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57) ABSTRACT 
Differential x-ray images can be produced by sub 
tracting two different X-ray images which are pro 
duced by using two different quasi-monoenergetic 
x-ray spectra. Two different x-ray filters may be em 
ployed alternately to produce such spectra. For exam 
ple, two different filters containing iodine and cerium 
may be employed alternately to produce two different 
x-ray spectra having peaks at different energies. The 
x-rays to be filtered may be derived from an ordinary 
x-ray tube which produces a continuous spectrum of 
x-rays over a wide band of energies. The purpose of 
producing the differential x-ray images is to subtract 
or cancel out the portions of the x-ray images which 
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are due to the ordinary tissues of the patient, particu 
larly the soft tissues, so that the presence of certain 
contrast substances in the patient's body will be em 
phasized or enhanced. Such contrast substances in 
clude iodine, xenon or barium, introduced into the 
bloodstream, the lungs or the food canal of the pa 
tient. The ordinary soft tissues of the patient transmit 
x-rays of different energies to different extents. While 
the two different x-ray images can be balanced for any 
particular thickness of the patient, variations in such 
thickness over the field of view tend to upset such bal 
ance. Thus, without compensation for patient thick 
ness variations, cancellation of the x-ray images due to 
the ordinary tissues of the patient can be achieved at 
only one value of patient thickness. In accordance 
with the present invention, such patient thickness 
compensation is achieved by adjusting the composi 
tion and density of the two x-ray filters, and by adjust 
ing the high voltage supplied to the X-ray tube, so that 
the ratio of the two different x-ray images produced 
by soft tissues remains nearly constant over a wide 
range of patient thickness. Thus, substantial cancella 
tion of the soft tissue images can be achieved over a 
wide range of variations in the patient thickness. The 
x-ray filtration is adjusted so that one of the x-ray fil 
ters produces a spectrum of transmitted x-rays having 
two peaks at energies below and above the energy of 
the peak produced by the other x-ray filter. Thus, the 
sum of the images produced by the two peaks tends to 
remain in a constant relationship to the image pro 
duced by the other spectrum, despite variations in pa 
tient thickness. The supply voltage to the x-ray tube is 
varied as an inverse function of the average patient 
thickness. Thus, the voltage is reduced when the aver 
age patient thickness increases. The adjustment of the 
supply voltage to the x-ray tube changes the two dif 
ferent quasi-monoenergetic X-ray spectra so as to opti 
mize the compensation for patient thickness varia 
tions. 

30 Claims, 12 Drawing Figures 
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1. 

CoMPENSATION FOR PATIENT THICKNESS 
VARATIONS IN DIFFERENTAL, X-RAY 

TRANSMISSION MAGING 

This invention relates to improvements in differential 
x-ray imaging techniques. A differential x-ray image 
can be produced by deriving the difference between 
two different x-ray images, produced under different 
conditions as to x-ray energy, or as to other factors. For 
example, the two different x-ray images can be pro 
duced by using two different monoenergetic or 
quasi-monoenergetic X-ray spectra. Two different 
monoenergetic X-ray beams at different energies will 
produce different x-ray images, because the two differ 
ent.beams will be transmitted and absorbed differently 
by the tissues and other substances in the patient's 
body. By subtracting the two images, a differential 
x-ray image can be produced which will often empha 
size or enhance the visibility of particular tissues or 
substances in the patient's body. Thus, for example, the 
visibility of x-ray contrast materials can be enhanced. 
Examples of such materials are iodine, xenon and bar 
ium, which can be introduced into the bloodstream, the 
lungs or the food canal of the patient. 
Instead of using two different monoenergetic X-ray 

beams, it is generally more convenient to employ two 
different quasi-monoenergetic X-ray spectra, which 
may have peaks at different energy levels. The two dif 
ferent x-ray spectra will produce different X-ray images 

image. By using this technique, the visibility of contrast 
media or particular tissues can often be enhanced. . 
The two different quasi-monoenergetic X-ray spectra 

can be produced by using two different x-ray filters al 
ternately. The x-rays to be filtered may be derived from 
an ordinary x-ray tube which produces a continuous 
spectrum of x-rays over a wide band of energies. The 
filters produce selective absorption of the x-rays so as 
to modify the continuous spectrum to produce peaks at 
different energy levels. 
One important purpose of producing the differential 

x-ray images is to subtract or cancel out the portions of 
the x-ray images which are due to the ordinary tissues 
of the patient, particularly the soft tissues, so that the 
visibility of certain distinctive tissues or contrast sub 
stances in the patient's body will be enhanced. To pro 
duce good cancellation, the portions of the two differ 
ent images which are due to the soft tissues must be bal 
anced. However, even the ordinary soft tissues of the 
patient transmit x-rays of different energies to different 
extents. While the two different x-ray images can be 
balanced for any particular thickness of the patient, 
variations in such thickness over the field of view tend 
to upset such balance. Thus, without compensation for 
patient thickness variations, cancellation of the X-ray 
images due to the ordinary tissues of the patient can be 
achieved at only one value of patient thickness. 
One object of the present invention is to provide ef 

fective compensation for variations in the thickness of 
the patient over the field of view, so that cancellation 
of the image portions due to ordinary soft tissue can be 
accomplished to a high degree over a range of patient 
thicknesses. - 

