixed.
The range of each color interval must be preset before the scan is made. In most clinical scan-
ning procedures the operator is faced with the problem of preselecting the contour intervals
with limited knowledge of what to expect in the way of maximum or minimum count rate. Con- .
siderable experience with patients and equipment has enabled some operators to produce useful
color scans. Most systems that produce color scans directly depend on integration of count to
determine rate levels for color contour selection and therefore are limited to the slower scan
speeds to avoid scalloping and statistical "jitter' in color selection.

The re-scan technique proposed by Harris has been adapted to produce effective color pic-
tures from scan data. This method involves scanning the original photoscan transparency with
a device similar to an analog scanning densitometer. The amount of light transmitted through
the negative is measured by means of a meter movement, As the meter moves, it inserts multi-

. colored transparent film between a light source and the color film to be exposed. Different col-
ors are inserted for different meter deflections. A mechanical linkage assures a one-to-one
relationship between the scanned negative and the color film (usually Polaroid color film).

This process is relatively slow and the color filin costs can be quite high if several re-
scans must be made to satisfy the observer.

Anger has produced some remarkable color scan pictures by multiple exposures of color
film with light transmitted through both filters ahd the black and white scan transparency. The
pictures certainly demonstrate the value of color scans as an aid to evaluation of scan readouts

‘but this is not a simple routine process and the pictures are made primarily for the purposes
of demonstration and exhibition.

This paper was presented at an International Nuclear Medicine Symposium, Imperial Col-
lege, London, England, September, 1967.
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Several closed-circuit color television systems have been modified for the color analysis
of black and white negatives and prints, A system of this type is simple to operate but must op-
erate over a limited range of light intensity. If any part of the scan picture produces saturation
of the vidicon tube the entire picture becomes distorted. )

In an attempt to avoid the limitations of these systems, the Argonne Cancer Research Hos-
pital group has had a flying-spot-scanning system under study for the past few years (Charles-
ton, in press).

The system makes use of 2 cathode ray tube to generate a very short persistence spot
which is focused by a lens onto a plane which holds a photoscan transparency. The light trans-
mitted through the negative is collected by another lens and is projected onto the photo-cathode
of a photomultiplier tube. The voltage output of this tube can be processed electronically in
many ways before it is presented to the color television set (which is synchronized with the
[lying-spot-cathode ray tube) for display. ‘

With the flying-spot-scanning color display technique, areas of activity can be mapped in
color. Each area of equal (but different) exposure density is. assigned a color to identify its rel-
ative level of activity. Many color combinations can be generated over a fairly narrow range of
density levels. The system allows adjustment of the three color channels (red, green, and blue)
to cover the entire range of film densities, from the most dense region just below saturation, to
the least dense region just above the fog level of the film.

The color contour lines can be adjusted through this range of film densities making it pos-
sible to observe the exposure density that corresponds to the '"hottest' spot of the scan. For
black on white negatives the most dense region is "hot," for white on black negatives the least
dense region corresponds to the '""hottest spot.”” When these densities are established and labeled
with color, it is.a simple matter to normalize against this level for generation of other colored
contours in regions of interest.

Three channels of continuously variable comparators with upper and lower pick-off levels
are used to label (with color) '"density intervals” at will. Since the colors are interchangeable
and can overlap, a great number of color combinations can be achieved simply by turning knobs.

By narrowing down the "window" or range between upper and lower comparator levels for
each channel it is possible.to generate very sharp, fine-line contours which are identified by
color.

The real impact of the technique can be realized while the operator is dynamically manipu-
lating the enhancement and color labeling parameters, It has been ‘our experience that an ob-
server watching the dynamic changes as they take place will quickly notice even minor pertur-
bations or discontinuities, although he would be hard pressed to pick out the same structure
from a static display. ) ‘

For direct quantitative analysis of count rates of film density, a film step-wedge of varying
density can be used to quantify the various levels by matching colors on the calibration wedge
with those generated from the scan film. A calibrated film step-wedge made with random pulses
would probably be the most useful for these purposes.

