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(57) ABSTRACT 

Apparatus and methods relating to microscopes having 
speci?c control of the light that contacts a sample and/or a 
light detector, such as the eye of the user, a charge couple 
device or a video camera. The improved control includes 
enhanced, selective control of the angle of illumination, 
quantity of light and location of light reaching the sample 
and/or detector. The microscopes comprise one or more 
spatial light modulators in the illumination and/or detection 
light path of the microscope at one or both of the conjugate 
image plane of the aperture diaphragm of the objective lens 
and the conjugate image plane of the sample. 
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APPARATUS AND METHODS RELATING TO 
SPATIALLY LIGHT MODULATED MICROSCOPY 

RELATED APPLICATIONS 

[0001] This application claims priority to US. Provisional 
Application No. 60/063,893 ?led on Oct. 29, 1997, the 
contents of Which are incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The ?eld of the present invention is the magni? 
cation of images of objects, and more particularly micro 
scopes and the ?eld of microscopy. 

BACKGROUND OF THE INVENTION 

[0003] Microscopy is used to produce magni?ed repre 
sentations of both dynamic and stationary objects or 
samples. There are many different modes of microscopy 
such as bright?eld microscopy, dark?eld microscopy, phase 
contrast microscopy, ?uorescence microscopy, re?ectance 
or re?ected light microscopy and confocal microscopy. All 
of these forms of microscopy deliver illumination light in a 
controlled fashion to the sample and collect as much of the 
light containing the desired information about the sample as 
possible. Typically, this is accomplished using Kohler illu 
mination in any of re?ectance microscopy, transmission 
microscopy or epi?uorescence microscopy. Both of these 
methods use appropriately placed diaphragms and lenses to 
control both the siZe of the numerical aperture (illumination 
cone) and the siZe of the illuminated area of the sample. In 
Kohler illumination, diaphragms are placed in at least tWo 
locations. First, a diaphragm is placed in the conjugate 
image plane of the sample, a location Which permits control 
of the siZe of the illuminated area of the sample. Second, a 
diaphragm is placed in the conjugate image plane of the 
aperture diaphragm of the objective lens(es) (this location is 
also a conjugate image plane of the aperture diaphragm of 
the condenser lens(es)), a location Which permits control of 
the angle(s) of the light illuminating the sample. Typically, 
any of the diaphragms can be a simple iris (for eXample, for 
bright?eld microscopy and epillumination ?uorescence 
microscopy), but the diaphragms can also be more compleX 
(for eXample, in dark?eld microscopy, Where the dia 
phragms may comprise cutout rings of different diameters). 

[0004] An eXample of a microscope using Kohler illumi 
nation is set forth in FIG. 1. In the ?gure, microscope 2 
comprises a light source 4 that emits a plurality of light rays, 
Which have been divided into ?rst light rays 6, second light 
rays 8 and third light rays 10. The light rays are transmitted 
along an illumination light path 3 from light source 4 
through light source lens 12, adjustable iris ?eld diaphragm 
14 and condenser lenses 16. An adjustable iris aperture 
diaphragm (condenser) 18 can be disposed betWeen 
upstream and doWnstream condensor lenses 16. The light 
then contacts, or impinges upon, sample 20 and then pro 
ceeds to pass through objective lenses 22, Which objective 
lenses can comprise an aperture diaphragm (objective) 24 
spaced betWeen the objective lenses 22, and then the light 
rays proceed to a light detector 26. As noted above, the angle 
of illumination of the sample can be controlled by modu 
lating the light as it passes through conjugate image planes 
of the aperture diaphragm of the objective lens, Which planes 
can be found, for example, at light source 4 and the upstream 
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aperture diaphragm 18 in FIG. 1, While the location and/or 
area of illumination of the sample can be controlled by 
modulating light as it passes through a conjugate image 
plane of the sample, Which plane corresponds to the adjust 
able iris ?eld diaphragm 14 in FIG. 1. 

[0005] One preferred form of microscopy is confocal 
microscopy, in Which discreet aperture spots are illuminated 
in the object plane of the microscope from Which transmis 
sion, re?ected or ?uorescent light is then relayed for obser 
vation through conjugate apertures in the image plane. In 
some embodiments, confocal microscopy can result in spa 
tial resolution about 1.3 times better than the optimum 
resolution obtainable by conventional light microscopy. See, 
e.g., US. Pat. No. 5,587,832. Additionally, confocal micros 
copy can reduce the interference of stray, out-of-focus light 
from an observed specimen above or beloW the focal plane, 
and can permit optical sectioning of tissue as Well as 
high-resolution 3-D reconstriction of the tissue. The tech 
nique can effectively resolve individual cells and living 
tissue Without staining. Confocal microscopy can be per 
formed using mechanical translation of the specimen With 
?Xed optics, or using a ?Xed specimen and scanning beams 
manipulated by special rotating aperture disks. See, US. 
Pat. No. 4,802,748, US. Pat. No. 5,067,805. US. Pat. No. 
5,099,363, US. Pat. No. 5,162,941. Such disks typically 
comprise a plurality of apertures, but only one aperture at a 
time is used for confocal scanning. Still other knoWn con 
focal scanning systems have used a laser beam rastered With 
rotating mirrors to scan a specimen or a laser beam that 
scans a slit rather than a spot; such slit scanning increases 
imaging speed but slightly degrades resolution. See, US. 
Pat. No. 5,587,832. 