A further object is to provide effective compensation 
for patient thickness variations without resorting to a 
complex electronic compensation system. 
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In accordance with the present invention, compensa 

tion for patient thickness variations is achieved by ad 
justing the nature of the monoenergetic or quasi-mono 
energetic X-ray spectra. It has been found that the 
quasi-monoenergetic spectra can be adjusted by adjust 
ing the X-ray filtration and the supply voltage of the 
X-ray source. The adjustment of the voltage changes 
the x-ray spectrum produced by the x-ray tube. It is 
prefered to adjust the x-ray filtration so that one of the 
x-ray filters transmits a spectrum having two x-ray 
peaks at energies below and above the energy of the 
peak produced by the other x-ray filter. Thus, the 
image produced by the first x-ray filter consitutes the 
sum of the image components produced by the two 
peaks. Such sum tends to remain in a constant relation 
ship to the image produced by the second spectrum, 
despite variations in patient thickness. The peaks of the 
X-ray spectra can be adjusted by varying the composi 
tion and density of the x-ray filters. It is prefered to vary 
the supply voltage to the x-ray tube as an inverse func 
tion of the average patient thickness. Thus, the voltage 
is reduced when the average patient thickness in 
creases. The adjustment of the supply voltage changes 
the x-ray spectrum produced by the x-ray tube, and 
thereby modifies the two different quasi-monoener 
getic X-ray spectra transmitted by the two x-ray filters. 
By adjusting the supply voltage, it is possible to opti 
mize the compensation for patient thickness variations. 
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Many different materials may be employed in the 
x-ray filters. For example, one filter may contain io 
dine, while the other contains cerium. This combina 
tion of filters is particularly valuable for enhancing the 
visibility of iodine in the patient's body. The iodine fil 
ter produces a spectrum having first and second peaks 
at low and high energy levels, The cerium filter trans 
mits a spectrum having a peak at an intermediate en 
ergy, higher than the low energy peak but lower than 
the high energy peak produced by the iodine filter. By 
adjusting the supply voltage, the relative magnitudes of 
the high and low energy peaks can be adjusted. 
Further objects, advantages and features of the pres 

ent invention will appear from the following descrip 
tion, taken with the accompanying drawings, in which: 

FIG. 1 is a diagrammatic illustration of an x-ray sys 
tem to be described as an illustrative embodiment of 
the present invention. 
FIG. 2 is a set of graphs illustrating the variation in 

the x-ray attenuation coefficients, as a function of x-ray 
energy, for iodine and for water, which accounts for 
most of the attenuation produced by soft tissue. 
FIG. 3 is a set of graphs illustrating the variation in 

the x-ray attenuation coefficients for iodine and for ce 
rium. 
FIG. 4 is a set of graphs illustrating the wide band 

x-ray spectrum produced by an x-ray tube, and also the 
quasi-monoenergetic X-ray spectra which may be pro 
duced by using iodine and cerium filters in conjunction 
with the x-ray tube. 
FIG. 5 is a set of graphs illustrating the effects of vari 

ations in the patient tissue thickness, with and without 
compensation. 
FIG. 6 is a set of graphs illustrating the manner in 

which compensation can be achieved for different 
ranges of patient thickness. 
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FIG. 7 is a graph illustrating the manner in which the 

x-ray supply voltage may be varied to achieve compen 
sation for different values of patient thickness. 
FIGS. 8-12 are additional graphs illustrating the ef 

fects of changing the filtration densities and the supply 
voltage. 
As just indicated, FIG. 1 illustrates a system 10 for 

producing differential X-ray images, with compensation 
for variations in the thickness of the patient or subject 
12 to be x-rayed. In general, the thickness of the por 
tion of the patient to be x-rayed may vary in a more or 
less irregular manner over the field of view. While the 
cross sectional shape of the patient 12 is shown as a 
simple oval, it will be understood that the actual shape 
is more or less irregular. 
The X-ray system 10 comprises an X-ray source as 

sembly 14 for producing monoenergetic or 
quasi-monoenergetic X-ray spectra. In this case, the 
source assembly 14 is adapted to produce quasi-mono 
energetic X-ray spectra. Thus, the X-ray source assem 
bly 14 comprises an ordinary x-ray tube or source 16 
which may be energized by a variable high voltage sup 
ply 18. An x-ray source of this type produces a continu 
ous x-ray spectrum over a wide band of energies, as 
represented by a graph 20 in FIG. 4. The maximum en 
ergy of the band of x-rays is determined by the maxi 
mum voltage applied to the x-ray tube 16, in this case 
sixty-five kilovolts peak (KVp). 
The x-ray beam from the x-ray source 16 is directed 

through the patient 12 to an image detector 22. To pro 
duce quasi-monoenergetic X-ray spectra, it is prefered 
to provide a plurality of selectively usable x-ray filters, 
two such filters 24a and 24b being shown. The x-ray fil 
ters 24a and b may contain various materials capable 
of absorbing x-rays in a selective manner, so that the 
continuous band of x-rays produced by the X-ray tube 
16 will be converted into x-ray spectra having one or 
more peaks at various energy levels. A wide variety of 
filtering materials may be employed. For example, the 
filters 24a and b may utilize iodine and cerium. FIG. 4 
includes graphs 26a and b representing quasi-monoen 
ergetic spectra which may be produced by the use of 
the iodine and cerium filters. It will be seen that the 
spectrum 26a produced by the iodine filter 24a com 
prises a low energy peak 26aL and a high energy peak 
26aH. The magnitude of the low energy peak 26al is 
greater than the magnitude of the high energy peak 
26aH. Similarly, the spectrum 26b produced by the ce 
rium filter includes a low energy peak 26b and a high 
energy peak 26bH. In this case, the high energy peak 
26bH is so small as to be insignificant. The magnitude 
of the low energy peak 26b for the cerium filter is 
comparable to the magnitude of the low energy peak 
26aL for the iodine filter. It will be seen that the low en 
ergy peak 26aL for the iodine filter occurs at a lower 
energy than the low energy peak 26bL for the cerium 
filter. On the other hand, the high energy peak 26ah 
for the iodine filter occurs at a higher energy than that 
of the low energy peak 26bL for the cerium filter. 
The x-ray filters 24a and b are arranged to be used 

alternately, so as to produce two different x-ray images. 
As shown in FIG. 1, the filters 24a and b are movable 
alternately into the beam of x-rays from the x-ray tube 
16. Thus, the filters 24a and b may be mounted on a 
movable indexing member, such as the illustrated rotat 
able disc 28. A mechanical device, such as the illus 
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4. 
trated motor 30, may be employed to rotate the disc 
28. 
The two different x-ray images produced by the use 

of the filters 24a and b are detected by the image detec 
tor 22 and are subtracted by an image subtraction de 
vice 32. The differential images thus produced may be 
displayed in some suitable fashion, in this case by a 
television monitor 34. 
Any known or suitable system may be employed for 

subtracting the x-ray images. For example, the image 
detector 10 may be arranged to produce positive and 
negative optical images corresponding to the two dif 
ferent x-ray images. The positive and negative images 
are then combined to produce the desired subtraction. 