One of the most promising features of this type of system for scan film analysis makes use
of the differentiated output signal from the flying-spot-scanner. When a differentiated signal is
fed to the television tube readout, the steeper density gradients within the film will be enhanced
to a greater degree than the slowly changing gradients. This means that some fine structure in-
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formation can be displayed (provided its gradients are significant) even though it may be par-
tially obscured by gross structure in the film.

Variable differentiation circuitry has been built into the ACRH system to allow one to vary
the degree of this type of enhancement. The differentiation of the output signal from the flying-
spot-scanner produces a '"shadow'' effect which simulates a three-dimensional display of the
photoscan. Hot spots can be made to look like hills, and cold spots like valleys, producing a
topographic display.

The flying spot, as it sweeps across the scan negative, is transmitted through the film and
detected by the photomultiplier, is essentially converting the spatial structure (lines per cm)
within the exposed transparency to correspond to temporal signals (cycles per second) at the
electrical output of the photomultiplier tube. It is therefore possible to operate on these elec-
tronic signals (cycles per second) in routine fashion with low pass electronic filtering, high
pass filtering, and band pass filtering. The final display will have been subjected to spatial fil- ‘;
tering by electronic means, similar in effect to the optical spatial filtering process suggested
by Beck, Harper, Charleston, and Yasillo (1967). Band pass filtering studies are under way
presently at the ACRH Hospital, and the preliminary results are most promising.

The system has additional flexibility in that magnification can be achieved electronically
(by changing the flying-spot cathode-ray tube roster size) for ''close-in'" analysis of regions
of interest to determine if there is some sub-structure information present in the magnified
area. Minification, which has proved helpful for orientation, and in some cases valuable as a
direct visual aid, can be achieved in the same manner as magnification, L

Both the brightness control of the scanning cathode-ray tube and the variable high-voltage
adjustment of the photomultiplier tube establish the central operating range of the system. It
has been demonstrated that even bad photoscan negatives (either very dense or very thin), can
be handled by the system as long as the film is not saturated or solarized.

Since the system generates only a single small spot at any one time, high level signals that
may reach saturation in some areas do not disturb the rest of the display.

In practice this saturation effect is a most useful feature, especially in the differentiated
mode of operation. The simulated peaks and valleys mentioned previously can be made to ''pla-

teau off" as the gain of the system is changed, leaving only the highest or lowest points in evi-
dence on the display.

The system will process any film transparency, black on white, or white on black, to pro-
duce an image on a color television receiver in green, blue, red, yellow, purple, black, white,
and shades of grey. The black on white can be inverted to produce an image of white on black,
thus making the readout independent of the original scan polarization. Simultaneously varying
amounts of differentiation, contrast, and brightness can be selected at will with or without col-
ored contour lines, color area mapping, or spatial filtering.

At the present time this device is being used as a laboratory study tool. Past experience
with the ACRH flying-spot-scanning system however, indicates that it offers considerable pb-
tential as a useful tool for clinicians.
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EXPERIENCE IN RADIOBIOLOGICAL DOSIMETRY WITH
*
HIGH DOSE RATE ELECTRONS

By
M. L. Griem, L. S. Skaggs, L. H. Lanzl, and F. D. Malkinson

In 1963, Carpender et al. reported their experiences with radiation therapy with high energy
electrons using pencil beam sca,nning.1 Before patients were treated, experiments to determine
the lethal dose for 50 per cent death at thirty days were conducted on adult female mice with
both high energy electrons and cobalt 60 gamma rays at 5 cm depth in a water phantom. The
electron energy used was 30 MeV and the physical dose in the phantom was adjusted to equal
both irradiation conditions for the mice. The relative bioclogical effectiveness (RBE) was deter-
mined to be 1.00 + 0,07, which represents the 95 per cent confidence limit. The paper also de-
scribed the limited skin reaction observed in patients with this mode of electron beam therapy.
In patient treatment, the 0.5 cm diameter beam is magnetically deflected in a scanning fashion
over the treated area and the beam is scanned at the linear rate of 10 cm in 8.7 seconds. The
beam delivers 1-microsecond pulses of electrons, and for clinical use and for the LD 50 deter-
minations mentioned above a rate of sixty pulses per second was used. We wondered whether
the lack of skin reaction observed clinically might be based on the possibility that the scan pat-
tern, which is similar to that of a television raster, resembles treatment through a grid. Al-
though we try to produce a nearly homogéneous surface dose, physical measurement of the in-
homogeneity of the surface dose suggests that variations at the surface may be less than 10 per
cent. Physical measurements with lithium fluoride dosimeters in a water phantom have been
carried out near the surface and are shown in Figure 1. The lithium fluoride was placed at the
bottom of a plastic unit density petri dish resting on unit density plastic. The depth of water
over the lithium fluoride was varied to obtain the data plotted in Figure 1. This physical mea-
surement does not explain the lack of skin reaction observed in the clinics. Another explanation
for the lack of biological epidermal reaction at the surface might be postulated. The inhomoge-
neity of dose at the surface, although only about 10 per cent, might be sufficient to allow repopu-
lation of the basal cell layer in the skin with partial reconstitution of basal cell population taking

