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Description

[0001] This invention generally relates to three-dimensional ultrasound imaging of the human anatomy for the purpose
of medical diagnosis. In particular, the invention relates to methods and apparatus for three-dimensional imaging of the
human anatomy by detecting ultrasonic echoes reflected from a scanned volume in a human body.
[0002] Conventional ultrasound scanners create two-dimensional B-mode images of tissue in which the brightness of
a pixel is based on intensity of the echo return. Alternatively, in a color flow imaging mode, movement of fluid (e.g.,
blood) or tissue can be imaged. Measurement of blood flow in the heart and vessels using the Doppler effect is well
known. The phase shift of backscattered ultrasound waves may be used to measure velocity of the backscatterers from
tissue or blood. The Doppler shift may be displayed using different colors to represent speed and direction of flow. In
power Doppler imaging, the returned Doppler signal power is displayed. Although the following discussion refers pre-
dominantly to B-mode imaging for the sake of brevity, the present invention applies to any mode of ultrasound imaging.
[0003] Two-dimensional ultrasound images are often difficult to interpret due to inability of the observer to visualize
the two-dimensional representation of the anatomy being scanned. In addition, it may not be possible to acquire the
precise view needed to make a diagnosis due to probe geometry or poor access to the area of interest. However, if the
ultrasound probe is swept over an area of interest and two-dimensional images are accumulated to form a three-
dimensional data volume, the anatomy becomes much easier to visualize for both the trained and untrained observer.
Also, views which cannot be acquired due to probe geometry or poor access to the area of interest can be reconstructed
from the three-dimensional data volume by constructing slices through the volume at the angle that is otherwise difficult
to obtain.
[0004] In order to generate three-dimensional images, the imaging system computer can transform a source data
volume retrieved from memory into an imaging plane data set. The successive transformations may involve a variety of
projection techniques such as maximum, minimum, composite, surface or averaged projections made at angular incre-
ments, e.g., at 10° intervals, within a range of angles, e.g., +90° to -90°. Each pixel in the projected image includes the
transformed data derived by projection onto a given image plane.
[0005] In free-hand three-dimensional ultrasound scans, a transducer array (1 D to 1.5D) is translated in the elevation
direction to acquire a set of image planes through the anatomy of interest. These images can be stored in memory and
later retrieved by the system computer for three-dimensional reconstruction. If the spacings between image frames are
known, then the three-dimensional volume can be reconstructed with the correct aspect ratio between the out-of-plane
and scan plane dimensions. If, however, the estimates of the inter-slice spacing are poor, significant geometric distortion
of the three-dimensional object can result.
[0006] A conventional ultrasound imaging system collects B-mode, color flow mode and power Doppler mode data in
a cine memory on a continuous basis. As the probe is swept over an area of the anatomy, using either a free-hand
scanning technique or a mechanical probe mover, a three-dimensional volume is stored in the cine memory. The distance
the probe was translated may be determined by any one of a number of techniques. The user can provide an estimate
of the distance swept. Alternatively, if the probe is moved at a constant rate by a probe mover, the distance can easily
be determined. Attachment of a position sensor to the probe to determine the position of each slice os amptjer a;
termatove/. Markers on the anatomy or within the data could also provide the required position information. Yet another
technique is to estimate the scan plane displacements directly from the degree of speckle decorrelation between suc-
cessive image frames. Once the data volume has been acquired, the central processing unit can provide three-dimen-
sional projections of the data as well as arbitrary slices through the data volume.
[0007] It is often desirable to form a three-dimensional projection of the surface of an internal structure during diagnostic
medical imaging. For instance, in obstetrics, it is often desirable to scan parts of the fetal anatomy (hands, feet, or face)
to look for possible fetal defects. Techniques have been developed which produce a single three-dimensional projection
of fetal anatomy from a fixed position. These techniques require that the baby’s face be oriented so that it is looking up
at the transducer and most often use special positioning devices such as a motorized probe mover. A range gate is
often used to eliminate unwanted anatomy from the data volume to be rendered. In addition, simplifying assumptions
are made in the compositing algorithm to speed up rendering. While this technique appears to produce reasonable
results, it has several drawbacks.
[0008] In practice, it is unrealistic to require that the baby being imaged be in a fixed orientation, so any technique
with this requirement will have limited application. Further, a single view is often not enough to make a definitive diagnosis
of a defect. Thus there is a need for a technique which does not require either a special probe or that the object being
imaged be in any particular orientation and which allows the object to be viewed from any angle.
[0009] In EP-A-0 797 106 a medical diagnostic ultrasound system is described in which ultrasonic B mode tissue
information and Doppler flow information is acquired from a volumetric region of the body and processed together to
render a three dimensional image. The rendering utilizes separate three dimensional rendering parameters for the tissue
and flow information, respectively.
[0010] In one embodiment of the invention an ultrasound imaging system includes a transducer array having a mul-
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tiplicity of transducer elements for transmitting wave energy in response to electrical activation and transducing returned
wave energy into electrical signals, a transmitter coupled to the transducer array and programmed to activate a plurality
of the transducer elements to transmit focused wave energy for each of a multiplicity of transmit focal positions in each
of a multiplicity of scan planes, a receiver programmed to form receive signals from electrical signals supplied from the
plurality of transducer elements subsequent to each transmit for each of a multiplicity of scan lines in each scan plane
and a processing subsystem for converting the receive signals into imaging signals for each scan line in each scan
plane; memory for storing a respective set of imaging signals for each scan plane to form a data volume. The system
further includes a computer programmed to perform an algorithm for generating projected image data representing a
projection of the data volume onto an imaging plane. The algorithm comprises the steps of: (a) generating reformatted
slices of pixel data through the data volume, the reformatted slices being mutually parallel; and (b) for each of a multiplicity
of rays cast from respective pixels on the imaging plane, calculating a respective accumulated intensity for pixels in the
reformatted slices which are substantially registered with the respective cast rays to form the projected image data;
wherein the cast rays are substantially perpendicular to the imaging plane; the reformatted slices are substantially parallel
to the imaging plane and the accumulated intensities are calculated as a function of an opacity function. The system
further comprises a subsystem for displaying a projected image which is a function of the projected image data. The
accumulated intensities along a given cast ray are iteratively calculated for successive reformatted slices in accordance
with the equation: 