The prefered system is to convert the two different 
x-ray images into television images which are sub 
tracted electronically to produce a differential televi 
sion image, to be displayed on the television monitor 
34. Thus, the image detector. 22 preferably comprises 
a television system for converting the x-ray images into 
electronic television signals. The image subtraction de 
vice 32 comprises means for subtracting the successive 
television images. Such means may utilize one or more 
image storage tubes, or other storage devices. For ex 
ample, a silicon target storage tube may be employed, 
so that one of the two images can be written negatively, 
while the other image is written positively. In this way, 
any identical portions of the two images will be can 
celled out. A differential image will develop on the sili 
conscreen of the storage tube. This differential image 
can be displayed on the television monitor 34. 
While various image subtraction systems may be em 

ployed, it is prefered to utilize the highly advantageous 
image subtraction system disclosed in the co-pending 
patent application of Charles A. Mistretta and Michael 
G. Ort, Ser. No. 369,824, filed June 14, 1973. Such sys 
tem uses two stages of subtraction. In such system, the 
x-ray images are converted into video signals, which 
are then processed through two successive stages of 
video subtraction, preferably utilizing two different 
types of video storage devices. The second stage of 
video subtraction also involves integration of the differ. 
ential features, so that the contrast and visibility of such 
features can be built up over a multiplicity of cycles. In 
the prefered form of such subtraction system, an inten 
sification screen and a television camera are employed 
to convert the x-ray images into first and second video 
image signals, which are successively supplied to a 

video difference detector. Such detector preferably uti 
lizes a video storage tube capable of storing video im 
ages in the form of electrical charges distributed over. 
a dielectric layer on a conductive target back plate. 
The first and second video images are supplied se 

quentially to the storage tube, which produces a first 
differential video signal corresponding to the differ 
ence between the first and second video signals. The 
first differential video signal is then supplied to a sec 
ond integrating and subtracting storage device, prefera 
bly utilizing a second storage tube capable of storing 
video images in the form of electrical charges on a mo 
saic of dielectric islands on a conductive back plate. 
The first differential video signal is written positively on 
the target of the second storage tube. The first storage 
tube is then employed to develop a second differential 
video signal corresponding to the difference between 
the second and first video image signals. The second 



S 
differential video signal is written negatively on the tar 
get of the second storage tube. In this way, the differen 
tial features of the first and second differential video 
signals are integrated and enhanced, while the identical 
or non-differential features of the first and second dif 
ferential video signals are combined subtractively so as 
to cancel them from the target of the second storage 
tube. 
To obtain the maximum enhancement of the differ 

ential features, this cycle of subtraction and integration 
is repeated so that a multiplicity of cycles are com 
pleted. The enhanced image on the target of the second 
storage tube can be read, as desired, and reproduced as 
a visible display on a television monitor. By this system, 
differential features amounting to only a fraction of one 
percent of the full contrast range of the successive 
x-ray images can be enhanced to full contrast so that 
such differential features will be clearly visible. 
Reference may be had to such co-pending applica 

tion for a more detailed disclosure of such differential 
imaging system. Any other known or suitable differen 
tial imaging system may be employed. 
The iodine and cerium filters 24a and b are especially 

valuable for visualizing small quantities of iodine in the 
patient's body. Iodine is present naturally, particularly 
in the thyroid gland. Moreover, iodine may be intro 
duced into the patient's body through the bloodstream 
or the food canal, to serve as a contrast medium or sub 
Stance. 
FIG. 2 comprises a graph 36 representing the varia 

tion of the x-ray attenuation coefficient for iodine, as 
a function of the x-ray energy, expressed in kilo 
electron volts (KEV). It will be seen that the x-ray at 
tenuation coefficient generally decreases with increas 
ing x-ray energy. However, the graph 36 has an abrupt 
discontinuity, usually refered to as the k-edge 38, at 
which the x-ray attenuation coefficient increases 
sharply. Thus, at an x-ray energy EA above the k-edge 
energy, the attenuation coefficient is abruptly and sub 
stantially greater than at an x-ray energy EB, below the 
k-edge. The iodine and cerium filters make it possible 
to utilize the k-edge discontinuity 38 to produce an en 
hanced differential feature between the two x-ray im 
ages, so that the visibility of such feature will be in 
creased in the differential x-ray image. 
Thus, it will be seen from FIG. 4 that the low energy 

peak 26a L for the iodine filter is at approximately 
30,000 electron volts, below the k-edge energy of 
about 33,000 electron volts. The low energy peak 26b.L 
for the cerium filter is at an energy of about 40,000 
electron volts, above the k-edge energy. Thus, the x-ray 
spectrum produced with the cerium filter will be atten 
uated much more by iodine than will the spectrum pro 
duced with the iodine filter. 
FIG. 3 comprises graphs which compare the x-ray ab 

sorption coefficients for iodine and cerium. It will be 
seen that FIG.3 again includes the graph 36 for iodine, 
showing the k-edge discontinuity 38. FIG. 3 also in 
cludes a graph 40 for cerium. Here again, the X-ray ab 
sorption coefficient generally decreases with the in 
creasing x-ray energy. However, there is a sharp dis 
continuity or k-edge 42 at a particular energy level, at 
which the x-ray absorption coefficient increases 
sharply. The k-edge 42 for cerium is at a substantially 
higher energy than the k-edge 38 for iodine. 
The spectrum 26a for the iodine filter in FIG. 4 in 

cludes a sharp drop 44 which corresponds to the k-edge 
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38 for iodine. Similarly, the spectrum 26b for the ce 
rium filter in FIG. 4 includes a sharp drop 46 which 
corresponds to the k-edge 42 for cerium. 
FIG. 2 also includes a graph 47 which represents the 