place between daily treatments. This might explain the lack of skin reaction.
' We have used several biological indicators to study this lack of skin reaction. The skin of
the pig was used to evaluate the erythema and other skin reactions that appeared to parallel the
clinical observations. ' ]

Further evaluations of the electron beam have been carried out on the proliferating matrix
cells of the mouse anagen hair. This system provides an in vivo biological method of small spa-
tial resolution with which it is possible to measure the surface effects of radiation in vivo. By
placing a tissue equivalent bolus above the skin the same system may be used to measure in vivo

This report is taken from a paper that was presented before a Conference on High Energy
Radiation Therapy sponsored by the New York Academy of Sciences, June 15-17, 1967, and will
be published in the Proceedings thereof. The work was supported in part by U. S. Public Health
Service Grant number RH-00280 and Research Career Development Award 5-K3-CA19415.
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Figure 1. Physical dose measurements as a
function of depth in a water phantom.

radiation effects in the tissue depth. The matrix cells in the hair bulb divide and differentiate
to produce hair. We have scored the injury to regrowing rodent hair by counting the number of
damaged or dysplastic hairs produced following irradiation of an anagen hair coat.2 Unfortu-
nately this system shows a rather large variation between individual animals. We have also re-
ported on the use of tensile strength measurements of irradiated rat whiskers as a means of
biological intercomparison of different types of ionizing radiation.

Recently we have been using the incorporation of radioactive serine into hair keratin as a
measurement of hair shaft production, and have found that irradiation of hair depresses this
system, the depression being dose dependent.‘4 )

All studies were carried out in three-month-old Carworth Farms #1 female mice accord-
ing to the following‘technique.5 In this strain of mouse the active phase of hair growth or ana-
gen lasts from seventeen to twenty days, and can be induced by plucking. Following the active
growth period the follicles are inactive for a variable length of time. Twenty-four days after
initial plucking, when the hairs have entered the inactive phase, the mice were again plucked to
induce the active phase of growth. Twelve days later, on the twelfth day of anagen, groups of
mice received a single dose of irradiation under sodium pentabarbitol anesthesia. During irra-
diation the anesthetized animal was positioned with its left flank in a hollow in a block of uni-
form density material. The right flank was thus exposed to the source of radiation, the electron
beam entering the right flank and emerging from the left flank. Two days after the single irra-
diation, on the fourteenth day of anagen, all animals were given 3 to 5 microcuries of tritiated
serine (specific activity 25 millicuries per millimole) intravenously. On the twenty-fourth day,
when the hair was again in the resting phase, both flanks of each mouse were plucked for study.
Hair samples were weighed and placed in a combustion apparatus in the presence of oxygen.
The tritiated water produced by the combustion was assayed in a liquid scintillation spectrome-
ter by a modification of the method described by Schoninger.” Hair samples from control and
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irradiated sites were counted individually. By proper experimental design the data could be ana-
lyzed on a computer using a second order of analysis of variance. The data in Table 1 were ob-
tained at exposures of 300 rads, 500 rads, and 600 rads.'7 At the low dose of 300 rads, serine
uptake in the hair was depressed equally at both exit and entry portals. At moderate doses of
500 and 600 rads, the ratios of right to left sides were respectively 1.18 and 1.13. Averaging
these determinations, one obtains a figure of 1.15. Comparing data obtained at the surface of the
right flank, and at 2.5 cm through the mouse on the left flank, with the graph presented in Figure
1, the difference between the surface dose and plateau dose would be a factor of 1.12 or a build-
up factor of 12 per cent.

