PCT

WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

{51) International Patent Classification 5 :

{22) International Filing Date: 12 November 1993 (12.11.93}

(20) Priovity data:

07,976,797 16 November 1992 (16.11.92) US

(60) Parent Application or Grant
(63) Related by Continuation
Us 07/976,797 (CIP)

Filed on 16 November 1992 (16.11.92)

(71) Applicant (for all designated Stares excepr US): LUNAR
CORPORATION [US/US]; 313 W. Beliline Highway,
Madison, W1 33713 (US).

{11) international Publication Number; WO 94/10908
A61B 6/00, 6/03, 6/04 A2 | (43 intemational Publication Date: 26 May 1994 (26.05.94)
(21) International Application Number: PCT/10893/10903 | (72) Inventors; and

{75) Inventors/Applicants (for US only) : MAZESS, Richard, B.
[US/US); 2526 Gregory, Madison, WI 33711 (US).
HANSON, James, A. [US/US]; 202 Shepard Terrace,
Madison, WI 53705 (US). DELUHERY, James, G.
[US/USE 6 South Woodmont Circle, Madison, WI
53713 (US). PELC, Norbert, J. [US/US]; 490 Distel
Drive, Los Altos, CA 94022 (US),

(74) Agents: BAXTER, Keith, M. et al.; Quarles & Brady, 411

East Wisconsin Avenue, Suite 2550, Milwaukee, WI
53202-4497 (US).

(81) Designated States: AU, CA, IP, US, European patent (AT,
BE, CH, DE, DK, ES§, FR, GGB, GR, IE, IT, LU, MC,
NL, PT, SE).

Published

Without international search report and te be republished
upon receipt of that report.

(57) Abstract

from the esternal volumes.

(34) Title: COMPACT C-ARM TOMOGRAPHIC BONE SCANNING SYSTEM

An x-ray imaging system provides both scanning radiography and computed tomography by means of a modified C-arm
geometry that provides improved angular rotation. Estimation techniques are nsed to produce missing projections of the complete
tomographic projection set, and a limited size detector (50) reduces the amount of data required for reconstructing tomographic
images of compact objects of unique composition within the patient (such as the spine (65)). The introduction of image artifacts
caused by external volumes to the field of view is reduced by emploving dual energy techniques to isolate the internal structure

1 of 61

Dentsply Sirona Inc. — Exhibit 1015



applications under the PCT.

AT
AU
BB
BE
BF
BC
B)
BR
BY
CA
CF
CG
CH
ci
™M
CN
Cs
Ccz
DE
DK
ES
Fl
FR
GA

FOR THE PURPOSES OF INFORMATION ONLY

Codes used to identify States party to the PCT on the front pages of pamphlets pubiishing international

Austria
Australia
Barbados
Belgiom
Burkina Fuaso
Buiguria

Benin

Brazil

Belarus
Canada
Central African Republic
Congo
Swinerland
Cote d'Ivoirg
Cameroon
China
Ceechoslovakia
Ceech Republic
Germany '
Dunmark
Spain

Finland

France

Gabon

GR
GE
GN

HU
IE
IT
i
KE
KG
KP

KR
K%
L
LK
LU
LY
MC
MD
MG
ML
MN

United Kingdom
Gieorgla

Guinea

Groece

Hungary

Irgland

[taky

Japan

Kenya

Kyrgystan
Bemocratic People's Republic
of Rorea
Republic of Karea
Kazakhstan
Liechtenstein

Sri Lanka
Luxembourg
Latvia

Monaco

Republic af Moldova
Madugascar

Mali

Mongotia

MR
MW
NE
NL
NO
NZ
PL
PT
RO
RU
5D
S8
SI
SK
SN
™D
TC
TS

UA
us

VN

Mauritania

Mulawi

Niger

Netherlands
Morway

Now Zeatand
Poland

Portugal

Romania

Russian Federation
Sudan

Sweden

Slovenia

Slovakia

Senegal

Chad

Togo

Tajikistan
Trinidad and Tobapgo
Ukraine

United Suates of America
Uzbekistan

Vict Nam

2 of 61




WO 94/10908 PCT/US93/10903

10

15

20

25

COMPACT C-ARM TOMOGRAPHIC BONE SCANNING SYSTEM

This application is a continuation-in-part of
application serial number 07/976,797 filed November 16, 1952
and entitled: "Patient Positioning Apparatus for Bone
Scanning"; which is a continuation-in-part of application
serial number 07/944,626 filed September 14, 1992 and
entitled: "Method for Analvzing Vertebral Morphology Using
Digital Radiography"; and a continuation-in-part of
application serial number 08/052,228 filed April 22, 1993
which is a continuation of 07/860,818 filed March 31,1992
and entitled: "Reduced Filed-of-View System for Imaging

Compact Embedded Structures”.

Field of the Invention

The present invention relates generally to radiographic
instruments and more particularly to a versatile instrument
for either radiographic scanning or tomographic scanning of
a patient for evaluation of bone density and bone

morphology.

Background of the Invention

Scanning Radiography
Scanning radiographic eguipment differs from

conventional radiography in that it employs a narrowly
collimated beam of radiation, typically x-rays formed into a
fan or pencil beam, rather than a breocad area cone beam. The
small beam size used in scanning radiographic equipment
allows replacement of an image forming sheet of radiographic
film, used with conventional radiographic equipment, with a
small area electronic detector element or array of such

elements.
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The detector elements receiving the transmitted
radiation produce electrical signals which may be converted
to digital values by an analog to digital converter for the
later develcopment of an image or for other processing by
computer eguipment. The ability to gquantify the measurement
of the transmitted radiation, implicit in the digitization
by the analog to digital converter, allows not only the
formation of a radiographic "attenuation" image but also the
mathematical analysis of the composition of the attenuating
material by dual energy techniques. See generally,
"Generalized Image Combinations in Dual KVP Digital
Radiography", by Lehmann et al. Med. Phys. 8(5) Sept/Oct
1981.

Such dual energy technidues gquantitatively compare the
attenuation of radiatien at two energies to distinguish, for
example, between bone and soft tissue. Dual energy
techniques allow the measure of bone mass, such measurement
being important in the treatment of osteoporosis and other
bone diseases.

The limited area of the beam of radiation used in
scanning radiographic systems reguires that the beam be
moved over an area, if a conventional image is to be formed.
Typically, the pencil or fan beam will be scanned in a
raster pattern over the area to be measured, each line of
the scan separated by the width of the pencil or fan beam,
with the directions of scanniﬁg being generally
perpendicular to the direction of the radiation.

Images formed by a scanning radiocgraphic system are
potentially more accurate than those produced by a typical
broad beam radiograph system. This accuracy arises from the
limited divergence of the rays of the pencil or fan beam
from the principél axis of the radiation, as compared to a
broad area cone beam. This narrow collimation of the pencil
or fan beam reduces “"parallax" in the projected image,
?otentially providing extremely accurate morphological
measurements of certain structures such as the vertebrae in
the spine. Such morphological measurements are used to
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evaluate various dimensions of a vertebra to detect crushing
or cther deformation that are one element of certain bone
diseases such as osteoporosis. See e.g. Minne et al., "A
Newly Developed Spine Deformity Index (SDI) to Quantitate
Vertebral Crush Pactors in Patients with Osteoporosis," Bone
and Mineral, 3:335-349% (1988); J. C. Gallagher et al,
"Vertebral Morphometry: Normative Data," Bone and Mineral,
4:189-196 (1988); Hedlund et al, "Vertebral Morphometry in
Diagnosis of Spinal Fractures," Bene and Miperal, 5:59-67
(1988); and Hedlund et al, "Change in Vertebral Shape in
Spinal Osteoporesis," Calcified Tissue International,
44:168-172 (1988). Automatic techniques for morphological
measurements of bone are described in U.§. patent
application serial number 07/944,626 filed September 14,
1992 and entitled: "Method for Analyzing Vertebral
Meorpnology Using Digital Radiography" assigned to the same
agsignee as the present application and hereby incorporated

by reference.
In order to make accurate morphological measurements

and to provide clinically valuable dual energy measurements
of a variety of bedy structures, the radiation source and
detector sheould be easily positicned at different angles
about the patient. Further, at each such angle, the
radiation source and detector must have the necessary
clearance from the patient to perform the required scanning.

ComputedrTomography

In a computed tomography system ("CT system") the
radiation source and detector are be rotated on a gantry
about the patient and within an imaging plane so that
measurements of the imaged object at different angles may be
cbtained. At esach angle, a projection is acquired comprised
cf the attenuation measurements of the radiation along
different rays or beams through the patient. The
projections at each of thes®e different angles together form
a tomographic projection set. Normally projections must be
acquired over a range of no less than an 180° when the beams
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of each projection are parallel. If less than a full
projection set is acquired, or less than the full width of
the patient measured at each angle, undesirable image
artifacts will appear in the reconstructed image.

In fan beam CT systemé the radiation from the radiation
source is formed into a fan within the imaging plane so that
multiple beams may be measured simultanecusly at each angle
about the imaging plane for the full width of the patient.
Such fan beam systems, in contrast to systems that scan with
a pencil beam at each location, can significantly increase
the speed at which the projection set is acquired, but
because the detector must be wide enough to capture the
entire fan of beams at one time.

The acgquired tomographic projection set is typically
stored in numerical form for computer processing to
"reconstruct" a slice image according reconstruction
algorithms known in the art. The reconstructed slice images
may be displayed on a conventional CRT tube or may be
converted to a film record by means of a computer controlled
camera.