where Iz,y,x is the accumulated intensity of the projected pixel at (x,y) in plane z; Iz-1,y,x is the accumulated intensity of
the projected pixel at (x,y) in plane (z - 1); Pz,y,x’ is the depth-shaded intensity of the current (i.e., currently being
accumulated) pixel at (x,y) in plane z; O[Pz,y,x] is the opacity at (x,y) in plane z (and is a function of the non-depth-shaded
pixel intensity); and Or(z,y,x) is the remaining opacity at (x,y) in plane z, wherein the remaining opacity is calculated for
successive reformatted slices in accordance with the equation: Or(z,y,x) = Or(z-1,y,x)· (1 - O[Pz,y,x]).
[0011] In another embodiment of the invention a method for three-dimensional ultrasound imaging of a volume of
matter comprises transmitting focused wave energy for each of a multiplicity of transmit focal positions in each of a
multiplicity of scan planes intersecting the volume of matter, generating echo signals derived from echoes of wave energy
returned from the volume of matter following each transmit for each of a multiplicity of scan lines in each scan plane and
converting the receive signals into imaging signals for each scan line in each scan plane. The method further comprises
storing a respective set of imaging signals for each scan plane to form a data volume and generating reformatted slices
of pixel data through the data volume, where the reformatted slices are mutually parallel and, for each of a multiplicity
of rays cast from respective pixels on the imaging plane, calculating a respective accumulated intensity for pixels in the
reformatted slices which are substantially registered with the respective cast rays to form projected image data. The
reformatted slices are substantially parallel to the imaging plane. The cast rays are substantially perpendicular to the
imaging plane. The accumulated intensities are calculated as a function of an opacity function. The method also includes
displaying a three-dimensional image which is a function of the projected image data. The accumulated intensities along
a given cast ray are iteratively calculated for successive reformatted slices in accordance with the equation: 