variation of the x-ray attenuation coefficient for water, 
as a function of x-ray energy. It will be seen that attenu 
ation coefficient decreases gradually with increasing 
x-ray energy. The absorption coefficient for water cor 
responds generally to the absorption coefficient for soft 
tissue. It will be seen that the absorption coefficient for 
the energy EA above the k-edge for iodine is slightly less 
than the absorption coefficient for the energy EB, 
below the k-edge 38. It is possible to compensate for 
this slight difference for any particular value of patient 
thickness. This can be done, for example, by adjusting 
the relative densities of the iodine and cerium filters 
24a and b so that the intensity of the x-rays transmitted 
through the iodine filter 24a and the pertinent portion 
of the patient's body is the same as the intensity of the 
x-rays transmitted through the cerium filter at the perti 
nent portion of the patient's body. 
However, in accordance with the present invention, 

it has been found that effective compensation can be 
provided for variations in the thickness of the patient 
over a wide range, by adjusting the filters and the sup 
ply voltage to the x-ray tube, so as to produce particu 
larly advantageous quasi-monoenergetic x-ray spectra. 

As previously indicated, one of the filters, in this case 
the iodine filter 24a, is adjusted to produce an x-ray 
spectrum having two quasi-monoenergetic peaks, 

while the other filter, in this case the cerium filter 26b, 
is adjusted to produce only one significant quasi-mono 
energetic peak. The two peaks produced by the first fil 
ter are below and above the energy level of the peak 
produced by the second filter. Thus, as to x-rays in the 
high energy peak for the first filter, the absorption coef 
ficient for softbody tissues is less than for x-rays in the 
peak produced by the second filter. 
As previously indicated, spectra of this type are illus 

trated in FIG. 4, in which the spectrum 26a for the io 
dine filter has a low energy peak 26a L and high energy 
peak or bump 26a H. At an intermediate energy, the 
spectrum 26bproduced by the cerium filter has a single 
significant peak 26bL. There may be a small high en 
ergy peak or bump 26bH for the cerium filter, but this 
small bump is so insignificant as to be negligible. 
Quasi-monoenergetic spectra of this type produce 

compensation for variations in the thickness of the pa 
tient, because the high energy peak 26ah. of the first 
filter gradually predominates over the intermediate en 
ergy peak 26b of the second filter as the patient thick 
ness increases, while the low energy peak 26al of the 
first filter gradually predominates over the peak 26bL 
for the second filter, with decreasing patient thickness. 
Due to this action, it is possible to achieve a close bal 
ance between the x-ray intensities transmitted through 
the two filters and the patient's body for a considerable 
range of patient thicknesses. 

It will be evident from FIG. 4 that as the patient 
thickness increases, the low energy iodine peak 26al 
is reduced with respect to the main cerium peak 26bL, 
but the high energy peak or bump 26ah of the iodine 
spectrum grows relative to the cerium peak 26bH. The 
sum of the high and low energy iodine portions 26aL 
and 26ah of the spectrum 26a thus remains approxi 
mately equal to the transmitted intensity of the cerium 
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spectrum. The ratio of the transmitted intensities can 
be tuned to unity over a fairly broad range of patient 
thicknesses, as illustrated in FIG. 5, which compares 
the ratios of the transmitted intensities for the case of 
monoenergetic X-ray lines situated at the positions of 
the main iodine and cerium bumps 26al and 26b and 
for the case of three monoenergetic X-ray lines approxi 
mating the spectra provided by the iodine and cerium 
filters. 
Thus, FIG. 5 comprises a first graph 50, shown in a 

broken line, which plots the ratio of IAbove to below, as 
a function of tissue thickness, expressed in centimeters. 
IAbove is the intensity of the x-rays transmitted through 
the tissue at an x-ray energy of 36,000 electron volts 
(keV). This energy is above the k-edge for iodine. Ise 
low is the transmitted X-ray intensity through the body 
tissue for an x-ray energy of 30 keV, below the k-edge 
for iodine. 

It will be seen that the graph. 50 rises steadily with in 
creasing tissue thickness, and passes through unity for 
only one value of tissue thickness, approximately 15 
centimeters. 
FIG. 5 includes a second graph 52, shown in a full 

line, in which I below is produced by two X-ray spectral 
lines, at 30 keV and at 50 keV. The latter line, at 50 
keV, corresponds to the high energy peak 26ah of the 
spectrum 26a produced by the iodine filter 24a. It will 
be evident that the graph 52 has a broad plateau 52a, 
centered at an average value of patient thickness which 
can be chosen by adjusting the filters and the supply 
voltage. In this case, the plateau 52a is centered at an 
average patient thickness of about 15 centimeters. This 
plateau provides a broad region of relative insensitivity 
to patient thickness. Thus, the patient thickness can 
vary over the field of view without materially affecting 
the ability of the differential x-ray system to cancel out 
the portions of the x-ray images due to ordinary soft tis 
S.C. 

The exact location of the plateau 52a of FIG. 5 can 
be changed by varying the filters and the voltage sup 
plied to the x-ray tube. Suprisingly, it has been discov 
ered that the center of the plateau moves to greater pa 
tient thicknesses as the supply voltage to the X-ray tube 
is lowered. Thus, the supply voltage needs to be ad 
justed as an inverse function of the average patient 
thickness. The supply voltage needs to be decreased as 
the average patient thickness is increased, and vice 
versa. Thus, for example, it has been found that for av 
erage patient thicknesses of 20 centimeters or more, it 
is highly desirable to use a supply voltage of 50,000 
volts peak (kVp), with high tube current to produce 
the desired intensity of the X-rays, rather than raising 
the tube voltage. 
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Thus the supply voltage to the x-ray tube is an impor- 55 
tant factor in achieving effective compensation for pa 
tient thickness variations. The effect of changing the 
supply voltage is illustrated in FIG. 6, which comprises 
a series of graphs representing the ratio of cerium to io 
dine transmissions, as a function of patient thickness, 
for different supply voltages. The density of the cerium 
filtration was 200 milligrams per square centimeter. 

