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3000 South Eads Street 
AI‘liIlgtOIl, VA 22202 (Us) Alaser imaging apparatus comprises a platform for support 

ing a female patient in frontdoWn, prone position, including 
(21) Appl' No‘: 10/700,706 an opening permitting a breast of the patient to be vertically 

. _ pendant beloW the surface of the platform; scanning mecha 
(22) Flled' NOV' 5’ 2003 nism disposed beloW the platform to scan the breast Without 

Related US Application Data breast compression. The scanning mechanism includes a 
source of coherent near infrared light pulses operably 

(63) Continuation of application No. 09/642,581, ?led on directed to the breast; Photodetectors operably disposed to 
Aug. 22, 2000, noW Pat. No. 6,662,042, Which is a 
continuation of application No. 08/952,821, ?led on 
Jul. 31, 1998, noW Pat. No. 6,195,580, ?led as 371 of 
international application No. PCT/US95/08225, ?led 
on Jul. 10, 1995. 

detect the light pulses after passing through the breast; 
circuit for deriving voltages proportional to the intensity of 
the received pulses; and computer programmed for storing 
and displaying images of tissue in the breast derived from 
the voltages. 
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DIAGNOSTIC TOMOGRAPHIC LASER IMAGING 
APPARATUS 

BACKGROUND OF THE INVENTION 

[0001] This invention relates to diagnostic medical imag 
ing apparatus and more particularly to a mammography 
machine Which employs a near-infrared pulsed laser as a 
radiation source. 

[0002] Cancer of the breast is a major cause of death 
among the American female population. Effective treatment 
of this disease is most readily accomplished folloWing early 
detection of malignant tumors. Major efforts are presently 
underWay to provide mass screening of the population for 
symptoms of breast tumors. Such screening efforts Will 
require sophisticated, automated equipment to reliably 
accomplish the detection process. 

[0003] The X-ray absorption density resolution of present 
photographic X-ray methods is insufficient to provide reli 
able early detection of malignant breast tumors. Research 
has indicated that the probability of metastasis increases 
sharply for breast tumors over 1 cm in siZe. Tumors of this 
siZe rarely produce suf?cient contrast in a mammogram to be 
detectable. To produce detectable contrast in photographic 
mammogram 2-3 cm dimensions are required. Calcium 
deposits used for inferential detection of tumors in conven 
tional mammography also appear to be associated With 
tumors of large siZe. For these reasons, photographic mam 
mography has been relatively ineffective in the detection of 
this condition. 

[0004] Most mammographic apparatus in use today in 
clinics and hospitals require breast compression techniques 
Which are uncomfortable at best and in many cases painful 
to the patient. In addition, X-rays constitute ioniZing radia 
tion Which injects a further risk factor into the use of 
mammographic techniques as almost universally currently 
employed. 

[0005] Ultrasound has also been suggested as in US. Pat. 
No. 4,075,883, Which requires that the breast be immersed 
in a ?uid-?lled scanning chamber. US. Pat. No. 3,973,126 
also requires that the breast be immersed in a ?uid-?lled 
chamber for an X-ray scanning technique. 

OBJECTS AND SUMMARY OF THE 
INVENTION 

[0006] It is an object of the present invention to provide an 
imaging apparatus using light and/or near infrared coupled 
With ultrafast laser, thus avoiding the draWbacks of prior art 
X-ray equipment. 

[0007] It is another object of the present invention to 
provide a mammography apparatus Wherein the patient lies 
in a prone face doWn position to the place the Woman’s 
breast in the scanning chamber in such a Way as to gather the 
maximum amount of tissue aWay from the chest Wall, 
thereby to provide maximum exposed area Without breast 
compression. 

[0008] It is still another object of the present invention to 
provide a laser imaging apparatus that uses avalanche pho 
todiode coupled With a loW leakage precision integrator for 
a sensitive detection system. 
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[0009] It is another object of the present invention to 
provide a laser imaging apparatus With multiplexing tech 
nique to alloW for efficient gathering of scanned data. 

[0010] It is yet another object of the present invention to 
provide a laser imaging apparatus that uses femtosecond 
pulse Width, near infrared laser pulse. 

[0011] Mammography apparatus of the present invention 
includes a non-ioniZing radiation source in the form of very 
short pulses of near-infrared Wave-length from a solid state 
laser pumped by a gas laser. The patient lies face doWn on 
a horiZontal platform With one breast extending through an 
opening in the platform to hang freely inside a scanning 
chamber. An optical system converts the laser pulses into a 
horiZontal fanned shaped beam Which passes through the 
breast tissue. The breast is scanned a full 360 degrees 
starting at that portion of the breast Which is closest to the 
body of the patient and is then stepped vertically doWn 
Wardly and the scan is repeated at each vertical step until a 
complete scan of the entire breast has been completed. These 
light pulses are detected after passing through the breast 
tissue, converted into electrical signals and then recorded 
and/or displayed to provide an image of normal and abnor 
mal breast tissues. 