Table 1
* REDUCED LEVELS OF 3H-DL-SERINE IN MOUSE HAIR FOLLOWING

ELECTRON BEAM IRRADIATION IN ANAGEN

(Percentages are expressed as an average ratio of DPM/mg of the beam
entry side (R).to the beam exit side (L) for each individual animal.)

Dose DPM/mgL DPM/mgR Standard error
(rads) Animals (beam exit | (beam entry R/L% of
side) side) the mean

300 8 2340 2044 95 13

500 9 2619 2978 118 12

600 26 322 365 113 4

No radiation 7 3131 3097 100 4

(control group)

These effects may be entirely due to the depopulation of the matrix cells, but inflammation
and changes in the vascular dermal papilla and vascular changes in the deeper structures of the
dermis may also play a part. Since the mouse was lying in the phantom, the left flank through
which the beam emerged might have been in a slightly anoxic state, which might ''understate"
the scored injury at the site of exit.

A second series of experiments has been conducted in vitro in mammalian cells using a line
of Chinese hamster cells grown in tissue culture. This cell line was obtained from Dr. Warren
Sinclair of the Argonne National Laboratory. These cells have been used as an asynchronous
population and survival curves have been determined at 250 keV and with the electron beam. We
have been interested in exploring the use of the scanning electron beam in two modes of opera-
tion. The usual mode of operation consists of 1-microsecond pulses of radiation delivered at a
rate of sixty pulses per second as the beam traverses the irradiated area. In a second mode,
with the same scanning speed, and 1-microsecond pulses, a rate of six pulses per second was
used. The beam current was adjusted to provide ‘equal average physical doses at the surface of
a unit density phantom. That surface dose was measured with lithium fluoride and compared
with calorimetric and current measurements of the beam. All measurements compared favor-
ably with each other. Absorbed doses at the surface of the phantom of 200, 600, 1000, 1300, 1800,
and 2200 rads were then used in the tissue culture experiments, Petri dishes of unit density plas-
tic were suspended over the electron beam which was directed vertically upward. The tissue cul-
ture cells lie on the bottom of the petri dish, covered with a 0.5 cm layer of nutrient medium.
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Above this is a small air space, and the petri dish is then covered with 3 cm of tissue equiva-
lent plastic. Figure 2 gives'data from three experiments carried out in this manner. The solid
line represents one experiment and is the survival curve for graded doses of radiation using '
sixty 1-microsecond pulses of radiation per second. The dotted line represents two experiments
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Figure 2. Survival curve for Chinese hamster
cells as a function of dose. Solid line represents
cell survival for sixty pulses per second. Broken
linée represents survival for six pulses per sec-
ond. .

using six, 1-microsecond pulses of radiation per second. The vertical bars represent the stan-
dard deviation. Three culture plates were exposed for each determination. Because of contami-
nation with mold, two culture plates at 1000 rads wé'rlé discarded and no standard deviation is
given for this point. The solid line shows a curve with a shoulder and a straight portion and re-
sembles the curves obtained with experiments using 250 keV radiation. The dotted line shows a
more or less linear response to increasing exposures of radiation at a tenfold increase in dose
rate.