Many of the components need to perform scanning
radiography and computer tomography are similar, especially
where the scanning radiography is undertaken with dual
energy measurements and thus employs computer
reconstruction. This makes a combined scanning radiographic
system and tomographic system attractive from a cost
viewpoint, particularly for institutions where a full
capacity CT scanner could not be justified. Nevertheless,
the design of such a combined system presents significant
challenges.

First, the need to acguire a full projection set of
projections about the patient for CT reconstruction,
normally requires a large and complex rotating gantry for
supporting the radiation source and detector. The gantry
mechanism is costly and may be impractical for smaller
institutions and many diagnostic procedures. In this
respect, it is noted that most current CT scanners can, in
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fact, perform scanning radiography, but are rarely used for
this purpose because their cost is not justifled by such
procedures. '

Second, for practical CT scanning speeds, large multi-
element detectors and high speed data processors are needed
to acquire and process the large amounts of projection data.
These elements contribute to the high cost of CT

capabilities.

Summary of the Invention

The present invention provides a scanning radiographic
system employing a compact and cost-effective C«arm gantry
and a small detector array which is capable of practical use
as a tomography machine. Although the C-arm geometry is not
ordinarily capable of acquiring a full projection set as
required by tomography, the pregent invention increases in
the rotative freedom of the C-arm and provides
reconstruction with less than a full projections set of
projections. A small detector reduces the need for high
speed processing equipment. Dual energy nmeasurements are
used to reduce artifacts caused by the small detector’s
acquiring less than a full heam width of data.

Specifically, the x-ray apparatus of the present
invention includes & track for moving a pallet with respect
to a patient along a first and second perpendicular axis. A
collar is attached to the pallet and holds a C-arm which may
slide through the collar so that its ends rotate to one of a
plurality of angles about the patient. A radiation source
and a detector are affixed to the ends of the C-arm to |
provide energy attenuation measurements along an axis
between those ends at the plurality of angles, such
measurements being received by an electronic computer. The
electronic computer contrels the C-arm, the radiation scurce
and the detector according to a stored program so as to
rotate the C-arm through the angles and to store the
attenuation measurements at those angles. The computer then
reconstructs the stored attenuation measurements into a
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tomographic image. The C-arm may include an arcuate arm
portion received in the collar and & carriage attached to
the arm for sliding inward from one end of the arm to a
plurality of distances. One of the radiation source and
radiation detector may be attached to the carriage for
movement with the carriage. This movement provides an

additional angular range of the C-arm.
In addition or alternatively, a sleeve may be attached

to one end of the arcuate arm holding a support beam having
a mounting end projecting from the arcuate arm so as to
extend a plurality of distances from the end of the arcuate
arm with the sliding of the beam in the sleeve. One of the
radiation source and radiation detector may be attached to
the mounting end to move with the sliding of the beam.
Again, an increase in effective angular range of the C-arm
is thereby produced.

The electronic computer may estimate from the
atrenuation measurements taken at the plurality of
positions, further attenuation measurements that complete a
tomographic projection set. These projecticn measurements
reduce the angular motion required of the C-arm.

Thus, it is an object of the invention to provide a
method of using the effective architecture of a C-arm for
both scanning radiography and fer tomeographic imaging.

The detector may receive a fan of radiation extending
less than the full width of an average patient positioned
between the radiation source and the detector, and may
produce separate attenuation measurements indicating
attenuation at two energy levels. The electronic computer
may process the attenuation measurements to produce
attenuation measurements dependent on the attenuation of a
single material only.

Thus, it is another object of the invention to limit
the necessary amount of data that needs to be processed when
imaging a compact structure of distinguishable material
within the patient, such as a vertebra. Dual energy
measurement allows isolation of the compact structure from
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the surrounding tissue eliminating partial veolume image
artifacts in the CT reconstruction, such artifacts resulting
from soft tissue which is in some projections and not in
other projections.

The radiation source may produce a fan beam of rays of
radiation diverging along a fan beam plane and the detector
may be a linear array of detector elements, each element
measuring the intensity of radiation along one ray of the
fan beam. The fan beam and detector array may be mounted to
the C-arm so that the fan beam and the detector array may
rotate about a fan beam axis connecting the radiation source
and the detector array.

It is thus another cbject of the invention tec allow the
scanning of the patient along an arbitrary angle as
positioned by the C-arm, wherein one axis of scanning is
obtained by the elettrical scanning of the detector elements
of the linear array. The fact that both the radiation
source and the detector are rctatable about a line between
the two permits the scanning direction to be changed with
the orientation of the fan beam adjusted so that the
direction of scanning remains perpendicular to the fan beam
plane. The ability to adjust the direction of scanning
reduces the effect of patient motion on the resultant data
by allowing the selection of a scanning pattern where
adjacent points in space are scanned at proximate times.

The detector array for the fan beam may be rotated
independently of the radiation source so as to reduce its
swept volume during motion of the gantry.

It is another object of the invention to allow the size
of the gantry to be reduced without causing collisions
between the detector array and the table. Rotation of the
detector array to its orientation of least swept wvolume
allows the detector array to pass through the reduced width
area of the table during movement of the gantry to a new
position without translation of the gantry.

In ona embodiment, a support beam having a mounting end
may be attached to the first end of the C-arm with a sleeve
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50 that it may slide away from the first end to a plurality
of distances. Either the radiation source or detector may
be attached to the mounting end of the support beam. In
addition, the other of the source or detector may be
attached to a carriage that slides on the inner radius of
the C-arm in from the second end.

It is a further object of the invention to provide the
greatest possible ranage of angular orientation of the
detector and source about a patient while using a C-arm type
structure. The sliding support beam and carriage provide an
effective increase in angular positioning range beyond that
which can normally be cobtained by the geometry of the C-arm.

The source and detector may ke positioned at two
substantially perpendicular angles and a scan of the patient
obtained at these angles to produce a first and second array
of pixels, each pixel representing bone mass at a
corresponding location in the patient. The pixel array at
the first angle is analyzed to determine a plurality of
center of bone mass values at points along an axis of the
pixel array corresponding to a principle scanning direction.
During the scanning of the patient at the second angle along
this principle scanning direction, the position of the
detector with respect to the patient is adjusted in
accordance with the determined center of bone mass values.
The detectcr may be adjusted to maintain an essentially
constant distance with respect to the center of mass of the
patient, indicated by the center of mass values, and hence a
constant magnification of the spine. Or the angle of the
radiation received by the deftector may be adjusted to remain
substantially perpendicular to the spine at the point of
imaging.

It is thus another object of the invention to employ
two scans at different angles with the first scan being used
to correct the second scan which may then be used for
morphological measurements. Adjustment of positioning of
the detector during the second scan allows the fidelity of
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the generated image to be improved for dimension measuring
purposes, |

A histogram of selected pixels acquired during the scan
may be reviewed to compiles a multiple-mode density histogram
providing number of pixels as a function of pixel density
value. From this histogram, a soft tissue average and hard
tissue average may be determined corresponding to average
density values of soft and hard tissue, such as bone,
respectively. A threshold above the hard tissue average
based con the difference between the hard tissue average and
the soft tissue average is generated and the hard tissue
average i1s recomputed ignoring pixels above the threshold.
This process is repeated until the changes in the computed
hard tissue average is below a predetermined threshold and
that hard tissue average is designated as the density of the
region of interest.

It is thus another ckject of the invention to remove
the effects of osteopaths, i.e., bone elements having
density harder than normal bone, from the calculation of
bone density and other bone measurements. The closeness of
the osteopaths to the density values of normal bone renders
simple thresholds techniques inaccurate.

The foregoing and other objects and advantages of the
invention will appear from the following description. 1In
the description reference is made to the accompanying
drawings which form a part hereof and in which there is
shown by way of illustration a preferred embodiment of the
invention. Such embodiment does not necessarily represent
the full scope of the invention, however, and reference is
made therefore to the claims herein for interpreting the

scope of the invention.

Brief Description of the Drawings

Fig. 1 is a perspective view of the present invention
showing a C-arm, having an x-ray source and a detector, and
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a table positioned for access by the patient and a

controlling computer;
Figs. 2(a) and 2(b) are plan and elevation views of the

table of Fig. 1 showing the hourglass shape of the table and
two possible scanning patterns that may be employed by the

present invention;
Fig. 3{a) is a cross-section of one support for the

table of Fig. 1 taken along line 3(a)-3(a) in Fig. 1 showing
the upward curvature of the table surface and the mechanism
for elevating and lowering the table;

Fig. 3(b) is a cross-section of the support of Fig.
3(a) taken along line 3({(b}-3(b) of Fig 3(a);

Fig. 4 is an exaggerated depiction of the table in
conjunction with a radiation' source and detector showing the
effect of table height on the divergence of the rays of the
illuminating radiation as is related to problems of
parallax;

Fig. 5 is a cross section of the gantry taken along
lines 5-5 of Fig. 1 showing an internal sleeve and support
beam for helding the radiation source at a variety of
distances from the end of the gantry C-arm and the different
radiuses of motion produced by motion of the C-arm and

motion of the sliding support beam;
Fig. 6 is a view in elevation cof the densitometer of

Fig. 1 taken along the longitudinal axis showing
displacement of the center of rotation of the C-arm and the
rotation of the C~arm for proper imaging cf a femur of the
patient without inward rotation of the patient’s leg;

Fig. 7 is a plan view of a detail of the table of Fig.
1 showing interference between the table and the detector
array when the detector array is in a first position, in
phantom, and clearance when the detector array is in the

second position;
Fig. 8 is a exploded schematic view of the radiation

source and a perspective view of the detector showing
rotation of the fan beam by movement of a collimator and
corresponding motion of the detector array;
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Fig. 9 is a perspective cutaway view of the supporting
mechanism for the C-arm of Fig. 1 showing rotation of the C-
arm with respect to the gantry pallet and the x and y
translation of the pallet; .