where Iz,y,x is the accumulated intensity of the projected pixel at (x,y) in plane z; Iz-1,y,x is the accumulated intensity of
the projected pixel at (x,y) in plane (z - 1); Pz,y,x’ is the depth-shaded intensity of the current (i.e., currently being
accumulated) pixel at (x,y) in plane z; O[Pz,y,x] is the opacity at (x,y) in plane z (and is a function of the non-depth-shaded
pixel intensity); and Or(z,y,x) is the remaining opacity at (x,y) in plane z, wherein the remaining opacity is calculated for
successive reformatted slices in accordance with the equation: Or(z,y,x) = Or(z-1,y,x) • (1 - O[Pz,y,x]).
[0012] Three-dimensional imaging of an object from any angle relative to the plane of acquisition is accomplished in
an ultrasound imaging system which scans a human body and collects multiple images (e.g., B mode) in a cine memory
to form a data volume. The system computer then performs a surface-enhanced volume rendering.
[0013] In accordance with a preferred embodiment of the invention, the system computer generates an opacity function.
The opacity varies from zero to unity as a function of the pixel value. Then the system computer generates a multiplicity
of reformatted slices through the data volume and parallel to the imaging plane. For each projected pixel, a ray is cast
through the reformatted slices onto the imaging plane. For each pixel along the ray, the accumulated intensity is calculated
as a function of the pixel and opacity values for the pixel being processed, the accumulated intensity calculated at the
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preceding pixel, and the remaining opacity for the subsequent pixels. The final accumulated intensity for each ray is
obtained when the remaining opacity reaches a predetermined minimum. The accumulated intensities for all cast rays
form the projected image, which is stored in cine memory and then selectively displayed. Optionally, the projected image
may be scaled and subjected to contrast enhancement prior to storage in the cine memory.
[0014] An embodiment of the invention will now be described, by way of Example, with reference to the accompanying
drawings, in which:
[0015] FIG. 1 is a block diagram generally depicting various subsystems of a conventional real-time digital ultrasound
imaging system.
[0016] FIG. 2 is a block diagram showing the means for reconstructing frames comprising successive volumetric
projections of pixel data in accordance with a preferred embodiment of the invention.
[0017] FIG. 3 is a schematic depicting a ray cast through a data volume in accordance with the projection technique
of a preferred embodiment of the invention.
[0018] FIG. 4 is a graph of an opacity function of the type employed in a preferred embodiment of the invention.
[0019] FIG. 5 is a flowchart showing a procedure for acquiring and displaying three-dimensional imaging data.
[0020] FIG. 6 is a flowchart showing the steps of an algorithm for reconstructing frames comprising successive volu-
metric projections of pixel data in accordance with the preferred embodiment of the present invention.
[0021] The basic signal processing chain in the conventional B-mode imaging system is depicted in FIG. 1. An ultra-
sound transducer array 2 is activated to transmit an ultrasound beam focused at a transmit focal position. The return
RF signals are detected by the transducer elements and then dynamically focused at successive ranges along a scan
line by a beamformer 4 to form a receive vector. The beamformer output data (I/Q or RF) for each scan line is passed
through a B-mode processing chain 6 which includes equalization filtering, envelope detection and logarithmic compres-
sion. Depending on the scan geometry, up to a few hundred vectors may be used to form a single acoustic image frame.
To smooth the temporal transition from one acoustic frame to the next, some acoustic frame averaging 8 may be
performed before scan conversion. For a sector scan, compressed images in R-θ format are converted by a scan
converter 10 into X-Y format for display. On some systems, frame averaging may be performed on the X-Y data (indicated
by dashed block 12) rather than the acoustic frames before scan conversion, and sometimes duplicate video frames
may be inserted between acoustic frames in order to achieve a given video display frame rate. The scan-converted
frames are passed to a video processor 14, which basically maps the scan-converted data to a display gray or color
map for video display.
[0022] System control is centered in a host computer 20, which accepts operator inputs through an operator interface
22 and in turn controls the various subsystems. (In FIG. 1, the system control lines from the host computer to the various
subsystems have been omitted for the sake of simplicity.) During imaging, a long sequence of the most recent images
is stored and continuously updated automatically in a cine memory 16. Some systems are designed to save the R-θ
acoustic images (this data path is indicated by the dashed line in FIG. 1), while other systems store the X-Y video images.
The image loop stored in cine memory 16 can be reviewed on the display monitor via trackball control (interface 22),
and a section of the image loop can be selected for hard disk storage.
[0023] For an ultrasound scanner with free-hand three-dimensional imaging capability, the selected image sequence
stored in cine memory 16 is transferred to host computer 20 for three-dimensional reconstruction. The result is written
back into another portion of the cine memory or to scan converter memory, from where it is sent to the display system
18 via the video processor 14.
[0024] Referring to FIG. 2, scan converter 10 comprises an acoustic line memory 24 and an XY display memory 26.
The B-mode imaging data stored in polar coordinate (Rθ) sector format in acoustic line memory 24 are transformed
to appropriately scaled Cartesian coordinate intensity data, which are stored in XY display memory 26. Each image
frame out of XY display memory 26 is sent to video processor 14. Before gray mapping, frames of B-mode imaging data
in the video processor 14 are stored in cine memory 16 on a first-in, first-out basis. Storage can be continuous or as a
result of an external trigger event. The cine memory 16 is like a circular image buffer that runs in the background,
capturing image data that are displayed in real time to the user. When the user freezes the system (by operation of an
appropriate device on operator interface 22), the user has the capability to view image data previously captured in cine
memory.
[0025] The selected image sequence stored in cine memory 16 is transferred to host computer 20 for three-dimensional
reconstruction. The multiple frames of imaging data acquired during the sweep of the probe form a three-dimensional
data volume. Host computer 20 retrieves the region of interest from cine memory 16 and uses a volume rendering
technique to reconstruct projected images onto various imaging planes. The projected data resulting from each projection
are written back into another portion of the cine memory or to scan converter memory, from where they are sent to
display monitor 18 via video processor 14.
[0026] Host computer 20 comprises a central processing unit (CPU) 28 and system memory 30. CPU 28 is programmed
to transform an acquired volume of imaging data into a multiplicity of three-dimensional projection images taken at
different angles. CPU 28 controls the flow of data between X-Y display memory 26, video processor 14, cine memory
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16 and the CPU itself via the system control bus 32. Each frame of imaging data, representing one of a multiplicity of
scans or slices through the object being examined, is stored sequentially in acoustic line memory 24, in x-Y memory 26
and in video processor 14. Before gray mapping, frames of B-mode imaging data are sent from the video processor to
cine memory 16. A stack of frames, representing the scanned object volume, is stored in cine memory 16, forming a
source data volume. Once the source data volume has been acquired, CPU 28 can provide three-dimensional projections
of the data as well as arbitrary slices through the source data volume.
[0027] The conventional system has the capability to superimpose graphical symbols on any ultrasound image. The
superimposition of graphics on the image frame is accomplished in the video processor 14, which receives the ultrasound
image frame from XY display memory 26 and the graphics data from a graphics display memory 34. The graphics data
are processed and input into graphics display memory 34 by host computer 20 or by a dedicated graphics processor
(not shown).
[0028] In order to generate three-dimensional images, the CPU 28 can transform a source data volume retrieved from
cine memory 16 into an imaging plane data set. In accordance with the preferred embodiments of the invention, the
successive transformations involve a composite 0 projection technique. Each pixel in the projected image includes the
transformed data derived by projection onto a given image plane.
[0029] A simplified compositing algorithm renders a three-dimensional projection perpendicular to the plane of acqui-
sition. For each pixel in the rendered image 36 (see FIG. 3), a ray 38 is cast through the data 5 volume 40, which
comprises n slices numbered from 0 to (n - 1). As the ray passes through each plane in the data volume, the contribution
to the rendered image of the pixel intersected by the ray is added using the following equation:

where Iz,y,x is the accumulated intensity of the projected pixel at (x,y) in plane z; Iz-1,y,x is the accumulated intensity of
the projected pixel at (x,y) in plane (z - 1); Pz,y,x’ is the depth-shaded intensity of the current (i.e., currently being
accumulated) pixel at (x,y) in plane z; O[Pz,y,x] is the opacity at (x,y) in plane z (and is a function of the non-depth-shaded
pixel intensity); and Or(z,y,x) is the remaining opacity at (x,y) in plane z. The opacity at plane z = 0 is equal to unity, i.e.,
Or(0,y,x) = 1. At each successive plane z, the remaining opacity is

[0030] The pixels along the ray are summed until the remaining opacity falls below a threshold value.
[0031] The opacity function O[Pz,y,x] ranges from zero to unity as the pixel value Pz,y,x goes from its minimum value
to its maximum value.
[0032] FIG. 4 shows an opacity curve generated by the function

where T defines the midpoint of the curve and W defines the slope of the curve. The opacity ranges from 0 to 1.0 as i
goes from 0 to 255 (for 8-bit unsigned data). By varying T, one can select the midpoint of pixel intensity values that
define the surface of interest. Varying W affects the sharpness of the transition from transparent to opaque and therefore
the appearance of the surface.
[0033] If the foregoing algorithm were used to re-render the image as the volume is rotated, the intensity of the image
would vary because the inter-slice spacing is not taken into account in the opacity function shown in FIG. 2. The opacity
as applied to each pixel can be modified to correct for this condition by employing the formula