[0012] These and other objects of the present invention 
Will become apparent from the folloWing detailed descrip 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1 is a perspective vieW of the of the present 
invention, shoWing the patient supporting platform and 
operator’s console; 

[0014] FIG. 2 is a side vieW partially in section of the 
patient support platform of FIG. 1 shoWing a patient posi 
tioned for mammographic study, With one of her breasts 
positioned Within a scanning chamber; 

[0015] FIG. 3A is a side vieW partially in section of the 
scanning chamber; 
[0016] FIG. 3B is a schematic vieW of the scanning 
chamber of FIG. 3A, 

[0017] FIG. 4 is a top plan vieW of the scanning chamber 
Which surrounds the breast of the patient; 

[0018] FIG. 5 is a partial perspective on the uppermost 
portion of the scanning chamber of FIG. 4; 

[0019] FIG. 6 is an enlarged vieW of the bearing support 
for the rotatable plate Which carries portions of the scanning 
apparatus; 

[0020] FIG. 7 is a schematic perspective vieW of an array 
of photodiode detectors used in the present invention; 

[0021] FIGS. 8A and 8B are electrical schematic dia 
grams of the detector circuit used in the present invention; 

[0022] FIG. 9 is a functional block diagram of the elec 
trical system used in the present invention; 

[0023] FIG. 10 is a functional block diagram of the 
detector electronics and multiplexer shoWn in FIG. 9; 

[0024] FIG. 11 is a schematic top plan vieW of the of the 
rotating plate carrying the rotating polygon mirror, shoWing 
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a fan of laser beams generated by the rotating mirror at one 
of 4000 positions of the rotating plate; 

[0025] FIG. 12 is a How chart of data acquisition used in 
the present invention; 

[0026] FIG. 13 is a How chart of data reconstruction used 
in the present invention; 

[0027] FIG. 14 is an example of an image of a female 
breast using the present invention; 

[0028] FIG. 15 is an electrical schematic diagram of a 
clamp and time-gate sWitch circuit; 

[0029] FIG. 16 is an electrical schematic of a laser pulse 
pick-off circuit used in the present invention; 

[0030] FIG. 17A is a functional block diagram of a clamp 
control circuit for providing output to the clamp and time 
gate sWitch circuit of FIG. 15; 

[0031] FIG. 17B is a typical response curve of a photo 
detector, shoWing the leading edge of the curve at Which 
measurement is taken during the data acquisition phase; 

[0032] FIG. 18A is a representation of laser pulse train; 

[0033] FIG. 18B is a representation of the response of the 
avalanche photodiode detector to the pulse train of FIG. 
18A; 

[0034] FIG. 18C is a similar to FIG. 18B, shoWing the 
selection of a comparator threshold level; 

[0035] FIG. 18D is a representation of a pulse train based 
on the comparator threshold level of FIG. 18C; 

[0036] FIG. 19 is a representation of the response of the 
avalanche photodiode detector to a laser pulse train travers 
ing an air shot; 

[0037] FIG. 20 is a representation of the response of the 
avalanche photodiode detector to a laser pulse train exiting 
a medium, such as breast tissue; 

[0038] FIG. 21 is a schematic diagram of distances used 
in calculating time-of-arrival for the laser pulses; 

[0039] FIG. 22 is perspective vieW of another embodi 
ment of a support structure for the orbital plate used in the 
present invention; 

[0040] FIG. 23 is a perspective vieW With portions broken 
aWay of the drive mechanism for loWering or raising the 
support plate shoWn in FIG. 22; 

[0041] FIG. 24 is a cross-section vieW through the support 
plate of FIG. 22 With the orbital plate installed in place; 

[0042] FIG. 25 is a perspective vieW With portions broken 
aWay of the orbital plate used in the support structure of 
FIG. 22, shoWing the arrangement of optics used in the 
present invention; 

[0043] FIG. 26A is schematic diagram of photons travers 
ing a tissue, illustrating the paths taken by ballistic, snake 
like or diffuse photons through the tissue; 

[0044] FIG. 26B is typical response curve of an avalanche 
photodetector, shoWing the portions generated by the respec 
tive ballistic, snake-like and diffuse photons after exiting the 
tissue; 
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[0045] FIG. 27A is a schematic illustration of the arrival 
times of the laser beams at the detectors in free space; and 

[0046] FIG. 27B is a schematic illustration of the arrival 
times of the laser beams at the detectors When traversing 
through a tissue. 