Fig. 10 is a detailed of a schematic,
anterior/posterior view of the spine of a patient showing
the resolution of the vertebrae into pixels for analysis;

Fig. 11 is a flow chart illustrating the steps of
determining the curvature of the spine of Fig. 10 in the
lateral plane of the vertebrae of the patient such as may
occur in sclerosis; '

Fig. 12 is a schematic, plan view showing the movement
of the x-ray source and the detector of Fig. 1 to follow the
curvature of the spine in lateral imaging, per the density
measuring view of Fig. 10, according to a first embodiment;

Fig. 13 is a schematic, plan view showing the movement
of the x-ray source and the detector of Fig. 1 tc follow the
curvature of the spine in lateral imaging, per the density
measuring view of Fig. 10, according to a second embodiment:

Fig. 14 is a detailed view in elevation of the detector
of Fig. 1 showing the motion of the detector with respect teo
the C-arm

Fig. 15 is a schematic representation of motion of the
C-arm showing the increased effective angular range obtained
with the C-arm by motion of the radiation source and
detector with respect to the C-arm itself;

Fig. 16 is a simplified histogram of the density of
pixels within a region of interest of a patient showing the
concentration of pixels intc four density ranges or modes
of: soft tissue, hard tissue (bone), osteopaths, and metal;

Fig. 17 is a flow chart showing a method for operation
of the computer of Fig. 1 to identify and mask pixels
attributable to osteopaths;

Fig. 18 is a schematic view in elevation of the C-arm
and patient showing "external volumes" within a body
surrounding a contrasting compact structure of interest,
sald external volumes not within the field-of-view fan beam
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but nevertheless attenuating the fan beam at some C-amm
angles; and
Fig. 19 is a block diagram of the components of the
present invention showing the components employed for

computed tomography.

Detailed Description of the Preferred Embodiment

I. General Features of the Densitometer

Referring toc Fig. 1, a bone densitometer 10 constructed
according to the present invention includes a table 12 for
supporting a patient 14 in a sitting position prior to or
after :n examination (4s shown) or in a supine position
along the table’s longitudinal axis 16 during an
examination. The table 12 is constructed of epoxy
impregnated carbon fiber laminated over a foamed plastic
core. This combination of materials is extremely light, and
thus generally radicluscent, and stiff. Further, the
attenuation is extremely uniform sc as to prevent the
introduction of artifacts into the radiographic images. The
table 12 has a generally linear cross-section along the
longitudinal axis 16 and an upwardly concave cross-section
along a transverse axis 18 perpendicular to the longitudinal
axis 16. Thus, the table 12 is a trough-shaped sheet whose
transverse curvature provides additicnal resistance to
longitudinal bending.

Support pillars 20 held either longitudinal end of the
table 12. The support pillars 20 are separated by a
distance greater than the typical height of the patients to
be examined sc that the support pillars 20 do not obstruct
the scanning process nor attenuate the measuring radiation.
The longitudinal stiffness of the table 12 allows it to
bridge the distance between the pillars 20 as an unsupported
horizontal span thereby eliminating additional radiation
attenuating structure.

In cone embodiment sho;n in Fig. 2(b) the transverse
width of the table 12 varies along its longitudinal extent
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being widest near the support pillars 20, and thus near the
head and feet of the patient 14 when the patient 14 is in
the supine position on the table 12, and narrowest at the
mid-portion of the table 12 corresponding generally to the
5 area of the patient’s vertebrae when the patient is in the
supine position. This narrowing of the table 12 is in the
form of two rounded notches 24 extending inward toward the
center of the table from either transverse edge and
imparting to the table an hourglass shape as viewed along a
10 vertical axis 22 perpendicular to the longitudinal and
transverse axes 16 and 18 respectively.

Referring now to Figs. 1, 3(a) and 3(b), support
pillars 20 extend vertically downward around upward
extending posts 26, the latter which are attached, at their

15 bottom ends, to a bed 28 supporting the densitometer 10.
The support pillars 20 each include a horizontal architrave
21, extending the width of the table 12 and attached to a
respective end of the table 12, and vertical channel shaped
casing 23 surrounding the posts 26 to vertically slide in

20 engagement with the posts 26 guided by a set of rollers 17
attached to the casing 23. The casings 23, and hence the
support pillars 20, may be positioned vertically as driven
by actuators 30 each comprising a nut 27 attached to an
outer casing wall and a lead screw 29 received at one end by

25 the nut 27 and at the other end by a right angled drive 25
attached beneath the nut to the bed 28. A common drive
shaft 31 connects each right angled drive 25 to a single
stepper motor (not shown) so that rotation of the drive.
shaft 31 turns the right angled drives 25 and hence the lead

30 screws 29 in tandem 80 as to raise and lower the table 12 on
pillars 20 while maintaining the table’s horizontal
attitude. The number of steps made by the stepper motor is
simply related to the change in table height.

Referring to Figs. 1 and ¢, the bed 28 includes two

35 longitudinal rails 32 which form a track for supporting a
transversely extending gantry pallet 34, and which allow the
gantry pallet 34 to be positioned longitudinally along
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substantially the entire length of the densitometer 10 (as
indicated by longitudinal axis 16).

The gantry pallet 34 includes transverse rails 33
carried by rollers (not visible) fitting within the rails 32
and motivated by a stepper motor driven flexible belt 35,
Riding on the rails 33 of the gantry pallet 34 is a slider
36 moved transversely by stepper motor driven belt 37. The
slider 36 supports a turntable 39 having a vertically
oriented axis of rotation 19 and rotated by mean of stepper
moter driven belt 41. As before, the stepper motors driving
belts 35, 37 and 47 allow a determination of the precise
movement of their respective components through a tallying
of the steps taken, as will be understood to those of
ordinary skill in the art.

The turntable 39 supports a C-arm collar 38. Collar 38
is generally arcuate to enclose and slidably hold a C-arm 40
such that the ends ¢f the (-arm may rotate about an
isocenter 42 as the body of the C-arm 40 slides through the
collar 38. The C-arm 40 is constructed as described in U.S.
Patent 4,955,046 to Aldona A. Siczek and Bernard W. Siczek
entitled: "C~Arm for X-ray Diagnostic Examination”. The (-
arm 40 is motorized, as is understood in the art, to allow
remote control over the positioning of the C-arm 40 in
collar 38. The radiation source 44, which includes an x-ray
tube together with filter and collimator as will be
described in detail below, is mounted at one end of the C-
arm 40 via a support beam 46 and is oriented to direct a
polychromatic x-ray fan beam 48 along beam axis 49 generally
towards the isccenter 42 to a linear detector array 50
affixed to a stop plate 52 and mounted to the opposing end
cf the C-arm 40.

Together, motion of the pallet 34 and slider 36 permit
a scanning by the detector 50 and radiation souxce 44 of the
densitometer 10, whereas the motion of the turntable 39
allows for control of the angle of the beam axis 49 with
respect to the patient 14, as will be described. The motion
of the slider 36 is not limited to providing a scanning
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motion but may be used, in conjunction with rotation of the
C-arm 40 in collar 38, to provide improved imaging of

specific structures in the body without disturbing the

patient 14 from the supine position. Referring to Fig. 6,
imaging of the femur 53 of a supine patient 14 is ideally
done at an angle of approximately 20-25° from vertical. 1In
prior art devices this typically regquired uncomfortable
inward rotation of the leg of the patient 14. The ability,
in the present invention, both to rotate the C-arm 40 and to
move the slider 36 along the transverse axis 18, and thus to
move the isocenter 42, permits this imaging to be done
without movement of the patient 14. Specifically, the
desired angle cf the C-arm 40 is simply selected and the
slider 36 moved so that the beam axis 49 aligns with the
femur 53.

The use of a detector array 50 of individual detector
elements, each element of which may be scanned to produce an
attenuation reading of one ray of the fan beam 48, provides
the densitometer 10 with the ability to scan at virtually
any angle of the C-arm 40 largely independent of the
limitations of the movement of the pallet 34 and slider 36
to a single plane. Scanning may be accomplished by
selecting a primary scanning trajectory perpendicular to the
fan beam axis 49 and calculating the protection of that
trajectory on the plane ¢of mection of the pallet 34 and
slider 36 to determine the proper movement of the pallet 34
and the slider 36 that will produce motion of the C-arm 40
associated with that trajectory. As will be described
below, the fan beam and the detecter may then be rotated
about the fan beam axis 49 so that the plane of the fan beam
48 is perpendicular to the trajectory to provide scanning,
by scanning of the detector elements, in a second direction
perpendicular to the primary scanning trajectory.

Alternatively, motion of the table 12 up and down
combined with motion of the pallet 34 and slider 36 provides
a set of three orthogonal motions that can be driven, under
the control of computer 56, to produce any arbitrary primary
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scanning trajectory and a second perpendicular scanning
motion according to basic trigonometric relations well
understood to those of ordinary skill in the art.

Thus the present densitometer 10 allows scanned images
to be obtained not simply along the anterior/posterior and
lateral directions, but at any angle of the C-arm 40.