where O[Pz,y,x] is the original opacity calculated for a given pixel, and d is the inter-slice spacing.
[0034] As a further aid to visualization in certain cases, it is desirable (although not required) to create more of an
impression of depth. This is done by adding depth shading to the rendering equation as follows:
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where i is the plane number, and A is the amount of attenuation applied at each distance increment d. For example, if
the total number of slices were 100 and the amount of attenuation were 10%, then the attenuation for each slice (plane)
would be A = 0.001. The MAX function ensures the pixel values do not become negative.
[0035] A more effective way of eliminating unwanted features in the data volume that obscure anatomy of interest is
to interactively remove the feature from the volume by using a pointing device such as a mouse to outline the feature
to be removed. This process is sometimes referred to as "electronic scalpeling".
[0036] The foregoing surface-enhanced volume rendering technique can be included as one of a panoply of selectable
three-dimensional projection techniques employed by an ultrasound imaging system.
[0037] FIG. 5 is a flowchart showing an image acquisition and display procedure in which the surface-enhanced volume
rendering technique in accordance with the preferred embodiment of the invention is included as one of the selectable
projection techniques. The user begins by sweeping the ultrasound probe over an area of interest (step 100). For example,
the sweep may be acquired by a free-hand sweep in a linear or rocking motion. Once the data are acquired, the user
"freezes" the cine memory (step 102) by depressing the Freeze key and then selects the range of cine memory frames
(slices) to be included in the Z-dimension of the data volume (step 104). The operator accomplishes the latter step by
moving a trackball. A Z-dimension select gauge appears on the display screen when the trackball is moved. The trackball
is then used to control the position of an indicator relative to the gauge. The indicator can be moved to a desired left
end point and then the left end point is locked by depression of predetermined key on the operator interface. Then the
indicator can be moved to a desired right end point and then the right end point is locked by depression of the same
predetermined key. This establishes the slices to be included in the data volume. The operator then enters the "3D
mode" by depressing the appropriate key on the interface (step 106).
[0038] Upon entering the 3D mode, the operator must first select the XY-dimension and location of the ROI (region
of interest) within the data volume (step 108). This step is accomplished by manipulating a region of interest box which
appears in a default position on the display screen in response to depression of the 3-D mode key. The region of interest
box can be sized and translated in X and Y to encompass an imaged structure which appears on a sector scan image.
The region of interest box is translated by moving the trackball and is sized by operation of a four-sided rocker switch
incorporated in the operator interface.
[0039] After the ROI has been defined, the operator selects (step 110 in FIG. 10) the type of three-dimensional
projection (minimum, maximum or average pixel projection, surface, the composite technique of the invention, etc.) and
the display mode desired, and then presses a render key (step 111). The defined ROI is then retrieved from cine memory
16 (see FIG. 2) by the host computer 20. The host computer scans the retrieved data for duplicate frames and discards
them (step 112). The host computer then calculates the inter-slice spacing for the data set (step 114). (The inter-slice
spacing is assumed to be constant over the length of the data volume.) For example, the inter-slice spacing can be
calculated using the adaptive speckle correlation technique disclosed in U.S. patent application Serial No. 09/045,780
filed on March 20, 1998 now US-Patent US 6012458 and assigned to the instant assignee.
[0040] After calculation of the inter-slice spacing, the system enters a "volume rotate" mode, which is one of three
submodes included in the 3D mode. In the "volume rotate" mode, signals representing a colored (e.g., green) orientation
box are generated by the host computer (or a dedicated graphics processor), arranged in XY format in the graphics
display memory 34 and then sent to the video processor 14. The video processor causes a green orientation box to be
displayed on the display screen (step 116). At the same time the host computer performs the selected full-resolution
pixel projection of the defined data volume based on the calculated inter-slice spacing (step 118). The projected three-
dimensional image is sent to cine memory 16 and then on to video processor 14. Video processor 14 causes the projected
three-dimensional image to be displayed on the display screen along with the orientation box. Both the orientation box
and the initial projection are oriented with the Z axis pointing into the screen, the Y axis vertical, and the X axis horizontal,
i.e., the orientation box appears as a rectangle having X and Y dimensions proportional to the X and Y dimensions of
the selected region of interest. The data slices are acquired along the Z axis. This is defined to be the zero angle projection.
[0041] In the "volume rotate" mode, the operator can use the trackball to rotate the orientation box and the projected
image about the X and Y axes. Rotation about the Z axis is performed using a separate rotary knob on the operator
interface. The orientation box and the projected image follow the movement of the trackball and rotary knob in "real-
time" so that the user can orient the box as desired. The rotational position of each axis is shown on the display panel.
To realize real-time rotation of the projected image, the system detects whether the trackball is moving (step 120). If the
trackball is moving, the orientation box follows the trackball and a decimated rendering is performed in real-time (step
122). If the trackball is stopped (step 124), a full-resolution pixel projection is again created and displayed (step 126). If
the ultrasound imaging system operator desires to see two-dimensional slices through the data volume at the current
X, Y, Z rotation orientation, the operator presses the "display mode"’ key (step 128 in FIG. 5) to exit (step 130) the
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"volume rotate" mode and enter the "cut-plane" (reformat) mode (not shown). Techniques for reformatting data to produce
arbitrary slices through a data set are well known.
[0042] In response to selection of the surface-enhanced volume rendering technique (step 110 in FIG. 5) in accordance
with a preferred embodiment of the invention, the host computer will create a full-resolution pixel projection (step 118
in FIG. 5) using the procedure generally depicted in FIG. 6. The host computer generates a transformation matrix (step
132) as a function of the angle of rotation of the data volume. The host computer then calculates the dimensions of the
memory which will be needed to perform the volume rendering operations based on the dimensions of reformatted slices
through the rotated data volume (step 134). The host computer allocates a buffer of the required size in system memory
(step 136). The operator then sets the threshold T (step 138). In response to this operator input, the host computer
generates the opacity function in accordance with Eq. (3) (step 140). For each of n values of z = 0 to (n - 1) (block 142
in FIG. 6), the host computer then performs the following projection algorithm.
[0043] For each value of z, the host computer generates a reformatted slice of data (step 144) which is oriented parallel
to the imaging plane. The reformatting is done by taking samples of the pixel values along a respective slice at any angle
through the data volume, interpolating between adjacent pixel values as needed. The inter-slice spacing d for the
reformatted slices is constrained to be the same as the inter-slice spacing calculated in step 114 of FIG. 5, so that the
power d in Eq. (4) is i normalized to unity. This allows the system to use the same opacity function for each slice, thereby
avoiding the need to generate a new opacity function for each slice in accordance with Eq. (4).
[0044] For each reformatted slice, the host computer then calculates the accumulated intensity along rays intersecting
pixels on the imaging plane using Eq. (1), the number of slice pixels in the x direction being x-size and the number of
slice pixels in the y direction being y-size, as indicated at steps 146 and 148 in FIG. 6. The variable Pix is successively
set equal to each pixel value Pz,y,x in the slice being processed, bearing in mind that one need not accumulate the
intensities of all pixels in a given slice which are in registration with a respective cast ray, but rather that the x and y
incremental steps may vary from slice to slice. If z = 0 (step 150), then the accumulated intensity is calculated for each
pixel x, y as follows:

(step 152), where Pix = P0,y,x. Also the remaining opacity is calculated for each x, y pair as follows:

These calculations are performed through iterations of x and y from 0 to (x-size - 1) and from 0 to (y-size-1) respectively
(blocks 160 and 162), at which point the routine loops back (since z ... (n - 1)) and generates the next reformatted slice,
i.e., for z = 1. The host computer again sets the variable Pix equal to each successive pixel value for each x, y pair.
Since z = 1, step 152 directs the host computer to determine whether the remaining opacity for each x, y pair in plane
z = 1 is above a predetermined minimum (step 154). If the remaining opacity is not above the minimum, then the
accumulated intensity is not calculated based on that pixel and the algorithm proceeds to the next pixel. If the remaining
opacity is above the minimum, then the pixel intensity Pix is adjusted for depth (step 156) in accordance with Eq. (5).
Then the accumulated intensity and the remaining opacity are calculated (steps 158) in accordance with Eqs. (1) and
(2) respectively. These calculations are performed for all projected pixels in plane z = 1. The entire algorithm is then
repeated for each successive reformatted slice until the last projected pixel of the last plane z = (n - 1) has been processed
(step 164). The end result is a set of accumulated pixel intensities for the region of interest being projected onto the
imaging plane.
[0045] The projection data are then optionally scaled to a larger size (step 166) to counteract the effect of any scaling
matrix incorporated in the transformation matrix in order to eliminate holes, i.e., by reducing the distance between any
pair of projected pixels in the rotated data volume to 1 unit.
[0046] To achieve the best image quality when performing three-dimensional reconstructions of ultrasound images,
it is necessary to adjust the contrast of the reconstructed image due to the large variation in the contrast of ultrasound
images. Before the projected images are stored in cine memory, the contrast of the pixel intensity data making up those
projected images is adjusted (step 168) by the host computer, which creates a one-to-one mapping of unadjusted pixel
intensity data into adjusted pixel intensity data. The mapping is generated based on the pixel intensity data of either a
source frame or a projected image. In the former case, the mapping is generated before projection; in the latter case,
the mapping is generated after projection. The mapping is applied to each projected image to provide contrast adjustment
for display.
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[0047] To generate the contrast adjustment mapping, the host computer compiles a histogram of the number of pixels
having an intensity within each of a multiplicity of prescribed intensity ranges or bins for one or more slices of source
data or for one or more projected images. At the same time, the host computer determines the maximum pixel intensity
in the source or projected image. Starting with the bin including the maximum number of pixels and then adding the
remaining bins in the order of decreasing number of pixels, the number of pixels in each intensity range or bin are added
up until a predetermined percentage of the total number of pixels is reached. When the counted bins include mostly
relatively high-intensity pixels, the lower limit of the lowest intensity bin included in the count becomes the pixel intensity
threshold. Conversely, when the counted bins include mostly relatively low-intensity pixels, the upper limit of the highest
intensity bin included in the count becomes the pixel intensity threshold. In either case, a one-to-one mapping is then
created such that the range of intensity values above (or below) the pixel intensity threshold is linearly correlated to an
expanded display intensity value range from 0 to 255.
[0048] The contrast of each projected image is automatically adjusted, using the mapping generated from the pixel
intensity histogram, before the host computer writes that projected image into the cine memory. More specifically, the
projected pixel data having intensity values within the range corresponding to the bins included in the histogram count,
i.e., within the map input range, are contrast adjusted by transforming each intensity value in the projected pixel data
into the corresponding display intensity value established by the one-to-one mapping. The pixel data having intensity
values outside the map input range are discarded. By thus increasing the contrast of the pixel intensity data of greatest
interest and discarding the pixel intensity data of least interest, each projected image is mapped to the desired brightness
and contrast range above or below the pixel threshold depending on the intended result
[0049] As an aid to visualization, a bounding box is added to the projected image which matches the orientation box
(step 170). The projected image and the bounding box are displayed (step 172) with the box overlying the projection.
The displayed box is depth shaded to appear to become darker as the box goes towards the "back" of the data volume.