At this point we can only estimate the dose rate at which radiation is delivered to the cell,
since an object the size of a single cell approximately 10 microns in diameter receives approxi-
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mately twenty-seven pulses of 1 microsecond's duration when the pulse frequency is sixty per
second. If the dose received by the cell is 600 rads, each pulse would contain approximately 22
rads. The dose rate averaged over the 1-microsecond pulse is then 22 x 106 rads per second.
In addition, the pulse is further modulated by the accelerated radiofrequency, so that 2856
bunches or groups of electrons arrive during each microsecond pulse. The duration of each
bunch of electrons is not known accurately, but with the sharp energy collimation used, it can-
not be appreciably greater than 1/20 of the inter-bunch interval and may easily be as short as
1/50 of that interval. Thus when the surface dose is 600 rads and the pulse frequency is sixty
per second the modulated pulse could have dose rates of 400 to 1000 x 106 rads per second.
When the pulse frequency is six pulses per second, and the average surface dose is 600 rads,
the dose rate would be increased to 4 x 109 rads per second or might be as high as 1010 rads
per second., An explanation of the curves presented in Figure 2 may be that these high dose
rates deplete cellular oxygen. Our observations may be similar to those reported by Dewey
and Boa,g8 and Epp and co-workers,” and the unpublished observations of Hall and Berry. 0 In
the experiments by Epp the instantaneous rate of dose delivery was of the order of 1012 rads
per second in studies conducted on bacterial cells of the strain Escherichia coli, B/r.

These reports as well as our own may represent a phenomenon of depletion of intracellu-
lar oxygen. Most of the oxygen may be consumed during the first portion of the pulse of radia-
tion, the remainder of the dose being delivered during relative cellular anoxia.
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RELATIONSHIP BETWEEN ORGAN DOSE FROM HIGH-ENERGY*
ELECTRONS AND FILM BADGE READINGS

By
L. H. Lanzl and M. L. Rosenfeld

The correlation between the organ dose on or within the human body and the exposureT de-
termination as recorded by a personnel film badge monitor is of great importance when these
readings are used in an attempt to establish dose to the various organs of the body. In the case
of small-beam irradiations, as distinguished from whole-body irradiations with large beams or
generalized sources, this correlation can be large, small, or even nonexistent. This observa-
tion has validity for many types of radiations, including high-energy electrons.

This paper reports some observations made in connection with a serious radiation accident
involving high-energy electrons (10 MeV), and resulting in amputation of an arm and a leg of a
radiation worker.

MEASUREMENTS

In the course of this study it was found that not all film badge concerns have the capability
to calibrate, and thus interpret, films exposed to high-energy electrons.

In order to understand both the film badge response and the distribution of biological dam-
age for electron beams, the central axis depth dose distribution in a rectangular water-equiva-
lent phantom was measured with filmz techniques. Film data were cross-checked with Sievert
ionization chambers.

An example of the results for a 10 MeV monoenergetic electron beam with a 10 cm by 10
cm field is shown in Figure 1. The depth dose curve shows a high surface dose, namely, 87 per
cent of the peak, with a dose plateau occurring from two to two and one-half centimeters deep.
The initial rise of the depth dose curve is due to a build-up of dose from secondary electrons,
which can be accounted for on theoretical grounds.z’3 Unlike x- or gamma ray beams, a sharp
fall-off occurs from three to five centimeters depth. The dose beyond six centimeters is a few
per cent of the peak dose, and is due to the absorption of bremsstrahlung which were produced
by the electrons in the first five centimeters of the phantom.

A typical commercial film badge was exposed to the same 10 MeV monoenergetic electron
beam (see Figure 2). The film used to obtain the results in this figure was the sensitive emul-

This paper was presented at the Topical Symposium on Personnel Radiation Dosimetry
of the Health Physics Society, Chicago, Illinois, January 30, 31, and February 1, 1967, and is
published in the Proceedings thereof.

TThe term ""exposure' is used in thié paper in its conventional sense.and not in the sense
of the ICRU definition, which applies to x- and gamma rays only.

iAdlux film, Photo Products Department, E. I. Du Pont de Nemours and Company, Wilming-
ton 98, Delaware, and Kodak Industrial AA x-ray films, Eastman Kodak Company, Rochester,
New York, were used.

The Alderson Research Laboratories, 729 Canal Street, Stamford, Connecticut, are li-
censed to manufacture the Sievert chambers in the United States.
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Figure 1. Central axis depth dose distribution for a 10 MeV monoenergetlc electron beam for a 10 cm by
10 c¢m field. The phantom material used was of unit density.