Each of these actions of the C-arm 40, the slider 36
and the pallet 34 may bz controlled by a computer 56 having
a display terminal 58 and a keyboard 60 such as are well
known in the art. By providing step commands to the motors
associated with the various components above described, the
computer 56 may control and locate these components, for
example, by adjusting and tracking the height of the table
12, through actuators 30, Similarly, the computer 56 may
control the motion of the slider and gantry pallet 34 and
36, in producing a scan or in imaging the femur 53, the
angular position of the C-arm 40, as well as movement of the
support beam 46 as will be described. The computer 56 also
turns the radiation scurce 44 on and off and importantly
collects digitized attenuation data from the individual
elements of the linear detector array 50 to generate an
array of measured points (pixels) over the patient 14.

The linear detector array 50 may be a scintillation
type detector, as is understood in the art, having
scintillation materials which convert xz-rays to visible
light to be detected by photodetectors which produce a
corresponding electrical signal. BEach detector element 47
of the detector array 50 incorporates two side-by-side
scintillators and photodetectors to measure the x-rays
fluence, of the polychromatic fan beam 48, in one of two
energy bands and thus to provide, during scanning, a dual
energy measurement at each point in the scan. As noted
above, such dual energy measurements allow the tissue of the
patient 14 being measured at a given point associated with a
detector element 47 to be characterized as to its
composition, for example, into bone or soft tissue.
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II. Operaticn of the Densitometer

A. Tateral and Anterior/FPosterior Positicpning

Referring now to Fig. 15, the radiation source 44 and
the detector array 50 may be positicned with respect to
collar 3B so that the beam axis 4% is substantially
horizontal to cbtain a lateral scan of the patient 14 when
the patient 14 is supine on the table 12. This lateral
position is indicated by phantom radiation source 44", beam
axis 49" and stop plate 52". In the lateral position, the
beam axis 49" will intersect the isocenter 42. Referring
also to Fig, 2(b), during this lateral scan, notches 24 may
provide the table with a reduced profile in the critical
spinal area to eliminate attenuation of the radiation fan
beam 48 by the table 12. '

By sliding the C-arm 40 through the collar 38, the
radiation detector may be moved to & position indicated by
phantom source 44’ being angularly displaced from the
position of phantom source 44" by approximately 180% minus
the angular extent of the collar 38. The stop plate 52
moves to the position shown by phantom stop plate 52¢ 180°
opposed to phantom source 44°,

B. Tomographic Scanning
The angular extent of collar 38 prevents most C-arm

system from realizing an angular range appreoaching 180° with
motion of the C-arm 40 alone if the radiation source 44 and
detector 50 are to be opposed about the center of rotation
42. The reason for this is the finite extent of the collar
38 along the C~arm 40 which prevents the full length of the
C-arm to be used to provide rotation of the C-arm 40 and the
fact that the C-arm 40 generally extends only 1808 so that
the radiation source 44 and the detector array 50 are
opposed about the isocenter 42. As will now be described,
an additional angular range may be achieved in the present
invention by extending the radiation source 44 on a support
beam 46 and by sliding the stop plate 52 on a track formed

in the C-arm 40,
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Referring now alsc to Fig. 3, the support beam 46 is
generally arcuate with a radius Ry in a first embodiment

equal to the radius Ry of the C-arm 40. This arcuate

support beam 46 is supported by rollers 43 on a track 62 so
as to telescope out of the end of the C-arm 40 and so as to
move the radiation source 44 in an arc defined by radius Ry,
The motion of the support beam 46 is accomplished by
actuator 63 held within the C-arm 40 and attached between
the inner most end of the support beam 46 and an internal
portion of the C-arm 40 {not shown). The actuator 63 is
driven by & stepper motor {(not shown) sc that it may operate
under the control of computer 56, and so that smooth and
controlled moticn of the radiation source 44 may be
obtained.

Referring also to Fig. 14, the stop plate 52 holding
the detecteor 50 may be attached to a carriage 54 to slide on
rollers 55 following a track formed in the inner surface of
the C-arm 4(Q. The track is positioned so that motion of the
stop plate 52 is independent of position of the C-arm 40
within the collar 38, and so that the stop plate 52 may move
with respect to the C-arm 40 past the collar 38 toward the
position of the phantom scurce 44'. The motion of the stop
plate 52 with respect to the C-arm 40 is controlled by the
computer 56 via a stepper motor driven belt (not shown)
according to methods understood to those of ordinary skill
in the art.

Referring again to Fig. 15, the movement of the
radiation source 44 past the end of the C-arm 40 and the
motion of the stop plate 52 and detector 50 inward from the
other end of the C-arm 40 allows an increase in the
effective range of the angles of the beam axis 49 that may
be obtained to substantially 180°.

Referring alse to Fig., 5, in an alternative embodiment,
the angle Ry is not set egual to Ry. In particular, the

radius Ry of the C-arm 40 is the distance from the C-arm 40
to the isocenter 42. However, the radius R; of the support

beam 46 is the distance between the radiation source 44 and
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the stop plate 52 or approximately twice that of Rj.

Accordingly, with extension of the support beam 46, the
radiation source 44 is moved so as to hold the beam axis 49
centered on the detector array 50 of the phantom stop plate
52' without movement of the stop plate 52'. In this
embodiment, increased angular range may be obtained with
movement only of the radiation source 44 with regpect to the
C-arm 40 but without movement of the detector 50 with
respect to the C-arm 40.

It will be understood that in this latter embodiment,
the extension of the support beam 46 increases the effective
anqgular displacement of the radiation source 44 and detector
array 50 at the cost of no longer maintaining isocentric
motion about isocenter 42. The increase in effective
angular rotation of the C-arm 40 will be equal to an angle «
between the beam axis 49’ of the radiation source 44' and
the beam axis 49 of the radiation source 44 or approximately
the length of the support beam 46 divided by Ro. This
increase in the angular range achieved by C-arm 40 provides
improved positioning flexibility for the densitometer 10.

As will be understood from this description, the same
effective increase in the angular range of the C-arm 40 may
be obtained by placing the detector array 50 on the support
beam 46 and the radiation detector 50 on the carriage 54,
Thus, for the purpose of tomographic scanning, an increased
angular range may be obtained through the combined motions
of the support beam 46 within the C-arm 40 and the carriage
54 shown in Fig. 15 along with appropriate motion of the
table 12 to maintain the approximate position of the
isocenter 42 within the patient 14. _

A limited number of missing projections caused by
restriction of the angular motion of the source 44 and the
detector 50 on the C-arm 40 may be accommodated by
estimating the necessary projection data through a variety
of techniques generally understood in the art. In one such
technique disclosed in U.S. patent 4,506,327 to Tam entitled
Limited Angle Imaging Using Multiple Energy Scanning, hereby
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incorporated by reference, the information from dual energy

readings at the acguired projections is used to estimate the
missing projections. Alternatively, the missing projections
may be simply estimated to be values of zero, i.e., as
providing complete attenuation.

C; Adjustment cf Table Height

Referring now to Fig. 4, when the radiation source 44
and detector array 50 are oriented on the C-~arm {(not shown
in Fig. 4) so that the beam axis 49 is substantially
vertical, e.g. for anterior/posterior imaging, the table 12
may be lowered by a distance h to move the patient’s spine
65 closer to the detector array 50 (indicated by 12’) and in
particular to decrease the distance between the spine 65 and
the detector array 50. This movement of the spine 65 close
to the detector array 50 reduces the effective magnification
of the image 51 generated by the data from the detector
array 50 by decreasing the angular dispersion of the rays of
the x-rays fan beam 48 that intersect the spine 65. It will
be understood that this use of the less divergent rays of
the fan beam 48 reduces the effects of parallax in the
produced image providing for more accurate imaging as is
desirable for morphological measurements. Parallax as used
herein refers to the variations in magnification between
portions of the imaged anatomy, e.g., the spine 65, closer
to and further away from the radiation scurce 44 such as may
cause blurring in the image of the outline of the spine 65
detrimental to the identification of fiducial points within
the spine 65. Large amounts of parallax, caused by
diverging rays at large angles from the beam axis 49, cause
blurring in edges of the bone that are substantially
parallel to the beam axis 49, reducing the ability of the
radiologist to locate the position of these edges precisely,

Control of the table height with positioning of the C-
arm is performed by the computer 56 which has data
indicating the position of each component of the
densitometer 10 and which may calculate clearances between
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components at various positions by simple geometric
calculations based on the dimensicns of the components of
the densitometer 10 as will be understood to those of
ordinary skill in the art.

In order to move the C-arm 40 within collar 38 for
repositioning, the table 12 is returned to a position
removed from the linear detector array 50 and close to the
isocenter 42 so as to permit unobstructed movement ¢f the C-
arm 40 without interference between the radiation source 44
and stop plate 52 with the table 12. Thus, the table motion
accommodates the competing desires of: (1) keeping the
radius of the C-arm 40 to a minimum to produce a compact
densitometer 10 and to provide accurate morphelogical images
in the anterior/posterior direction and (2) the desire to
allow flexible repositioning without interference with the

table 12.