Claims

1. An ultrasound imaging system comprising:

a transducer array (2) having a multiplicity of transducer elements for transmitting wave energy in response to
electrical activation and transducing returned wave energy into electrical signals;
a transmitter coupled to said transducer array and programmed to activate a plurality of said transducer elements
to transmit focused wave energy for each of a multiplicity of transmit focal positions in each of a multiplicity of
scan planes;
a receiver (4) programmed to form receive signals from electrical signals supplied from said plurality of transducer
elements subsequent to each transmit for each of a multiplicity of scan lines in each scan plane;
a processing subsystem (6, 8, 10) for converting said receive signals into imaging signals for each scan line in
each scan plane;
memory for storing a respective set of imaging signals for each scan plane to form a data volume (40);
a computer (20) programmed to perform an algorithm for generating projected image data representing a
projection of said data volume onto an imaging plane, wherein said algorithm comprises the steps of:

(a) generating reformatted slices of pixel data through said data volume, said reformatted slices being
mutually parallel; and
(b) for each of a multiplicity of rays cast from respective pixels on said imaging plane, calculating a respective
accumulated intensity for pixels in said reformatted slices which are substantially registered with said re-
spective cast rays to form said projected image data; wherein said cast rays are substantially perpendicular
to said imaging plane; said reformatted slices are substantially parallel to said imaging plane and said
accumulated intensities are calculated as a function of an opacity function; and

a subsystem (18) for displaying a projected image which is a function of said projected image data;
characterized in that:

said accumulated intensities along a given cast ray are iteratively calculated for successive reformatted
slices in accordance with the equation: 
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where Iz,y,x is the accumulated intensity of the projected pixel at (x,y) in plane z; Iz-1,y,x is the accumulated
intensity of the projected pixel at (x,y) in plane (z - 1);
Pz,y,x’ is the depth-shaded intensity of the current (i.e., currently being accumulated) pixel at (x,y) in plane
z; O[Pz,y,x] is the opacity at (x,y) in plane z (and is a function of the non-depth-shaded pixel intensity); and
Or(z,y,x) is the remaining opacity at (x,y) in plane z, wherein the remaining opacity is calculated for successive
reformatted slices in accordance with the equation: Or(z,y,x) = Or(z-1,y,x) · (1 - O[Pz,y,x]).

2. The system as recited in claim 1, wherein the Pix values are calculated as a function of a product of an attenuation
factor and a slice number.

3. The system as recited in claim 2, wherein the Pz,y,x’ values are calculated in accordance with the equation:

Pz,y,x’ = MAX(Pz,y,x • (1.0 - i • d • A), 0) wherein Pz,y,x is the intensity of the pixel at (x,y) in plane z without depth
shading; i is the slice number; and A is the amount of attenuation applied at each distance increment d.

4. A method for three-dimensional ultrasound imaging of a volume of matter, comprising the steps of:

transmitting focused wave energy for each of a multiplicity of transmit focal positions in each of a multiplicity of
scan planes intersecting the volume of matter;
generating echo signals derived from echoes of wave energy returned from the volume of matter following each
transmit for each of a multiplicity of scan lines in each scan plane;
converting said receive signals into imaging signals for each scan line in each scan plane;
storing a respective set of imaging signals for each scan plane to form a data volume;
generating reformatted slices of pixel data through said data volume, said reformatted slices being mutually
parallel;
for each of a multiplicity of rays cast from respective pixels on said imaging plane, calculating a respective
accumulated intensity for pixels in said reformatted slices which are substantially registered with said respective
cast rays to form projected image data; wherein said reformatted slices are substantially parallel to said imaging
plane, said cast rays are substantially perpendicular to said imaging plane and said accumulated intensities
are calculated as a function of an opacity function; and
displaying a three-dimensional image which is a function of said projected image data;
characterized in that:

said accumulated intensities along a given cast ray are iteratively calculated for successive reformatted
slices in accordance with the equation: 

where Iz,y,x is the accumulated intensity of the projected pixel at (x,y) in plane z;
Iz-1,y,x is the accumulated intensity of the projected pixel at (x,y) in plane (z -1);
Pz,y,x’ is the depth-shaded intensity of the current (i.e., currently being accumulated) pixel at (x,y) in plane z; O
[Pz,y,x] is the opacity at (x,y) in plane z (and is a function of the non-depth-shaded pixel intensity); and
Or(z,y,x) is the remaining opacity at (x,y) in plane z, wherein the remaining opacity is calculated for successive
reformatted slices in accordance with the equation: Or(z,y,x) = Or(z-1,y,x) · (1 - O[Pz,y,x]).

5. The method as recited in claim 4, wherein the Pix values are calculated as a function of a product of an attenuation
factor and a slice number.

6. The method as recited in claim 5, wherein the Pz,y,x’ values are calculated in accordance with the equation: 

wherein Pz,y,x is the intensity of the pixel at (x,y) in plane z without depth shading; i is the slice number; and A is the
amount of attenuation applied at each distance increment d.
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Patentansprüche

1. Ultraschallbildgebungssystem aufweisend:

eine Wandlerbaugruppe (2) mit mehreren Wandlerelementen zum Senden von Wellenenergie in Reaktion auf
eine elektrische Aktivierung und zum Umwandeln zurückkehrender Wellenenergie in elektrische Signale;
einen Sender, der mit der Wandlerbaugruppe verbunden und dafür programmiert ist, mehrere von den Wand-
lerelementen zu aktivieren, um eine fokussierte Wellenenergie für jede von mehreren Sendefokuspositionen
in jeder von mehreren Scanebenen zu senden;
einen Empfänger (4), der dafür programmiert ist, Empfangssignale aus elektrischen Signalen zu erzeugen, die
von den mehreren Wandlerelementen anschließend an jeden Sendevorgang für jede von mehreren Scanzeilen
in jeder Scanebene geliefert werden;
ein Verarbeitungssubsystem (6, 8, 10) zum Umwandeln der Empfangssignale in Abbildungssignale für jede
Scanzeile in jeder Scanebene;
einen Speicher zum Speichern eines entsprechenden Satzes von Abbildungssignalen für jede Scanebene, um
ein Datenvolumen (40) zu erzeugen;
einen Computer (20), der dafür programmiert ist, einen Algorithmus zum Erzeugen projizierter Bilddaten aus-
zuführen, die eine Projektion des Datenvolumens auf eine Abbildungsebene repräsentieren, wobei der Algo-
rithmus die Schritte aufweist:

a) Erzeugen umformatierter Scheiben mit Pixeldaten durch das Datenvolumen, wobei die umformatierten
Scheiben wechselseitig parallel sind; und
b) für jeden von mehreren von entsprechenden Pixeln auf der Abbildungsebene ausgesendeten Strahlen,
Berechnen einer entsprechenden akkumulierten Intensität für Pixel in den umformatierten Scheiben, welche
im Wesentlichen zu den entsprechenden ausgesendeten Strahlen ausgerichtet sind, um die projizierten
Bilddaten zu erzeugen; wobei die ausgesendeten Strahlen im Wesentlichen rechtwinklig zu der Abbildungs-
ebene sind; die umformatierten Scheiben im Wesentlichen parallel zu der Abbildungsebene sind und die
akkumulierten Intensitäten als eine Funktion einer Opazitätsfunktion berechnet werden; und

ein Subsystem (18) zum Darstellen eines projizierten Bildes, welches eine Funktion der projizierten Bilddaten ist;
dadurch gekennzeichnet, dass:

die akkumulierten Intensitäten entlang eines ausgesendeten Strahls iterativ für sukzessive umformatierte
Scheiben berechnet werden gemäß der Gleichung: 

wobei Iz,y,x die akkumulierte Intensität des projizierten Pixels bei (x, y) in der Ebene z ist;
Iz-1,y,x die akkumulierte Intensität des Pixels bei (x, y) in der Ebene (z-1) ist;
Pz,y,x’ die tiefenschattierte Intensität des aktuellen (d.h., aktuell akkumulierten) Pixels bei (x, y) in der Ebene
z ist;
O[Pz,y,x] die Opazität bei (x, y) in der Ebene z (und eine Funktion der nicht-tiefenschattierten Pixelintensität)
ist; und
Or(z,y,x) die restliche Opazität bei (x, y) in der Ebene z ist, wobei die restliche Opazität für sukzessive
umformatierte Scheiben berechnet wird gemäß der Gleichung: 

2. System nach Anspruch 1, wobei die Pix-Werte als eine Funktion eines Produktes eines Abschwächungsfaktors und
einer Scheibennummer berechnet werden.

3. System nach Anspruch 2, wobei die Pz,y,x’ -Werte berechnet werden gemäß der Gleichung: 
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wobei Pz,y,x die Intensität des Pixels bei (x, y) in der Ebene z ohne Tiefenschattierung ist; i die Scheibennummer
ist; und A der bei jedem Distanzinkrement d angewendete Abschwächungsbetrag ist.

4. Verfahren zur dreidimensionalen Ultraschallbildgebung eines Substanzvolumens mit den Schritten:

Senden fokussierter Wellenenergie für jede von einer Vielzahl von Sendefokuspositionen in jeder von mehreren
das Substanzvolumen schneidenden Scanebenen;
Erzeugen von Echosignalen, die aus Echos aus dem Substanzvolumen zurückkehrender Wellenenergie nach
jedem Sendevorgang für jede von mehreren Scanzeilen in jeder Scanebene abgeleitet werden;
Umwandeln der Empfangssignale in Abbildungssignale für jede Scanzeile in jeder Scanebene;
Speichern eines entsprechenden Satzes von Abbildungssignalen für jede Scanebene, um ein Datenvolumen
zu erzeugen;
Erzeugen umformatierter Scheiben von Pixeldaten durch das Datenvolumen, wobei die umformatierten Schei-
ben wechselseitig parallel sind;
für jeden von mehreren von entsprechenden Pixeln auf der Abbildungsebene ausgesendeten Strahlen, Be-
rechnen einer entsprechenden akkumulierten Intensität für Pixel in den umformatierten Scheiben, welche im
Wesentlichen zu den entsprechenden ausgesendeten Strahlen ausgerichtet sind, um die projizierten Bilddaten
zu erzeugen; wobei die umformatierten Scheiben im Wesentlichen parallel zu der Abbildungsebene sind, die
ausgesendeten Strahlen im Wesentlichen rechtwinklig zu der Abbildungsebene sind und die akkumulierten
Intensitäten als eine Funktion einer Opazitätsfunktion berechnet werden; und
Darstellen eines projizierten Bildes, welches eine Funktion der projizierten Bilddaten ist;
dadurch gekennzeichnet;
dass die akkumulierten Intensitäten entlang eines ausgesendeten Strahls iterativ für sukzessive umformatierte
Scheiben berechnet werden gemäß der Gleichung: 

wobei Iz,y,x die akkumulierte Intensität des projizierten Pixels bei (x, y) in der Ebene z ist;
Iz-1,y,x die akkumulierte Intensität des Pixels bei (x, y) in der Ebene (z-1) ist;
Pz,y,x’ die tiefenschattierte Intensität des aktuellen (d.h., aktuell akkumulierten) Pixels bei (x, y) in der Ebene z ist;
O[Pz,y,x] die Opazität bei (x, y) in der Ebene z (und eine Funktion der nicht-tiefenschattierten Pixelintensität)
ist; und
Or(z,y,x) die restliche Opazität bei (x, y) in der Ebene z ist, wobei die restliche Opazität für sukzessive umforma-
tierte Scheiben berechnet wird gemäß der Gleichung: 

5. Verfahren nach Anspruch 4, wobei die Pix-Werte als eine Funktion eines Produktes eines Abschwächungsfaktors
und einer Scheibennummer berechnet werden.