Specifically, FIG. 6 comprises three graphs 54a, 54b 
and 54c, plotted for supply voltages of 50 kVp, 60 kVp 
and 70kVp. Each graph shows a plateau, which is in 
verted, in this case, because the ratio being plotted is 
the inverse of the ratio plotted in FIG. 5. The plateau 
of the curve 54a, plotted for 50 kVp, is centered at a 
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patient thickness of about 22 centimeters, while the 
curves 54b and 54c, for supply voltages of 60 and 70 
kVp, are centered at patient thickness values of about 
11 centimeters and 6 centimeters, respectively. The 
transmission ratio at the center of each plateau is not 
unity, but compensation for this factor can be made by 
adjusting the electronic gain in the differential x-ray 
imaging system. Thus, different values of electronic 
gain can be used in the television system for the images 
produced with the use of the iodine and cerium filters, 
to bring about the optimum cancellation of the portions 
of the images representing ordinary soft tissue. The pla 
teaus of the curves shown in FIG. 6 then provide wide 
regions in which the effectiveness of the cancellation is 
insensitive to variations in patient thickness. 
FIG. 7 comprises a graph 56 in which the desirable 

X-ray supply voltage is plotted against patient thickness. 
This graph highlights the desirability of reducing the 
supply voltage to the x-ray tube as the average patient 
thickness is increased. By thus reducing the supply volt 
age, it is possible to optimize the compensation for vari 
ations in the patient thickness. 

If the average patient thickness is decreased, the sup 
ply voltage should be increased to optimize the com 
pensation for patient thickness variations. Thus, the 
supply voltage should be adjusted as an inverse func 
tion of the average patient thickness. 

It is possible to change the composition and density 
of the X-ray filters so as to change the quasi-monoener 
getic spectra produced by the use of the filters. For a 
particular average patient thickness, it is possible to ad 
just the filters so as to optimize the compensation for 
variations in the patient thickness. 
As indicated by the legends in FIG. 4, the curve 26a 

represents a quasi-monoenergetic spectrum produced 
by the use of an iodine filter having a density or con 
centration of 0.200 grams of iodine per square centi 
meter. The quasi-monoenergetic spectrum represented 
by the curve 26b was produced by a cerium filter hav 
ing a density or concentration of 0.238 grams of cerium 
per square centimeter. 

It is readily possible to vary the concentration of the 
iodine, cerium or other material in the filter. For exam 
ple, this can be done by constructing each filter so as 
to include a tank or other receptacle which can be 
filled with a liquid solution containing the iodine, ce 
rium or other material in a dissolved state. The concen 
tration of the solution can readily be varied. The tank 
or receptacle may be made of a plastic material or 
some other material which produces very little attenua 
tion of x-rays. 
The curves of FIG. 6 were produced with cerium and 

iodine filters. The cerium filter has a density or concen 
tration of 200 milligrams of cerium per square centime 
ter. The iodine concentration of iodine filter was com 
parable and was adjusted to produce a ratio of unity be 
tween the iodine and cerium transmissions for zero pa 
tient thickness. The patient thickness was then varied 
for several different values of supply voltage to the 
X-ray tube, so as to produce the three curves 54a, 54b 
and 54c. 

In FIG. 6, a percentage figure is indicated by a legend 
for each curve, representing the percentage of the dif 
ferential x-ray signal for an iodine concentration of 1 
milligram per square centimeter in the patient. The 
percentage signal applies to the broad minimum or in 
verted peak in the curve. Each percentage figure repre 
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sents the maximum signal that can be obtained for that 
particular supply voltage to the x-ray tube. For a supply 
voltage of 50 kVp, the maximum differential signal was 
approximately 1 percent. For a supply voltage of 60 
kVp, the maximum differential signal was approxi 
mately 0.95 percent. For a supply voltage of 70 kVp, 
the maximum differential signal was approximately 0.8 
percent. It will thus be evident that the percentage 
value of the maximum differential signal decreases with 
increasing supply voltage to the x-ray tube. The graphs 
of FIG. 5 were obtained for monoenergetic spectra 
which approximate the quasi-monoenergetic spectra 
produced by iodine and cerium filters, as represented 
by FIg. 4. The curves 50 and 52 represent the results 
of calculations based on the use of monoenergetic X 
rays. Thus, the curve 50 represents the ratio of Igor 
to Ibelow as a function of tissue thickness, when the 
X-ray energy Eabove is 36 keV, while the X-ray energy 
EBelow is 30 keV. The X-ray energy EAbove of 36 keV 
is above the k-edge for iodine, while the x-ray energy 
Eabor of 30 keV is below the k-edge for iodine. The 
X-ray intensities above and Below represent the trans 
mitted X-ray intensities for the X-ray energies Ebove 
and Ebelow. 
The curve 52 of Flg. 5 represents the ratio of Love 

to Below for the same X-ray spectra, except that the 
X-ray component Ebelow at 30 keV is supplemented by 
an x-ray component at 50 keV having an intensity of 
approximately 14 percent of the intensity of the 30 keV 
component. 
The x-ray component at 36 keV corresponds gener 

ally to the cerium peak 26bL of FIG. 4, which is above 
the k-edge of iodine, while the x-ray component of 30 
keV corresponds generally to the iodine peak 26a.L, 
which is below the k-edge for iodine. The x-ray compo 
nent at 50 keV corresponds generally to the high en 
ergy bump 26ah for iodine, as represented in FIG. 4. 

FIGS. 8, 9 and 10 represent the results which are ob 
tained by using different values of filter density or 
thickness, for different values of the supply voltage to 
the x-ray tube. In each graph, the ratio of TB to TA is 
plotted as a function of variations in the tissue thick 
ness of the patient. TB is the transmission of x-rays 
through the patient with the use of the iodine filter, 
which has its major spectral peak below the k-edge for 
iodine. Such peak is designated 26aL in FIG. 4. TA is 
the transmission of the x-rays through the patient with 
the use of the cerium filter, having its major peak 26bL 
above the k-edge of iodine. 