D. Rotation of the Detector and Fan Beam

Referring now to Fig. 7, the stop plate 52 is mounted
on a rotating coupling 66 which may be driven by a stepper
motor actuator (not shown) under the control of the computer
56 to rotate the stop plate 52, and hence the linear
detector array 50, about the beam axis 49 by 90°. For
repositioning movement of the C~arm 40, the stop plate 52
which serves to abscorb scattered radiation from the
radiation source 44, is rotated so that its longest
dimension is generally tangential to the curve of the C-arm
40, reducing the swept volume of the stop plate 52 during
rotation of the C-arm 40, from the swept volume indicted by
52', and allowing it to clear the table 12. The C-arm 40 is
preferably positioned so that the path of the stop plate 52
passes through the notches 24 of the table 12. The
combination of the notches 24 and the rotation of the stop
plate 52 serves to further reduce the necessary radius of

the C-arm 40 allowing a more compact densitometer 10 to be

constructed.
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Referring now to Fig. 8, the rotation of the stop piate

52 about the beam axis 49 to position the detector array 50
in one of two orientations, indicated by 50 and 50
respectively, may be matched by the rotation of the fan beam
48 from the radiation source 44. This rotation of the fan
beam 48, which aligns the fan beam 48 with the length of the
linear detector array 50, is preferably performed not by
rotating the entire radiation source 44 but by rotating a
slot collimator 68§ to follow to the rotation of the stop
plate 52. The slot collimator 68 incorporates a slot 71

- defining the width and thickness of the fan beam 48 and

which allows a passage of only a portion of a cone beam 70
generated by an anode 72 of an x-ray tube of the radiation
source 44. The distribution.of fluence within the cone beam
70 is typically not uniform and therefore a correcting wedge
filter 74 is placed between the anode 72 and the slot
collimator 68 so that in either rotative position of the
slot collimator 68, a uniform distribution of energy is
found within the fan beam 48.

It will be understocd that the divergence of the fan
beam 48 is greater in its width than in its thickness, and
therefore, it is generally desirable for the purposes of
morphological imaging to orient the fan beam 48, and the
scanning direction, so that a fiducial plane of the imaged
anatomy, e.g. the inferior or superior margins of vertebrae
64 are perpendicular to the scanning direction and generally
parallel to the plane of the fan beam. For example, if the
superior and inferior margins of a vertebrae 64 within the
patient 14 are to be measured, it is desirable that the
scanning direction be generally along the longitudinal axis
16 of the spine 65, with the plane of the fan beam 48
extending perpendicularly to the scanning direction i.e.,
transversely.

Referring now to Fig. 2(a), the ability to rotate the
detector array 50 and thus to change the scanning direction
allows tailoring the acquisition of attenuation data during

& scan to minimize the potential for mis-registration
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between adjacent scan lines caused by movement of the

patient 14. Assuming that the likelihood of patient motion
between acguisition of data increases with time, this
requirement devolves to a requirement that adjacent areas of
the patient be scanned at times that are closely proximate
to each other. For example, for a whole body scan of a
patient 14, the detector array 50 could be oriented
transversely as indicated by 50(b) so as to scan lines
longitudinally as indicated generally by the sequence of
arsas Al, Bl and Cl from the patient’s head to the patient’s
foot. At the end of this scan, a second leongitudinal row of
data would be taken conforming generally to the sequence of
areas A2, B2 and C2. Under this scanning procedure,
however, area Al and Bl which are closely proximate, are
separated by the considerable length of time required to
scan the entire length of the patient 14. Preferably then,
the detector array 50 may be positioned longitudinally as
indicated by 50(a) to scan in columns by the sequence of Al,
A2 and A3 and then Bl, B2, B3. Here, the greatest motion
induced discontinuity will be between area Al and Bl,
however the length cof time between the acquisition of data
for these areas will have been much reduced.

III. Two Angle Imaging

Referring now to Fig. 10, in an anterior/posterior scan
of the patient 14, where the beam axis 49 is oriented
vertically, the data of a rectilinear array 78 of pixels 76
is acquired. EBach pixel 76 of the array 78 has a location
corresponding to a particular path of a ray of the fan beam
48 through the patient 14 to one detector element 47 of the
detector array 530 and each pixel 76 having a value related
to the attenuation cof that ray as it passes through the
patient 14. As is understood in the art, the computer 56
stores the pixel values and their relative spatial locations
so that each pixel 76 may be readily identified to the
particular area of the patient 14 at which the data of the

pixel 76 was collected.

25 of 61



WO 94/10908

10

15

20

25

30

35

PCT/US93/10903

2L
According to well understood dual energy imaging

techniques, the value of each pixel 76 is derived from
measurements of the patient at two energy levels and thus
provides information indicating the composition of the
material causing that attenuation. In particular, the pixel
value indicates the bone mineral content of the volume of

the patient corresponding to the pixel location,

Referring to Figs. 10 and 11, after collection of the
pixels 76, the computer 56 determines a center of mass
(value and location) 80 for each column of the array 78, as
indicated by process block B2. A column is defined relative
to the principle scanning direction. For a scan of the
spine 65, where movement of the detector array 50 is
longitudinal, i.e., along the superior/inferior direction 16
of the patient 14, the columns of pixels 76 are transverse
or perpendicular to the scanning direction.

The center of mass 80 is simply an average of the
location of each pixel 76 in the column weighted by the
value of the pixel 76, and thus generally indicates the
center of the bone mass within that column.

The calculation of center of mass points 80 is
performed by computer 56 and repeated for each column of
pixel data within the axrray 78 to provide a general
indication of the degree of lateral curvature of the
patient’s as evident in the anterior/posterior view.
Although bone other than the spine 6% may be included within
the field of view covered by the array 78, such bone, such
as from the ribs, will generally cancel out in the center of
mass calculation as a result of the fundamental bi-lateral
symmetry of the patient 14.

In areas of low bone mass, such as intervertebral areas
84, spurious center of mass values may be obtained as a
result of lack of significant bone mineral content.
Accordingly, implicit in process block 82, is the
elimination of calculated center of mass paints 80 having a
value (as opposed to location) below of predetermined

threshold.
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In one embodiment, illustragég-in Fig. 12, the center
of mass points B0 guide the positioning of the detector 50
and the radiation source 44 during a lateral scanning of the
patient 14. The lateral sctan is generally employed in the
moerphologic analysis of the vertebrae 64 and thus precise
control of the magnification of the produced image is
important. During the lateral scan, the center of mass
points B0 of the array 78, as related to actual positions
within the patient 14, are used to control the distance
between the detector array 50 and the patient 14 sco that the
distance between the center of mass point 80 (intersected by
the beam axis 49) and the detector array 50 is held
substantially constant during the scan. The effect of this
is that the magnification of an individual vertebra 64 in
the produced image will remain substantially constant
despite severe curvature or sclerosis of the spine 65 of the
patient 14.

This lateral correcting movement of the detector 50
with respect to the patient 14 during the scan is provided
by motion of the slider 36 (shown in Fig. 9) under control
of the computer 56 as has been described. The principle
motion of the scanning, in this example, is provided by
motion of the pallet 34 along rails 32.

As the scan progresses, 1f there is no center of mass
point 80 intersected by beam axis 49, the relative
transverse location of the detector 50 is simply held
constant. Alternatively, the position of the center of mass
points 80 may be interpeclated to obtain precise tracking of
the detector 50 between center of mass points, such as in
the intervertebral areas 84.

In this example, the anterior/posterior view is used to
provide more accurate imaging in the lateral view by
indicating relative lateral displacement of the imaged
structure. It will recognized, however, that the above
described technique is not limited to use with anterior and
lateral projections but may be employed with images obtained
at any two gantry angles having sufficient separation to
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provide the necessary third dimensions of information.

Corrective motion during the second scan may be obtained by
movement of various other axes of the densitometer system
including vertical motion of the table 12 as has been
previously described. Specifically, motion of the table may
be used to provide corrected imaging of spinal curvature

apparent in a lateral scan.
Referring again to Figs. 10 and 11, improved correction

of the important lateral image may be obtained by fitting a
low order curve 88 to the center of mass points 80 as
indicated by process block B86. This low order curve 88
provides a more accurate modeling of the curvature of the
spine 65 that is not perturbed by local variations in bone
density within a given vertebra 64. The low curve 88 may be
a simple third order polynomial fitted hy least squares
techniques applied by computer 56 as is well understood in
the art.

After fitting of this curve 88 to the center of mass
pecints 80, a set of scan points 891, egually spaced by d
along the curve 88, may be identified according to process
block B9 and the slope 0 of the curve 88 at those points 91
determined by numerical differentiation according to process
block 90. Typically, these scan points are separated by the
pixel to pixel spacing and are shown with exaggerated
spacing in Fig. 10 for clarity. These slope values 0; where
i is the index of the particﬁlar scan point 91 on the curve
88, may be used to control the angle 6 at which the beam
axis 49 is tipped with respect to the longitudinal axis 16
so that the beam axis 49 intersects the imaged vertebra 64
at nearly 90° to the spine axis, thus providing a sharper
imaging of the laterally extending fiducial edges of the
vertebra that are diagnostically significant.

Referring now to Fig. 13, the angle of the beam axis 9
with respect to the principal axis of scanning 16 is
controlled during the scanning along the principle axis of
scanning by tilting of the detector array 50 and radiation
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source 44 on C-arm 40 by means of motion of turntable 39 (of
Fig. 9) under the control of computer 56. Pixel data is
acquired as the beam axis 49 crosses each of the predefined

scan points 91.

IV. TIdentification of Osteophytes

Referring again to Fig. 10 certain pixels 76 of the
array 78 may be identified to a region of interest (ROI)
over which an average bone density value {(mass per area) may
be developed. 8Such bone density measurements are useful in
evaluating the health of the bone and in tracking bone
mineral loss in diseases such as ostecporosis.