6. Verfahren nach Anspruch 5, wobei die Pz,y,x’-Werte berechnet werden gemäß der Gleichung: 

wobei Pz,y,x die Intensität des Pixels bei (x, y) in der Ebene z ohne Tiefenschattierung ist; i die Scheibennummer
ist; und A der bei jedem Distanzinkrement d angewendete Abschwächungsbetrag ist.
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Revendications

1. Système d’imagerie ultrasonore comprenant :

un groupement de transducteurs (2) comprenant une multiplicité d’éléments transducteurs pour émettre de
l’énergie ondulatoire en réponse à une activation électrique et convertir de l’énergie ondulatoire renvoyée en
signaux électriques;
un émetteur couplé audit groupement de transducteurs et programmé pour activer une pluralité desdits éléments
transducteurs afin d’émettre de l’énergie ondulatoire focalisée pour chacune d’une multiplicité de positions
focales d’émission dans chacun d’une multiplicité de plans de balayage;
un récepteur (4) programmé pour former des signaux de réception à partir de signaux électriques délivrés par
ladite pluralité d’éléments transducteurs après chaque émission pour chacune d’une multiplicité de lignes de
balayage dans chaque plan de balayage;
un sous-système de traitement (6, 8, 10) pour convertir lesdits signaux de réception en signaux d’imagerie pour
chaque ligne de balayage dans chaque plan de balayage;
une mémoire pour stocker un ensemble respectif de signaux d’imagerie pour chaque plan de balayage afin de
former un volume de données (40);
un ordinateur (20) programmé pour exécuter un algorithme de génération de données d’image projetée repré-
sentant une projection dudit volume de données sur un plan d’imagerie, ledit algorithme comprenant les étapes
consistant à :

(a) générer des coupes reformatées de données de pixel à travers ledit volume de données, lesdites coupes
reformées étant mutuellement parallèles; et
(b) pour chacun d’une multiplicité de rayons lancés à partir de pixels respectifs sur ledit plan d’imagerie,
calculer une intensité cumulée respective pour des pixels desdites coupes reformatées qui coïncident
sensiblement avec lesdits rayons lancés afin de former lesdites données d’image projetée; lesdits rayons
lancés étant sensiblement perpendiculaires audit plan d’imagerie; lesdites coupes reformatées étant sen-
siblement parallèles audit plan d’imagerie et lesdites intensités cumulées étant calculées en fonction d’une
fonction d’opacité; et

un sous-système (18) pour afficher d’une image projetée qui est fonction desdites données d’image projetée;
caractérisé en ce que :

lesdites intensités cumulées le long d’un rayon lancé donné sont calculées par itérations pour des coupes
reformatées successives selon l’équation: 

dans laquelle Iz,y,x est l’intensité cumulée du pixel projeté en (x, y) dans le plan z;
Iz-1,y,x est l’intensité cumulée du pixel projeté en (x, y) dans le plan (z-1);
P’z,y,x est l’intensité ombrée en profondeur du pixel courant (c’est-à-dire en cours d’accumulation) en (x, y) dans
le plan z;
O[Pz,y,x] est l’opacité en (x, y) dans le plan z (et est fonction de l’intensité de pixel non ombrée en profondeur); et
Or(z,y,x) est l’opacité restante en (x, y) dans le plan z, l’opacité restante étant calculée pour des coupes refor-
matées successives selon l’équation: 

2. Système selon la revendication 1, dans lequel les valeurs Pix sont calculées en fonction d’un produit d’un facteur
d’atténuation et d’un numéro de coupe.

3. Système selon la revendication 2, dans lequel les valeurs P’z,y,x sont calculées selon l’équation :

P’z,y,x = max(Pz,y,x.(1,0 - i.d.A), 0) dans laquelle Pz,y,x est l’intensité du pixel en (x, y) dans le plan z sans ombrage
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de profondeur; i est le numéro de coupe; et A est la quantité d’atténuation appliquée à chaque incrément de
distance d.

4. Procédé d’imagerie ultrasonore tridimensionnelle d’un volume d’intérêt, comprenant les étapes consistant à :

émettre de l’énergie ondulatoire focalisée pour chacune d’une multiplicité de positions focales d’émission dans
chacun d’une multiplicité de plans de balayage coupant le volume d’intérêt;
générer des signaux d’écho issus d’échos d’énergie ondulatoire renvoyée par le volume d’intérêt après chaque
émission pour chacune d’une multiplicité de lignes de balayage dans chaque plan de balayage;
convertir lesdits signaux de réception en signaux d’imagerie pour chaque ligne de balayage dans chaque plan
de balayage;
stocker un ensemble respectif de signaux d’imagerie pour chaque plan de balayage afin de former un volume
de données;
générer des coupes reformatées de données de pixel à travers ledit volume de données, lesdites coupes
reformatées étant mutuellement parallèles;
pour chacun d’une multiplicité de rayons lancés à partir de pixels respectifs sur ledit plan d’imagerie, calculer
une intensité cumulée respective pour des pixels desdites coupes reformatées qui coïncident sensiblement
avec lesdits rayons lancés afin de former des données d’image projetée; lesdites coupes reformatées étant
sensiblement parallèles audit plan d’imagerie, lesdites rayons lancés étant sensiblement perpendiculaires audit
plan d’imagerie et lesdites intensités cumulées étant calculées en fonction d’une fonction d’opacité; et
afficher une image tridimensionnelle qui est fonction desdites données d’image projetée;
caractérisé en ce que :

lesdites intensités cumulées le long d’un rayon lancé donné sont calculées par itérations pour des coupes
reformatées successives selon l’équation: 

dans laquelle Iz,y,x est l’intensité cumulée du pixel projeté en (x, y) dans le plan z;
Iz-1,y,x est l’intensité cumulée du pixel projeté en (x, y) dans le plan (z-1);
P’z,y,x est l’intensité ombrée en profondeur du pixel courant (c’est-à-dire en cours d’accumulation) en (x, y) dans
le plan z;
O[Pz,y,x] est l’opacité en (x, y) dans le plan z (et est fonction de l’intensité de pixel non ombrée en profondeur); et
Or(z,y,x) est l’opacité restante en (x, y) dans le plan z, l’opacité restante étant calculée pour des coupes refor-
matées successives selon l’équation: 

5. Procédé selon la revendication 4, dans lequel les valeurs Pix sont calculées en fonction d’un produit d’un facteur
d’atténuation et d’un numéro de coupe.

6. Procédé selon la revendication 5, dans lequel les valeurs P’z,y,x sont calculées selon l’équation: 

dans laquelle Pz,y,x est l’intensité du pixel en (x, y) dans le plan z sans ombrage de profondeur; i est le numéro de
coupe; et A est la quantité d’atténuation appliquée à chaque incrément de distance d.
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