FIG. 8 comprises four curves 68a, 68b, 68c and 68d, 
representing the results obtained by using four different 
sets offilters at an x-ray supply voltage of 50 KVp. For 
the curve 68a, the cerium filter had a density of 0.100 
grams of cerium per square centimeter, while the io 
dine filter had a density of 0.101 grams of iodine per 
square centimeter. For an iodine concentration in the 
patient of one milligram per square centimeter, the dif 
ferential signal has a percentage value of 0.76 percent 
at a patient thickness of 15 centimeters. 
For the curve 68b, the corresponding values are as 

follows: cerium filter density 0.200; iodine filter density 
0.195; percentage of differential signal, 1.19 percent. 

For the curve 68c, the corresponding values are as 
follows: cerium filter density 0.300; iodine filter density 
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0.284, percentage of differential signal, 1.42 percent. 

For the curve 68d, the corresponding values are as 
follows: cerium filter density 0.400; iodine filter density 
0.370; percentage of differential signal, 1.54 percent. 

It will be understood that the symbol TA in FIGS. 8, 
9 and 10 represents the total number of transmitted 
photons in the cerium spectrum, having its major peak 
above the k-edge for iodine. The symbol TB represents 
the total number of transmitted photons in the iodine 
spectrum, having its major peak below the K-edge for 
iodine. For each curve, the relative densities of the ce 
rium and iodine filters were adjusted to produce a ratio 
of unity between TB and TA, for a patient tissue thick 
ness of zero. 

In each of the curves 68a-d of FIG. 8, the ratio of TB 
to TA decreases with increasing tissue thickness toward 
a minimum which occurs at approximately 20 centime 
ters or greater, depending upon the density of filtration. 
These curves represent the situation for an x-ray tube 
supply voltage of 50 KVp. For this relatively low supply 
voltage, and for even lower voltages, any increase in 
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the density of filtration tends to increase the tissue 
thickness at which the minimum occurs. 
FIG. 9 comprises four curves 69a, 69b, 69c and 69d, 

which represent the ratio of TB to TA as a function of 
patient tissue thickness, for increasing values of filtra 
tion, at a supply voltage of 60 KVp. For the curve 69a, 
the cerium filter had a density of 0.100 grams per 
square centimeter, while the iodine filter had a density 
of 0.101 grams per square centimeter. The differential 
signal was 0.60 percent at a tissue thickness of 10 centi 
meters for an iodine concentration in the patient of one 
milligram per square centimeter. 
The corresponding values for the curve 69b are as 

follows: cerium filtration 0.200; iodine filtration 0.197; 
differential signal 0.95 percent. 
For the curve 69c, the corresponding values are as 

follows: cerium filtration 0.300; iodine filtration 0.288; 
differential signal 1.18 percent. 
For the curve 69d, the corresponding values are as 

follows: cerium filtration 0.400; iodine filtration 0.376; 
differential signal 1.34 percent. 

It will be observed that for the supply voltage of 60 
KVp, represented by FIG. 9, the ratio of TB to TA de 
creases with increasing tissue thickness until a mini 
mum value is reached, whereupon the ratio increases 
with further increases in the tissue thickness. The in 
creases in the filtration values do not increase the tissue 
thickness at which the minimum occurs, to any great 
extent. Thus, the position of the minimum remains at 
about 10.5 centimeters, despite the changes in the con 
centrations of cerium and iodine in the filters. The 
curves of FIG. 9 indicate that a supply voltage of 60 
KVp is appropriate for an average tissue thickness of 
about 10.5 centimeters, because this value of supply 
voltage provides effective compensation for variations 
in patient tissue thickness. Such compensation is opti 
mized by a supply voltage in this general neighborhood. 

FIG. 10 comprises four curves 70a, 70b, 70c and 70d, 
representing the ratio of TB to TA as a function of pa 
tient tissue thickness for a supply voltage of 70 KVp, at 
four different filter concentrations or densities. For the 
curve 70a, the cerium concentration was 0.100 grams 
per square centimeter. The iodine filter concentration 
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was 0.102 grams per square centimeter. The differen 
tial signal was 0.46 percent for an iodine concentration 
of one milligram per square centimeter in the patient. 

The corresponding values for the curve 70b are as 
follows: cerium concentration 0.200; iodine concentra 
tion 0.201; differential signal 0.70 percent. 
The corresponding values for the curve 70c are as 

follows: cerium concentration 0.200, iodine concentra 
tion 0.298; differential signal 0.86 percent. 
For the curve 70d, the corresponding values are as 

follows: cerium concentration 0.400; iodine concentra 
tion 0.392; differential signal 0.99 percent. 

It will be observed that the curve 70a has a minimum 
at a tissue thickness of about seven centimeters. The 
ratio of TB to TA increases for smaller or larger values 
of tissue thickness. 
With increasing filtration, the minimum value of the 

ratio tends to occur at smaller values of tissue thick 
ness. Thus, the minimum value of the curve 70b is at a 
tissue thickness of about 6 centimeters. Thus, in gen 
eral, at a supply voltage of 70 KVp or higher, increasing 
the filtration tends to decrease the tissue thickness at 
which the minimum occurs. Moreover, the value of the 
ratio of TB to TA at the minimum point tends to in 
crease with increasing filtration. This is the opposite of 
the situation for supply voltages of 50 or 60 KVp, at 
which the value of the ratio at the minimum tends to 
decrease with increasing filtration. 