Measurements of average bone density in the ROI may be
distorted by the inclusion of very dense, non-bone elements
guch as metal pins and the like. The density of metal is
much greater than that of bone and biases the average
density reading upward, rendering it less accurate.
Typically, the influence of metallic elements within the ROI
is eliminated from the average density measurement by a
simple thresholds process in which pixels having a density
value greater than a fixed value are ignored in the
calculation of the average.

The present invention has recognized that the average
pone density value within the ROI may also be distorted by
the presence of osteopaths which have a density higher than
that of bone but not so high so that they can be easily
separated from bone by a simple thresholds process.

Referring to Fig. 16 and 17, once a region of interest
of pixels 76 has been selected as indicated by process block
10C, the particular pixel values are analyzed by the
computer 56 to compile a density histogram 102 as indicated
by process block 104. The density histogram plots on the
horizontal axis, possible density values of each pixel 76
and on a vertical axis, the number of pixels 76 having a
given density value. A typical histogram 102 will include
groupings of pixels having similar density values. Such
groupings will be termed "modes™.
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A first mode 106 includes pixels 76 of low density
associated with soft tissue, and a second mode 108 includes
pixels 76 of higher density 108 associated with bone,
Generally, the first and second meodes 106 and 108 are
separated by a readily determined threshold wvalue 105. A
third mode 110 consists of pixels 76 of yet higher density
of a range associated with osteopaths. This third mode 110
is shown for illustration clearly separated from the second
mode 108 but in practice the separation is ill-defined.
Finally, a fourth mode 112 of pixels 76 may exist being of
even higher density than modes 106, 108 and 110 and
associated with pixels measuring metallic pins and the like.
The density of the metals is so much greater than that of
the pixels of modes 106, 108, and 110 that a metal threshold
116 may be established a priori to distinguish this mode 112

from the others
As mentioned, the soft tissue mode 106 may be readily

distinguished from the other modes 108-112 and isclated by
identifying the first local maxima 101 and first local
minima 103 after that maxima 101, This minima 103 becomes
the value of the threshold 105.

At process block 114, an average density of the soft
tissue pixels 106 is determined as designated Sp. As will
be recognized to those of ordinary skill in the art, this
average will simply be the center of mass of the lobe of
mode 106 of the histogram 102.

At process block 118, an average density value for hard
tissue (Hp) is determined by evaluating all those pixels not

within the group 106, e.g., above threshold 105 and below
the metal threshold 116. This value, Hp, will include

certain pixels within mode 110 of the ostecopaths and is

indicated by line A on the histogram 102 of Fig. 16.
At decision block 120, the value of Hp is compared to a

previously computed value of Hp, if any. For the first
iteration, there will be no previously computed value of Hjp

and the program will proceed to process block 122 at which a
threshold is established designated A’ in Fig. 16 and being
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equal to the currently computed average density value of
hard tissue plus 20% of the difference bhetween the average
value of the hard tissue minus the average wvalue in density
of the soft tigsue or:

Hp + 0.2(Ha-53) {(0)

With this threshold in place, the program proceeds
again to process block 118 and a new average density value
for hard tissue is established, generally lower than the
previous average value and indicated by line B of Fig. 16,

and which ignores those pixels above the threshold A’.
Typically this new value of Hp will be significantly

different from the previous Hp , i.e., by more than the

predetermined threshold of decision bleock 120, and therefore
the program loops back to process block 122 and a new
threshold B’ is computed ordinarily of a lower density wvalue
than A’.

This process is repeated until the newly computed value
of Hp converges to within the predetermined threshold of

decision block 120 of the immediately preceding value of Hp.
At this time, decision block 120 within the loop formed by
process blocks 118 and 122, directs the program to process
block 124 and the value of Hp last computed is adopted as
the bone mineral content value for the ROI. The final
threshold established by line C’ and implicit in the masking
calculation of process block 122 may be used to generate an
image of bone with the osteopaths removed per process block
126.

In a further embodiment, those masked pixels of group
110 may be analyzed as to their spatial locations and
isclated pixels, i.e., those not having neighboring pixels
within group 110 may be unmasked reflecting the rule that
the osteopaths are typically of a size that spans at least

two pixels of the image.
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V. Limited Field-of-View Computed Tomography

A. Tomographic Geometrv

Referring te Fig. 18, the radiation source 44 is
mounted on the rim of the C-arm 40 to generate a
diametrically oriented fan beam 48 of radiation with a
narrow fan angle ¢. The C-arm 40 is operable to rotate
through angles & about a center of the gantry 42 within an
image plane 218 with the fan beam 48 parallel to the image
plane. A patient 14 is positioned at the center of the

gantry 42 so that a compact structure of interest 222, such
as the spine, is within the field-of-view 224 defined by the
volume irradiated by the fan beam 48 at all of a plurality
of gantry angles.

The fan beam 48 is received by a detector array 50
having a plurality of detector elements 47 positioned on the
C-arm 40 opposite to the radiation source 44 with respect to
patient 14 and the gantry center 42. Each detector element
47, distinguished by index o, measures the intensity Iy of

the fan beam 48 attenuated by the patient 14 along a ray 230
of the fan beam 48 at angle ¢y extending from the radiation

source 44 to the center of that detector element 47. The

collection of intensity measurements Iy, for all detector

elements 47 at a gantry angle 6 forms a projection and the
coliection of projections for all gantry angles 6 forms a

projection set.

The fan angle ¢ is such as to subtend the compact
structure 222 at thé plurality of gantry angles 8§ but is
less than that required to subtend the entire cross section
of the patient 14 in the image plane 218. This limited
extent of the fan beam 48 significantly reduces the
complexity and expense of the detector array 50 and the
succeeding processing electronics (not shown in Fig. 18).
The limited fan angle ¢ of‘the fan beam 48 also causes

certain veolumes elements 232 ("external volumes") of the

patient 14 to contribute to a projection obtained at a first
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gantry angle 6=8; but not to contribute to a projection at a
second gantry angle 6=85.
The wvolume subtended by the fan beam, as intercepted by
the detecter elements during rotaticn of the gantry, defines
the field-of-view of the CT sgystem.

B. Reconstruction with a Limited Width Detectoxr

The amount of data reguired to reconstruct a CT image
is a function of the CT system’s field-of-view, the larger
the field-of-view, the more data that must be collescted and
processed by the CT system and thus the longer the time
required before an image can be reconstructed. The
acquisition of additional data in each projection also
increases the cost and number of the components of the CT

system,
Therefore, for imaging compact structures within the

body, it would be desirable to limit the field-of-view to an
angle commensurate with the cross-sectional area of that
compact structure. Such a reduction in field-of-view,
accompanied by a reduction in the size ¢f the fan beam,
would reduce the total dose of x-rays received by the
patient. In a CT machine constructed for only imaging
compact structures, a reduced field-of-view would reduce the
cost of the machine and provide increased image
reconstruction speed as a result of the reduced amount of
data required to be processed. Also, as is known in the
art, smaller field of view images may be reconstructed
faithfully using fewer proijection angles, thereby further
reducing the reconstruction times. The reduced cost of such
a machine would result primarily from the reduced number of
detectors and associated data handling circuitry required,
and from the less powerful image reconstruction processor
required to handle the amount of reduced data. Cost savings

from a resulting simplified mechanical construction might
#

. also be achieved.

Unfortunately, for a CT system to accurately
reconstruct images of a compact structure within an
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attenuating body, it is ordinarily necessary that the entire
body containing the compact structure be within the CT
system’s field-of-view. Even when the only structure of
interest is centrally located and its attenuation properties
are very different than those of the rest of the section,
such as the spine within an abdominal section, conventional
CT methods require that substantially the entire object be
within the field of wview. If the body containing the
compact structure extends beyond the field-of-view of the CT
system, then projections at some gantry angles will include
attenuation effects by volume elements of the body not
present in projections at other gantry angles. For the
present discussion, these volume elements present in only
some projections are termed “external vclumes”.

In the reconstruction process, the attenuation caused
by external volumes is erroneously assigned to other volume
elements in the reconstructed image. This erroneous
assignment produces artifacts, manifested as shading or
cupping, and sometimes as streaks, in the reconstructed
tomographic image and are termed “"truncation artifacts".

The acquisition of two projecticns at two different
energies of radiation from radiation source 44 can ba used
to eliminate the contribution of these external volumes 232
to the projections, provided that the characteristic
attenuation function of the material of the external volume
232 are suitably different from those of the material of the
compact structure 222. Specifically, if two projections are
obhtained representing the attenuation of the fan beam 48
along rays 230 by the patient 14 for two radiations
energies, these projections may be used to distinguish
between the attenuation caused by each of two different
basis materials: one material of the external volumes 232
and one material of the compact structure 222. Thus, the
attenuation of the material of the external volumes 232 and
of the compact structure 222 may be determined and the
effect of the former eliminated from the projections. That
is, by eliminating the material of the external volumes 232
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through dual energy imaging, the external wvolume effects are
removed.

C. Dual TImaging Components

Referring now to Figs. 18 and 19, the radiation source
44 may be an unmodulated x-ray tube 44 producing a
polyenergetic fan beam 48 as controlled by =-ray control
262, This fan beam 48 is filtered by stationary filter 264
to concentrate the spectral energies of the x-ray radiation
into a high and low spectral lobe. Stationary filter 264 is
constructed of a material exhibiting absorption
predominantly in frequencies or energy between the two
spectral lobes. A detector 50(¢) is comprised of a primary
and secondary integrating type detector 266 and 268 arranged
so that the fan beam 48, after passing through the patient
14, passes first through primary detector 266 and then after
exiting the primary detector, passes through the secondary
detector 268. Each detector 266 and 268 is a gaseous
ionization detector filled with an appropriate high atomic
number gas such as xenon or a scintillation detector.
Relatively lower energy x-ray photons will give up most of

their energy in the primary detector 266 and be recorded as
the low energy signal Iy; for that ray 230 in fan beam 48.