[0047] FIG. 28 is a schematic diagram shoWing an oscil 
lating mirror driven by a galvanometer to sWeep a laser 
beam across a scan circle. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0048] Referring ?rst to FIGS. 1 and 2, an apparatus R in 
accordance With the present invention comprises an opera 
tor’s console indicated at 10 Which may include monitors 12 
and 14. Apatient’s support platform 16 overlies an enclosure 
18 Which houses the electronics and optics of the present 
invention. The platform 16 includes an opening 20 Which 
permits one of the patient’s breasts 15 to be positioned 
through the opening and be pendant Within a scanning 
chamber 22. A laser beam generated from an Argon ion 
pump laser 21 and a TizSapphire laser is used to scan the 
patient’s breast Within the scanning chamber 22. 

[0049] A detailed description of the scanning mechanism 
Within the scanning chamber 22 Will noW be described. 
Referring to FIGS. 3A, 4, 5 and 6, an open top, box member 
24 is arranged immediately beloW the opening 20 in the 
platform 16 and houses the scanning chamber 22 Which has 
its vertical axis aligned With the center of the opening 20. An 
annular plate 26 is supported for rotation Within the chamber 
22 on bearings 28 and 30 (FIG. 6) Which permit it to be 
rotated step-by-step or indexed around the interior of the 
scanning chamber 22. The indexing drive for creating this 
rotation is indicated at 32 in FIG. 4. 

[0050] A ring gear 33 secured to the periphery of the 
annular or orbital plate 26 cooperates With the drive 32 to 
rotatably index the orbital plate 26, as best shoWn in FIG. 4. 

[0051] The entire scanning chamber 22 may be moved 
vertically doWnWardly from the upmost position shoWn in 
FIG. 3 by means of elongated threaded drive rods 34 that are 
operably secured to the box member 24 at anchors 36 and 
nuts 37. Drive motors 39 are operably connected to the 
threaded rods 34 by conventional means such as by belt/ 
pulley arrangements 41, as best shoWn in FIG. 3. Rotation 
of the threaded rods 34 is effective to loWer or raise the 
scanning chamber 22. The drive motors 39 are securely ?xed 
to the box member 24 by standard means, such as brackets, 
and are controlled by motor 43. 

[0052] Turning noW to the optics of the apparatus R, the 
annular plate 26 carries on its upper surface a polygonal 
multifaceted mirror 38, as best shoWn in FIGS. 3, 4, and 5. 
The mirror 38 is rotatable on its oWn vertical axis. Aring 45 
of photo-detector arrays 40 is supported on the upper surface 
of the scanning chamber 22 and surrounds the path traveled 
by the mirror 38 as it moves in an orbital path generated by 
revolutions of the plate 26. The arrays 40 are ?xed and 
stationary With respect to the scanning chamber 22. The ring 
45 is preferably concentric With the orbital path of the mirror 
38. 

[0053] The stepping motors 39 are used to rotate the 
screWs 34 in order to move the scanning chamber 22 
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vertically downwardly through successive increments or 
slices following each complete orbital movement of the 
polygonal mirror 38 in order to successively expose portions 
of the breast of the patient to the pulsed laser radiation until 
the entire breast has been irradiated. 

[0054] The lasers 23 and 21 Which supply the radiation for 
scanning the breast may be positioned Within the enclosure 
18, as best shoWn in FIG. 2. The coherent pulsed light from 
the solid-state laser is directed from the laser to the polygo 
nal multifaceted mirror 38 by means of a series of mirrors 
and prisms. The rotating polygon mirror 38 advantageously 
preserves the laser beam intensity by not diverging the beam 
and maintaining a controlled alignment betWeen the pro 
jected laser beam and the respective detector 62. Amirror 46 
directs an incoming laser beam 44 to a mirror 48, Which then 
directs the beam to a stack of Wedge prisms 50, Which turns 
the beam at an angle and directs it through an opening 52 in 
the orbital plate 26. TWo additional mirrors 54 and 56 
mounted on the plate 26 then redirect the beam to the 
rotating polygonal mirror 38, Which generates a fan 55 of 
beams for each orbital position of the mirror 38, as best 
shoWn in FIGS. 4 and 5. A shelf 35 is supported from the 
plate 26 and supports the Wedge prisms 50. The shelf 35 
rotates With plate 26 such that the Wedge prisms 50 are 
alWays oriented in the same Way With respect to the plate 26 
as it rotates. 

[0055] Referring to FIG. 3B, the speed of rotation of the 
multi-faceted mirror 38 used to produce the fan of laser 
beams 55 is controlled by system electronics 55 and is 
maintained at a constant speed. AholloW slip-ring assembly 
53 is used to bring the electronic signals to the polygon drive 
motor controller 55. While the polygon mirror 38 is rotating 
inside its housing, the entire mirror assembly is rotated in an 
orbit inside the ring 45 of detector arrays 40. The orbital 
speed of the polygon mirror assembly (not the speed of 
rotation of the mirror itself) is controlled by the drive motor 
32 and its motor controller. The orbital position of the 
polygon mirror assembly is determined through use of a 
home detector 57 and rotary encoder on the drive motor 32. 
The home encoder provides a ?xed reference point that is 
used in conjunction With the rotary encoder to determine the 
location of the polygon assembly 38. Thus, for each place in 
the orbit of the polygon assembly 38, the detectors 62 in the 
detector ring that are being sWept by the fan of laser beams 
55 is determined. 