In summary, the effect of changing the densities or 
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concentrations of the filters depends upon the supply 
voltage to the x-ray tube. At 70 KVp or higher, increas 
ing the filtration tends to decrease the tissue thickness 
at which the minimum value of the ratio of TB to TA 
occurs. At 60 KVp, changing the concentrations of the 35 
filters does not affect the position of the minimum 
point to any substantial extent. At 50 KVp or lower, in 
creasing the filtration tends to increase the tissue thick 
ness at which the minimum ratio occurs. 
For an average tissue thickness of about 10.5 centi 

meters, 60 KVp is an appropriate supply voltage, be 
cause the compensation for variations in the patient tis 
sue thickness will be optimized. For average values of 
patient tissue thickness ranging down to 5 centimeters 
or less, the voltage should be increased progressively to 
70 KVp or higher, to optimize such compensation. As 
the average tissue thickness increases to 20 centimeters 
or higher, the voltage should preferably be reduced 
progressively to 50 KVp or lower, so as to optimize the 
compensation for variations in the tissue thickness. 
FIG. 11 and 2 will be helpful in explaining the ef 

fects represented by FIGS. 8-10. It will be seen that 
FIGS. 11 and 12 reproduce the graph 36 of FIG.3, rep 
resenting the x-ray absorption coefficient for iodine, 
plotted as a function of x-ray energy. The x-ray absorp 
tion coefficient is designated m in FIGS. 11 and 12. As 
before, the graph 36 includes the abrupt k-edge 38. 
FIGS. 11 and 12 also include the graph 26a of FIG. 

4, representing the quasi-monoenergetic spectrum pro 
duced by the use of the iodine filter 24a. The graph 26a 
is superimposed upon the graph 36 in each case. 

In FIG. 11, the spectrum graph 26a is drawn for an 
x-ray supply voltage of 50 KVp, but in FIG. 12, the 
graph 26a is drawn for a supply voltage of 70 KVp. In 
FIG. 11, m represents the value of the X-ray attenua 
tion coefficient for iodine at the x-ray energy value cor 
responding to the low energy peak 26aL of the iodine 
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2 
filter spectrum 26a. On the other hand, ma represents 
the value of the x-ray attenuation coefficient at the en 
ergy level corresponding to the high energy peak or 
bump 26ah of the iodine filter spectrum. It will be seen 
that m3 is substantially greater than m. As a result, at 
a supply voltage of 50 KVp, the high energy bump 
26aH loses to the low energy bump 26aL as the filters 
are made thicker or denser. As a result of this decrease 
in the relative strength of the high energy bump or peak 
26aH, a greater tissue thickness is required before the 
transmitted x-rays due to the high energy bump 26ah 
catch up with the x-rays transmitted by the cerium fil 
ter. The energy level of the x-rays transmitted by the 
cerium filter is substantially lower than the energy level 
represented by the high energy bump 26ah, so that a 
greater percentage of the x-rays represented by the 
high energy bump are able to penetrate the increased 
tissue thickness. 
The effect is just the reverse at 70 KVp, as will be evi 

dent from FIG. 12. It will be seen that the x-ray atten 
tuation coefficient m1 at the energy of the low energy 
bump or peak 26al is greater than the x-ray attenua 
tion coefficient m3 at the x-ray energy corresponding to 
the high energy bump 26ah. Thus, as the filters are 
made thicker or more dense, the x-rays due to the high 
energy bump 26aH actually gain in magnitude relative 
to the x-rays due to the low energy bump 26aL. Thus, 
less tissue thickness is required for the more pentrating 
x-rays due to the high energy bump 26aH to equal or 
exceed the x-rays transmitted through the patient due 
to the cerium spectrum 26b, shown in FIG. 4. Thus, the 
minimum along each curve in FIG. 10 occurs at a rela 
tively small tissue thickness. As the filters are made 
more dense, the minimum occurs at a decreased tissue 
thickness. This represents the situation at 70 KVp. 

In FIG. 8, representing the situation at 50 KVp, the 
minimum along each curve occurs at a relatively great 
tissue thickness. As the filters are made more dense, 
the minimum occurs at a greater tissue thickness. 
FIG. 9 represents an intermediate situation at 60 

KVp. In this case, the minimum along each curve oc 
curs at an intermediate tissue thickness. Changes in the 
tissue thickness do not affect the location of the mini 
mum to any great extent. 
From the graphs of FIGS. 8, 9 and 10, it will be possi 

ble for those skilled in the art to select an appropriate 
supply voltage and appropriate filter densities, accord 
ing to the average tissue thickness involved, in order to 
achieve effective compensation for variations in the tis 
sue thickness. The supply voltage and the amount of 
filtration should be selected to produce a curve having 
a minimum at or near the average tissue thickness. 

It will be evident that iodine and cerium filters may 
be employed very advantageously for producing differ 
ential x-ray images due to iodine in the patient's body. 
Such iodine may be present naturally, as in the thyroid, 
or may be introduced into the patient's body as a con 
trast agent. The iodine and cerium filters are also valu 
able for producing differential x-ray images due to 
xenon gas, which may be inhaled into the lungs of the 
patient. Ordinary xenon gas can be employed, because 
the xenon does not have to be radioactive. The xenon 
gas produces a k-edge which is at a somewhat higher 
energy level than the k-edge for iodine, but at a lower 
energy level than the k-edge for cerium. Thus, the io 
dine and cerium filters can be employed to produce a 
differential x-ray image due to xenon gas in the lungs 
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of the patient. By this technique, the lungs can be visu 
alized with a greater degree of clarity. 
Various other contrast media may be employed to 

produce differential x-ray images. Barium is an exam 
ple of another contrast substance. For each contrast 
substance, the composition and density of the x-ray fil 
ters 24a and 24b are selected so as to produce 
quasi-monoenergetic X-ray spectra having peaks above 
and below the k-edge for the particular contrast sub 
stance. By proper selection of the x-ray supply voltage 
and the filter densities, effective compensation can be 
achieved for variations in the tissue thickness of the pa 
tient. 

We claim: . 
1. A method of producing differential x-ray images to 

visualize a contrast material in a patient, 
comprising the steps of producing a first X-ray image 
using an x-ray source and first filter, 

producing a second X-ray image, using said x-ray 
source and a second filter, 

said filters producing substantially different X-ray 
spectra, 

producing a differential image corresponding to the 
difference between said first and second x-ray im 
ageS, 

said contrast material being visualized in said differ 
ential image, 

and adjusting the voltage of said X-ray source as in in 
verse function of the average patient thickness to 
minimize the effect of variations in patient thick 
ness upon said differential image. 