These lower energy x-ray have a high probability of
interacting in the short distance occupied by the primary
detector 266 because the attenuation of the detector is
higher at the lower energies. The higher energy photons
will give up proportionally more of their energy in the
secondary detector 268 and thereby produce the higher energy
signal Iy. These two signals are collected by a data
acquisition system 270 and used to produce selective
material proijections by circuit 240 using the polychromatic
technigues described above, and reconstructed inte an image
as before.

The detector, alternatively may be a scintillating
crystal type detector, coupled to a photomultiplier tube, or
alternatively a proporticnal counter using xenon or other
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high atomic weight gas such as is well understood in the
art. With either such detector, the energy level of the
received radiation of the fan beam 48 is measured by a pulse
height analyzer 238 which measures the energy deposited by
each guantum of radiation, either pulses of light detected
by the photodetector in the crystal-type detector 50{(a} or
pulses of charyge produced by the proportional counter 50(a).
The pulse height analyzer 238 characterizes each pulse, by
its height, as either high or low energy. The counts'of high
and low energy pulses for a fixed period of time become the
measures Iy; and Iy, respectively. The data for each
detector element 47(a) is processed by selective material
computation circuit 240 (implemented by computer 56) which
performs the calculations described above (e.g. equation 4),
to produce a projection set containing attenuaticn
information for the compact structure 222 only.

Alternatively, the dual energies of radiation may be
produced by switching the operating voltage of the x-ray
tube 44 as is well understoed in the art. Synchronously
with the switching of the voltage on the x-ray tube 44, one
of two filter materials of filter wheel (not shown) may be
rotated into the path of the fan beam 48 on a rotating
filter wheel, prior to the beam intercepting the patient 14.
The filter materials serve to limit the bandwidth of the
polyenergetic radiation from the x-ray tube 44 for each
voltage. The filter wheel and the x-ray tube can be
controlled by x-ray control 262.

In this case the detector 50 may be a single
integrating type detector employing either a scintillating
crystal type detector or a gaseous ionization type detector
coupled to an electrical integrator may be used to produce
the intensity signal, and the integrated signal for each
energy level may be sampled synchronously with the switching
of the bias voltage of the x-ray tube 44 and the rotation of
the filter wheel 274, by data acguisition system 260 to
produce the two intensity measurements Iy and Iyo used by

the selective material computation circuit 240 employing the
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polyenergetic corrections technique previously described
{e.g. Eguation (6).

After passing through the patient 14, the radiation is
received by a detector array 50 comprised of a number of
detector elements 47 which together receive and detect
radiation along each ray 230 of the fan beam 48 to produce
separate signals Iy) and Iyo for each detector element o

and for each energy of radiation.

The control system of a CT imaging system suitable for
use with the present invention has gantry motor controller
242 which controls the rotational speed and position of the
C-arm 40 and provides information to computer 56 regarding
gantry position, and image reconstructor 246 (implemented in
computer 56) which receives corrected attenuation data from
the selective material computation circuit 240 and performs
high speed image reconstruction according to methods known
in the art., Image reconstructor 240 is typically an array
processor in a large field-of«view CT machine, however in
the present invention, with a reduced field-of-view, the
image reconstruction may be performed acceptably by routines
running in general purpose computer 56,

Electric communication between the rotating C-arm 40
and the selective material computations circuit 240 is via
retractable cabling.

Table 12 is controlled so that its upper surface
trangslates across the image plane 218 and may be raised and
lowered to position the compact structure 222 within the
field-of-view 224 of the fan beam 48. The speed and
position of table 12 with respect to the image plane 218 and
field-of-view 224, is communicated to and controlled by
computer 56 by means of table motor controller 250. The
computer 56 receives commands and scanning parameters via
operator console 58 which is generally a CRT display and
keyboard which allows the user to enter parameters for the
scan and to display the reconstructed image and other

information from the computer 56.
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A mass storage device 57 provides a means for storing
operating programs for the CT imaging system, as well as
image data for future reference by the user.

D, Acguisition of the Dual Energy Data

Typically CT projection data is acguired over 360° of
rotation, each proiection including information on the
attenuation of the radiation source for radiation at both of
the radiation energies. As is known in the art, however,
images may be reconstructed from projection data acguired
over less than 360° of gantry rotation provided at least a
minimum gantry rotation of 180° plus the fan beam angle is
obtained. Image reconstruction using less than 360° of
projection data can further reduce the data required to be
processed by the image reconstructeor 246. The weighing and
reconstruction of images from a half scan data set are |
discussed in detail in "Optimal Short Scan Convolution
Reconstruction for Fanbeam CT", Dennis L. Parker, Medical
Physics 9(2) March/April 1982. 1In the present invention,
less than 180° plus the fan beam angle of projection data is
acquired as a result of limitations of the C-arm geometry.

Preferably, two projection sets are acguired, one at
high x-ray energy, and one at low x-ray energy, at each
gantry angle 8 before the C-arm 40 is moved to the next
gantry angle © in an "interleaved" manner so as to minimize
problems due to possible movement of the patient 14. It
will be apparent to one of ordinary skill in the art,
however, that each projection set may be acgquired in
separate cycles of gantry rotation, the advantage to this
latter method being that the x-ray tube voltage and the
filter wheel 274 need not be switched back and forth as

frequently or as fast.

E. Dual Energy Monoepergetic Imaging
The distinction between radiation energy or fregquency,

and intensity or flux is noted.
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The intensity measurement I, along a ray o of a first

high energy of fan beam 48 radiation will be:
Igy = Iy e~{HelMe *+ Hco1Mc) (1)
where Ip; is the intensity of the fan beam 48 of
radiation absent the intervening patient 14; ugl and p-; are

the known values of the masg attenuation coefficient

(cm2/gm) of the material of external volume 232 and of

compact structure 222 respectively at this first radiation

energy; and M and M. are the integrated mass (gm/cmz) of

external volume 232 and of compact structure 222
respectively.

This equation ﬁay be simplified as follows:

Ip1
1ln T = He1Me * HeiMe (2)
ol

The values ug1 and pe) of equation (1) are dependent on

the energy of the radiation of the fan beam 48 and on the

chemical compositions of the materials 232 and 222.

As is well known in the art, the values ng; and may be
measured, or computed, given the chemical composition of the

materials.
A second intensity measurement Iys along the same ray

230, at a second radiation energy, will be given by the
following expression:

fo2 :
1n Tys HeoMe + He2Mc (3)

Iy
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where leg3 dnd peg are different from pgi and pgy, by

virtue of the different photon energy, and Ips is the
incident intensity. Again, pep and gy may be measured or
computed.

Equations 2 and 3 are two independent equations with

two unknowns, Mg and M, , and may be solved simultaneously

to provide values for Mgy and M For example,

__He1lz - He2la
Yo = (4)
Heitoz -~ Hellcl
T I
where Ly = 1ln —oL and Ly = ln AQE_
Tal Tyo
A stable solution requires that ped #* ue

nel pe

This, in turn, results from the different energies of
the two beams and from the different chemical compositions
of the two materials (fundamentally, different relative
contributions of photoelectric abscorption and Compton
scattering for the two materials).

With knowledge of Mg and M. the contribution of the
external volume 232 may be eliminated by substituting for
the intensity measurement Iyjthe value Ipje~HciMc, or more
simply, by using the calculated value M. directly in the
reconstruction algorithms as is understocd in the art. The
creation and measurement cof two monoenergetic radiation
beams will be described further below.

F. Dual Polvenerget;c Imaging

Factor imaging requires a stronger radiation sources

44, which also often entails an increase in the width of the
energy spectrum of the radiation source 44 at each energy E.
For such broadband radiation, egquations (2) and (3) above,
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become more complex regquiring an integration over the
spectrum of the radiation source 44 as follows:

Iy fIO{E)e'{MePe(E) * MU (E)rdg (5)

Such equations do not reduce to a linear function of Mg
5 and M, after the logarithm, and hence more complex non-

linear techniques must be adopted to evaluate Mg and Ms.

One such technigque, termed the closed form fit

approximates the valve of M. as a polynomial function of the

log measurements along ray a at a high and low energy, for

10  example:

2
Mc = kyLy + kglp + k3L + k4L§ + kgLiLg (6)

Ms can similarly be computed.

It will be recognized that polynomials of different
orders may be adopted instead. The coefficients of the
15 polynomial, kj through kg, are determined empirically by
measuring a number of different, calibrated, superimposed
thicknesses of the two materials to be imaged. Alter-
natively, it is known that the total measured polyenergetic
attenuation can be treated as 'if the attenuation had been
20 caused by two dissimilar "basis" materials. Aluminum and

Lucite™ have been used as basis materials. The computed
basis material composition is then used to compute Mg and

M~. The advantage of this approach is that it is easier to
build calibration objects from aluminum and Lucite™ than,
25 for example, bone and soft tissue. The decomposition of an
arbitrary material into two basis materials and further
details on selective material imaging are described in the
article "Generalized Image Combinations in Dual KVP Digital
Radiography", by Lehmann et al. Med. Phys. 8(5), Sept/Oct

30 1981.
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The determination of the coefficients of equation (6)
is performed with a radiation source having the same
spectral envelope as the radiation source 44 used with the
CT apparatus. The ceoefficients are determined using a Least
Squares fit to the empirical measurements developed with the
known thicknesses of the models,

As indicated by the above discussion, the ability to
distinguish between two materials 232 and 222, and thus the
abjility to discount the effect of cne such material (232)
requires a differential relative attenuation by the
materials caused by photoelectric and the Compton effects.
This requirement will be met by materials having
substantially different average atomic numbers and is
enhanced by increased difference in the two energies.