[0056] Femtosecond Wide pulses (approximately 106 fs 
Wide) of near infra-red radiation With a Wavelength in the 
800 to 900 nanometer (nm) Wavelength range are produced 
by the TizSapphire mode locked laser 23. The average laser 
poWer is in the 750 milliWatt (mW) range With a repetition 
rate of approximately 76.5 megahertZ (MHZ). The poWer 
contained in each laser pulse is approximately 9.9 nano 
joules and the peak pulse poWer is in the 67 kiloWatts 
(kW) range. The TizSapphire laser 23 is pumped by a 7 Watt 
Argon ion laser 21 using all spectral lines. 

[0057] By rotating the polygonal mirror 38 at very high 
speed, for example in the order of 6000 RPM, the fan-shaped 
beam 55 is generated and the Width of the fan is such that 
approximately 25% of the photodiode detector arrays 40 are 
thus illuminated at each rotational indexed position of the 
plate 26. Preferably, the mirror 38 is indexed at 4000 
positions around a 360 degree circle. This scanning pattern 
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is then repeated at successive vertically loWer positions or 
slices of the plate as the scanning chamber is indexed 
doWnWardly by the drive motors 39. 

[0058] The laser beam detector arrays 40 are positioned in 
the ring 45 on a top surface of the scanning chamber 22 and 
around the pendulant breast, as best shoWn in FIGS. 3, 4 and 
5. Each array 40 comprises a number of avalanche photo 
diodes 62, as best shoWn in FIG. 7. The number of photo 
diodes 62 dictates the number of laser fan beam projections 
that can be detected as the fan 55 of laser beams sWeeps 
across the breast. 

[0059] The detector 62 of each array 40 are disposed on a 
substrate 64. The arrays 40 are positioned as chords of a 
circle around the orbital plate 26, as best shoWn in FIG. 4. 
Each array 40 has 25 individual avalanche photodiode 
detectors 62. There are 24 detector arrays 40 to form the ring 
of laser beam detectors, providing 600 avalanche photo 
diode detectors. 

[0060] Each of the photodiodes 62 is connected to a 
detector circuit 69, as best shoWn in FIG. 8A. The avalanche 
photodiodes 62 are reversed biased to provide ampli?cation 
of the detected signal. Each reversed biased detector 62 is 
used as a current source With the amount of current provided 
being a function of the number of photons 66 of laser light 
that impinge on each detector 62. The number of photons 
reaching each detector 62 spans a Wide dynamic range from 
no attenuation When the photons are not blocked by the 
breast tissue to signi?cant attenuation When the photons pass 
through and eventually emerge from the breast. A current 
limiting series resistor 68 is used to control the amount of 
current that can ?oW through the detector 62 and thus 
prevents excessive current ?oW from occurring When the 
laser beam is unattenuated that otherWise could destroy the 
detector 62. A suitable siZe decoupling capacitor 70 is used 
to store charge to provide the energy required When the 
detector 62 responds to a fast rising pulse of photon inten 
sity. 

[0061] The current provided by each detector 62 in each 
array 40 is sWitched into or off to either an operational 
ampli?er circuit 72 or an electronic integrator 73, as best 
shoWn in FIGS. 8A and 8B. The operational ampli?er 
circuit 72 is used as a current-to-voltage converter to pro 
duce a direct current voltage at output 74 proportional to the 
input current provided by each detector 62. Thus, a DC 
voltage can be produced to represent the intensity of the 
laser beam impinging on the individual detector 62. 

[0062] A fast Schottkey diode 76 provides the sWitching 
for each detector 62. The Schottkey diode 76 is sWitched into 
or out of conduction by a clamp circuit, as Will be described 
beloW, connected at 77. 

[0063] The detector circuit 69 and several control circuits 
required to control the output of each detector 62 are referred 
to as detector electronics 82, as best shoWn in FIG. 9. The 
output of detector electronics 82 is fed to a multiplexer 84, 
the output of Which is then fed to an analog/digital converter 
86. The output of the converter 86 is then fed to a computer 
88. The data acquired from the detector electronics 82 are 
used by the computer 88 to produce an image of the scanned 
breast by a reconstruction algorithm, to be described beloW, 
derived from computed tomography theory. The digitiZed 
slice data is converted to an image by the computer 88 using 


