2. A method according to claim 1, 
in which the voltage of said x-ray source is adjusted 
to a range which produces a flat peak of the ratio 
between said first and second X-ray images when 
plotted against patient thickness. 

3. A method of producing differential x-ray images, 
comprising the steps of producing a first X-ray image 

using a first X-ray spectrum, 
producing a second X-ray image using a second X-ray 
spectrum, 

and producing a differential image corresponding to 
the difference between said first and second X-ray 
images, 

said second spectrum having a spectral element of a 
predetermined energy, 

said first x-ray spectrum comprising a low energy 
spectral element and a high energy spectral ele 
ment, 

said low energy spectral element having an energy 
below said predetermined energy, 

said high energy spectral element having an energy 
above said predetermined energy. 

4. A method according to claim 3, 
in which said first and second X-ray spectra are bal 
anced to provide substantially the same image ele 
ments in said first and second X-ray images for soft 
tissue whereby said image elements will cancel out 
in said differential image. 

5. A method according to claim 4, 
in which said spectral elements are adjusted to pro 
duce substantial balance between said first and sec 
ond spectra over a substantial range of tissue thick 

SS. 

6. A method according to claim 3, 
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14 
in which said first and second spectra are produced 

by using first and second x-ray filters in conjunc 
tion with an x-ray source. 

7. A method according to claim 6, 
in which said first and second filters contain iodine 
and cerium, respectively. 

8. A method according to claim 6, 
in which said x-ray source includes a high voltage 
X-ray tube, 

the supply voltage to said x-ray tube being varied as 
an inverse function of the average tissue thinkness 
to maintain a substantial balance between said first 
and second spectra for soft tissue over a substantial 
range of tissue thickness. 

9. A method according to claim 6, 
including the additional step of changing the density 
of said filters as a direct function of the average tis 
sue thickness of the patient. 

10. A method according to claim 6, 
including the steps of adjusting the density of said fil 

ters as a direct function of the average tissue thick 
ness of the patient while adjusting the X-ray energy 
of said source as an inverse function of said average 
tissue thickness to achieve effective compensation 
for variations in said tissue thickness. 

11. A method according to claim 6, 
including the steps of adjusting the density of said fil 

ters while adjusting the x-ray energy of said source 
to achieve effective compensation for variations in 
the tissue thickness of the patient. 

12. A method according to claim 6, 
including the steps of adjusting the density of said fil 

ters while adjusting the x-ray energy of said x-ray 
source to produce a flat spot in the characteristic 
curve of TBITA plotted as a function of patient tis 
sue thickness at a desired average value of patient 
tissue thickness, 

where TB is the total of the x-ray photons transmitted 
through the first filter and the patient while TA is 
the total of the x-ray photons transmitted through 
the second filter and the patient, 

whereby effective compensation is achieved for vari 
ations in the patient tissue thickness. 

13. A method according to claim 12, 
in which said first and second filters contain iodine 
and cerium, respectively. 

14. A method according to claim 13, 
in which said filters have iodine and cerium concen 

trations on the order of 100 to 400 milligrams per 
square centimeter. 

15. A method according to claim 12, 
in which said flat spot is in the form of a minimum 
along said characteristic curve. 

16. A method according to claim 12, 
in which said x-ray source includes an x-ray tube sup 
plied with a high voltage, 

said voltage being adjusted as an inverse function of 
the patient tissue thickness. 

17. A method according to claim 16, 
in which said first and second filters contain iodine 
and cerium, respectively. 

18. A method according to claim 17, 
in which the iodine and cerium concentrations of the 

filters are on the order of 100 to 400 milligrams per 
square centimeter. 

19. A method according to claim 18, 



S 
in which said high voltage is on the order of 50 to 70 

kilovolts peak. 
20. A method according to claim 17, 
in which said high voltage is on the order of 50 to 70 

kilovolts peak. 5 
21. Apparatus for producing differential x-ray images 

in which image elements due to the soft tissue of a pa 
tient are at least partially cancelled out, 
comprising x-ray source means for selectively pro 
ducing first and second X-ray spectra, O 

means for producing first and second X-ray images of 
the patient using said first and second X-ray spec 
tra, 

and means for producing a differential image corre 
sponding to the difference between said first and 15 
second X-ray images, 

said second X-ray spectrum having an X-ray spectral 
element of predetermined energy, 

said first X-ray spectrum having low and high energy 
spectral elements, 20 

said low energy element having an energy less than 
said predetermined energy, 

said high energy element having an energy greater 
than said predetermined energy. 

22. Apparatus according to claim 21, 25 
in which said spectral elements have magnitudes such 
as to produce substantial balance between said first 
and second X-ray images for soft patient tissue. 

23. A method according to claim 22, 
in which said spectral elements are of magnitudes to 30 
maintain the balance between said first and second 
X-ray images for soft tissue over a wide range of tis 
sue thickness variations. 

24. Apparatus according to claim 21, 
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in which said x-ray source means comprises an x-ray 
source and first and second selectively usable filter 
means for producing said first and second x-ray 
spectra. 

25. Apparatus according to claim 24, 
in which said first and second filter means are mov 
able selectively into operative relation with said 
X-ray source. 

26. Apparatus according to claim 24, 
in which said first and second filter means contain io 
dine and cerium, respectively. 

27. Apparatus according to claim 24, 
in which said first and second filter means contain io 
dine and cerium, respectively, in concentrations on 
the order of 100 to 400 milligrams per square cen 
timeter. 

28. Apparatus according to claim 27, 
in which said x-ray source includes a high voltage 
x-ray tube and means for supplying said tube with 
a high voltage on the order of 50 to 70 kilovolts 
peak. 

29. An apparatus according to claim 24, 
in which said first and second filter means containio 
dine and cerium, respectively, 

said x-ray source including a high voltage X-ray tube 
and means for supplying said tube with a high volt 
age on the order of 50 to 70 kilovolts peak. 

30. Apparatus according to claim 24, 
in which said x-ray source comprises a high voltage 
x-ray tube, 

and means for varying the high voltage supplied to 
said tube. 
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