It is possible that the external volumes 232 of the
patient 14 will include more than one type of material. An
examination of the equations (3) and (4), however, reveals
that the above described method will not unambiguously
identify the thicknesses of a material in the presence of
more than two material types within the patient 14. As a
result, the above described method works best when the
material of the compact structure 222 and the materials of
the external volumes 232 have sufficiently different
attenuation functions so that the variations among tissue
types of the external volumes 232 are small by comparison.
Examples are where the compact structure 222 is bone and the
external volumes 232 are muscle, water cor fat; or where the
compact structure contains iodinated contrast agent and the
external volumes 232 do not. These limitations are
fundamental to dual energy selective material imaging and
are not unique to the present use. In any case, errors
resulting from the simplifying assumption of their being
only two materials in patient 14, one for the compact
structure 222 and one for the external volumes 232 are low
énough to permit the above method to be used for the
intended reduction of image artifacts.
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The above description has been that of a preferred
embodiment of the present invention. It will occur to those
that practice the art that many modifications may be made
without departing from the spirit and scope of the

5 invention. In order to apprise the public of the various
emhbodiments that may fall within the scope of the invention,

the following claims are made.
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Claims
We claim:

1. A tomographic system comprising:
a track for moving a pallet with respect to a patient
along a first and second perpendicular axis;
a collar attached to the pallet for slidably holding a
5 C-arm, the C-arm having a first and second end and movable
throngh the collar so as to rotate the first and second end
to one of a plurality of angles about the patient;
a radiation source and detector affixed respectively to
the first and second end in opposition about an center, the
10 detector and radiation source providing energy attenuation
measurements along a beam axis therebetween at the plurality
of angles;
an electronic computer controlling the C-arm, radiation
source and detector according to stored program so¢ as to:
15 (a) rotate the C-arm throughout a plurality of angles;
(b) store attenuation measurements at the plurality of
angles;
{c) reconstruct the stored attenuation measurements

into a tomographic image.
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2. The tomographic system as claimed in claim 1
wherein the C-arm includes:

an arcuate arm having a first and second arm end and
being slidably received the céllar so that the first and
second arm end may rotate about the patient;

a sleeve attached to the first arm end for slidably
holding a support beam having a mounting end projecting from
the first end so as to extend at a plurality of distances
from the first end with sliding of the beam in the sleeve;

wherein one of the radiation source and radiation
detector is attached to the mounting end of the support beam
and the other of the radiation source and the radiation
detector is attached to the second end of the arcuately

extending arm.

3. The tomcgraphic system of claim 1 wherein the C-arm
includes:

an arcuate arm having a first and second arm end and
being slidably received in the collar so that the first and
second arm end may rotate about the axis;

a carriage attached to the first arm end for sliding
inward from the first end along the arcuate arm to a
plurality of distances from the first arm end;

wherein one of the radiation source and radiation
detector is attached to the carriage and the other of the
radiation source and the radiation detector is attached to
the second end of the arcuately extending arm.

4. The tomographic system as claimed in claim 1
wherein the radiation source produces a fan beam having a
fan beam angle and wherein the plurality of angles is less
than 1808 plus the fan beam angle and wherein the electronic
computer estimates from the attenuation measurements further
attenuation measurements that complete a tomographic

projection set.
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5. The tomographic system as claimed in claim 1
wherein the detector receives radiation within the beam
plane extending less than the full width ¢f an average
patient positioned between thé radiation scurce and the
detector within the beam plane and produces separate
attenuation measurements indicating attenuation at two
energy levels wherein the computer procegs the attenuation
measurements to produce attenuation measurements dependaﬁt
on the attenuation of a single material only.

6. An imaging system for obtaining diagnostic images
of a patient comprising:

a radiation source for directing a generally planar
beam of radiation along a radiation axis toward the patient,
the plane of the beam extending along a transverse axis
perpendicular to the radiation axis;

a radiation detector including a plurality of detector
elements arranged along an array axis, the detector opposing
the radiation source about a central point for receiving the
planar beam of radiation after passage through the patient;

an arm means for positioning the radiation source and
radiation detector at a plurality of angles about the
central point so that the array axis is generally
perpendicular to the radiation axis;

a table for holding the patient in the supine position
near the central point;

first rotation means communicating with the radiation
source for rotating the transverse axis of the planar beam

about the radiation axis; and
second rotation means attached between the arm and the

radiation detector for rotating the array axis of the linear
array so that during scanning the array axis is parallel to
the transverse axis with rotation of the radiation source.
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7. The imaging system of claim 6 wherein the radiation
source includes an x-ray tube for producing a substantially
conical beam ¢f radiaticn and a slot collimator for
collimating the conical beam to a planar beam and wherein
the first rotating means rotates only the slot collimator.

8. The imaging system ¢f <¢laim 6 including a filter
interposed between the x-ray tube and the slot cellimator
for filtering the conical beam such that the flux density of
radiation passing through the filter is substantially

symmetric about the radiation axis

9. The imaging system of claim 6 including, in
addition, a control means for rbtating the second rotating
means to prevent collision between the table with the
detector when the gantry is moved among the plurality of

angles
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10. A method of making measurements of vertebrae of a
patient’s spine with a densitometer having an opposed
radiation source and detector, the source and detector
moving to a first and second zngle about the spine and at
each angle scanning to obtain a2 two dimensional array of
pixels representing the attenuation of radiation at
corresponding locations through the patient, comprising the
steps of:

positioning the source and detector at the first angle
and scanning the vertebrae along a first axis to obtain the

first array of pixels;
analyzing the first array of pixels to determine center

of bone mass values at a plurality of points along an axis
of the array corresponding to the first axis;

positioning the source and detector at a second angle
substantially perpendicular to the first angle;

scanning along the first axis of the patient to obtain
the second array of pixels;

adjusting the position of the detector with respect to
the patient during the scanning at the second angle in
accordance with the determined center of bone mass values of

the first array of pixels.
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11. The method of claim 10 wherein the step of
adjusting the position of the detector adjusts the distance
of the detector from the patient so as to render the
distance between the detector and the center of bone mass,
ag intersected by a line betwsen the source and detector,
substantially constant during the scanning at the sscond

angle.

12. The method of claim 10 including the additional
steps of:

disregarding those center of bone mass values for
points along the axis of the array where the center of mass
values are below a predetermined threshold; and

fitting a curve to the remaining plurality of center of
bone mass values and employing points on the curve as the

centaer of bone mass values.

13. The method of claim 12 including the step of
determining the slope of the curve to produce a set of slope
values; and

wherein the step of adjusting the position of the
detector adjusts the angle of a line between the source and
detector so that the intersection of the line and the curve
as superimposed on-the patient is at an angle so that the
line and curve are substantially perpendicular at the

intersection.
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14, An imaging system for obtaining diagnostic images
of a patient comprising:

a radiation source for directing a beam of radiation
along a radiation axis toward the patient;

a radiation detector opposing the radiation source
about a central point for receiving the beam of radiation
after passage through the patient;

an arcuate arm, having a first end holding the
radiation source and a second end holding the detector, for
being slidably received in a collar of similar arc for
positioning the radiation source and radiation detector at a
plurality of angles about a central point;

a table for helding the patient in a supine position
near the central point

a pallet for rotating the collar about a first axis
with respect to the table and for translating the collar
along a second and third axis with respect to the table,
wherein each of the first second and third axes are

orthogonal.
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15. A table supporting a patient during a diagnostic
imaging examination comprising:

a first and second upwardly extending pillar having top
edges separated by a& span distance substantially equal to
the height of the patient;

a generally horizontal support surface having an
inferior and superior end opposed about a longitudinal axis
and attached to corresponding ones of the top edges of the
pillars so as to span the distance between the upwardly
extending pillars without additional support, the support
surface further having left and right edges opposed about a
transverse axis perpendicular to the longitudinal axis, the
support surface for recelving the supine patient betwsen the
superior and inferior ends of thé surface;

wherein the distance along the transverse axis between
the left and right edges decreases near the center of the

support surface.

16. The table of claim 15 wherein the support suriface
has an upwardly arcuate cross-section along the transverss

axis.

17. The table of claim 15 wherein the horizontal
support surface is an air entrained polymer having an outer

coating of bonded reinforcing fibers.
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18. A method of identifying osteopaths in a bone
density image comprising the steps of:

ta) employing a bone densitometer to obtain a plurality
of pixels each having a density value and a spatial

5 location;

{b) determining a region of interest comprising
selected pixels of the image;

(c) reviewing the selected pixels to create a multiple
mode density histogram providing frequency of density values

10 of pixels as a function of density value;

(d) identifying the lowest density mode to produce a
soft tissue average Sp;

(e) identifying a second lowest density mode of pixels
not int he lowest density mode to produce a hard tissue

15 average Hp;

(f£) establishing a threshold above the hard tissue
average based n the difference between the hard tissue
average and the soft tissue average:

{g) recomputing the hard tissue average ignoring pixels

20 above the threshold;

(h) repeating steps (a) through (f) until the change in

the computed hard tissue average is below a predetermined

threshold; and
(i) displaying the current hard tissue average.
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