Figure 2, Net optical density of Kodak Type 2 Film vs relative electron dose within a typical commercial
film badge.




sion of Eastman Kodak personal Monitoring Film, Type 2. The water-equivalent thickness of
the medium filter (0.1 aluminum) is 0.27 cm, and of the heavy filter (0.1 cm lead) 1.11 cm. Su-
perposition of these particular filter thicknesses on the depth dose curve would show them to be
on the ascending part of the curve. Thus, one would expect greater film blackening with the
aluminum filter and still more with the lead filter than with the open-window part of the badge.
As shown in Figure 2, this is indeed the case. For any given dose, then, the degree of blacken-
ing increases as the mass per unit area of the filter (provided, of course, that the film is not
overexposed, so as to cause film reversal). On a qualitative basis, it appears that the blacken-
ing is greater under the lead filter, as would be expected solely on the basis of depth dose argu-
ment presented above. This is due most likely to an increased number of secondary electrons
coming from the lead.

The situation is entirely different for scattered electrons from a beam of 10.8 MeV pri-
mary electrons. In order to obtain information concerning the directionality of the scattered
electrons, a circular unit density phantom was used to measure the depth dose in this case. Ex-
amples of the results are shown in Figures 3, 4, and 5. The phantom used in these studies con-
sisted of a stack of 8 cm diameter Masonite disks with circular pieces of film placed between
them. The crescentic shape of the blackened areas on all the films indicates a high order of uni-
directionality of the scattered electrons. The phantom was exposed to these electrons at various
distances normal to the beam, and at various distances from the main structure at which the pri-
mary beam was directed, namely, a conveyor belt. The depth dose for these scattered electrons
as measured along the radius through the center of the crescent differs from that for the pri-
mary monoenergetic electrons. The penetration is reduced, indicating a lower energy, and the
build-up region has disappeared pointing up the predominance of :very low energy component in
the spectrum of the degraded electrons.

Figure 6 shows a typical film response curve for a film badge exposed to scattered elec-
trons. The filters in this badge differ from those discussed above, although the range of thick-
nesses in mass per unit area is approximately the same. The greatest degree of blackening is
now exhibited under the open window, while the least blackening occurs under the filter having
the greatest mass per unit area. This situation is a complete reversal of the previous case and
is due to the vastly different energy spectrum of the scattered electrons. The film used here is
the insensitive emulsion of Eastman Kodak Type 2, Personal Monitoring Film. The calibration
of the film is described elsewhere.1 The short horizontal lines in Figure 7 are the density read-
ings from the film badge worn by the worker involved in the radiation accident. These readings
fit on the calibration curve for the scattered beam and not on the curve for the monoenergetic
electrons. This fit gave added confidence that the reconstruction faithfully duplicated the acci-
dent.

If the film badge is worn on the trunk of the body where only scattered electrons strike, a
high correlation between the film badge reading and the dose to the skin and internal organs can
be expected. In this situation the dose to the skin, from the surface down to a depth depending
on the energy of the scattered electrons, is comparable to the badge exposure, whereas the in-
ternal organs such as the lungs, the blood-forming organs (spleen and bone marrow), liver, kid-
neys, ovaries, etc. receive doses only about one per cent of the skin dose. This observation is
based on the use of a body phantom (4) and agrees with what is expected on theoretical grounds.
The dose to the internal organs is due to bremsstrahlung produced in the skin and tissues im-
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Figure 3. Figure 4. . Figure 5.

Figure 3. Irradiation of a film in a circular phantom by scattered electrons (below). Graph of isodose distribution of
the film (above). The primary beam of 10.8 MeV was directed downward leaving the accelerator 83 cm above the floor.
Location of phantom is 52 c¢m from the beam and at the floor level (Position No. 5).

Figure 4. Location of phantom is 40 cm from the beam and 52 cm above the floor level (Position No, 9.)

Figure 5. Location of phantom is 26 cm from the beam and 100 cm above the floor level (Position No. 11).
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Figure 6. Plot of depth dose of scattered elec-
trons from a 10,8 MeV beam along the diameter
of the circular phantom through the beam maxi-
mum for the three locations represented by Fig-
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rectangular phantom for a 10 MeV beam ).
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