[0006] Conventional confocal microscopes can be sloW to 
acquire images for certain applications and become even 
sloWer as the scan line density increases and the aperture 
separation decreases. In addition, it is difficult to practically 
adjust the perimeters of the confocal microscope in com 
mercial systems, and the signal to noise ratio (SNR) is 
sacri?ced to increase the imaging rate. In addition, proper 
alignment of conventional confocal systems can be critical 
and dif?cult to maintain. In addition, laser-based systems are 
more expensive than White light systems, but such laser 
systems do not offer a selection of illumination Wavelengths 
and can also lead to photo toXicity and rapid photo bleach 
mg. 

[0007] Thus, there has gone unmet a need for improved 
microscopy systems, including confocal microscopy sys 
tems, Wherein the angle of illumination of a sample can be 
easily and rapidly controlled. There has also gone unmet a 
need for a microscope that can easily and rapidly control the 
quantity of light reaching the sample, including both varying 
the absolute quantity of light as Well as the location on the 
sample upon Which the quantity of light impinges. The 
present invention provides these and other advantages. 

SUMMARY OF THE INVENTION 

[0008] The present invention provides microscopes that 
have signi?cant advantages in controlling the light that 
contacts a sample and/or that is detected emanating from a 
sample. The improved control includes enhanced, selective 
control of the angle of illumination, the quantity of light and 
the location of light reaching the sample and/or detector. The 
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present invention provides these advantages by placing one 
or more spatial light modulators in the illumination and/or 
detection light path of the microscope at one or both of the 
conjugate image plane of the aperture diaphragm of the 
objective lens and the conjugate image plane of the sample. 

[0009] Thus, in one aspect the present invention provides 
microscopes comprising a spatial light modulator compris 
ing an illumination array of individual light transmission 
pixels, the spatial light modulator disposed in an illumina 
tion light path of the microscope at a conjugate image plane 
of an aperture diaphragm of an objective lens to provide an 
upstream spatial light modulator. 

[0010] In some embodiments, the microscopes selectively 
control the angle of illumination of a sample and the angle 
of detection of light emanating from the sample, Wherein, 
the upstream spatial light modulator is operably connected 
to a modulator controller containing computer-implemented 
programming that controls transmissive characteristics of 
the spatial light modulator to select a desired angle of 
illumination and detection of the sample and Wherein a 
selected portion of the individual light transmission piXels 
corresponding to the desired angle of illumination and 
detection is on. In other embodiments, the microscopes 
selectively control a quantity of light reaching a sample, the 
quantity being less than all the light emitted by a light source 
located at a beginning of the illumination light path, Wherein 
the upstream spatial light modulator is operably connected 
to a modulator controller containing computer-implemented 
programming that controls transmissive characteristics of 
the spatial light modulator to select a desired quantity of 
illumination and a selected portion of the individual light 
transmission piXels corresponding to the desired quantity of 
illumination is on. 

[0011] In further embodiments, the microscopes are trans 
mission, or re?ectance microscopes. The microscopes can 
comprise a lens disposed in the illumination light path 
betWeen a light source and the spatial light modulator, the 
light source disposed at a conjugate image plane of an 
aperture diaphragm of the objective lens that is located 
upstream from the upstream spatial light modulator. The 
microscopes can further comprise a second spatial light 
modulator that is disposed in a detection light path, located 
at a doWnstream conjugate image plane of an aperture 
diaphragm of the objective lens and operably connected to 
a second modulator controller containing computer-imple 
mented programming that controls transmissive character 
istics of the second spatial light modulator. Preferably, the 
?rst modulator controller is operably connected to the sec 
ond modulator controller such that the second light modu 
lator selectively controls the light in the detection light path 
to correspond to the desired angle selected by the ?rst 
modulator controller; the various controllers discussed 
herein can be separate controllers or can be a single con 
troller. 

[0012] In still other embodiments, the microscopes pro 
vide dark?eld microscopy, Wherein the upstream spatial 
light modulator is operably connected to a ?rst modulator 
controller containing computer-implemented programming 
that controls transmissive characteristics of the spatial light 
modulator to select a desired pattern for dark?eld micros 
copy and a selected portion of the individual light transmis 
sion piXels corresponding to the desired pattern for dark?eld 
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microscopy is on, and a second spatial light modulator is 
disposed in a detection light path, located at a doWnstream 
conjugate image plane of an aperture diaphragm of the 
objective lens and operably connected to a second modulator 
controller containing computer-implemented programming 
that controls transmissive characteristics of the second spa 
tial light modulator to select a complementary pattern of the 
individual light transmission piXels of the second spatial 
light modulator to complement the pattern of individual light 
transmission piXels of the ?rst spatial light modulator that 
are on, thereby providing a complementary pattern of the 
individual light transmission piXels of the second spatial 
light modulator that are on. 

[0013] In more embodiments, the microscopes alternate 
betWeen dark?eld microscopy and bright?eld microscopy. 
This can be achieved, for eXample, Wherein the ?rst modu 
lator controller and the second modulator controller control 
the transmissive characteristics of the ?rst and second spatial 
light modulators to sWitch betWeen bright?eld microscopy 
and at least one desired pattern for dark?eld microscopy. For 
this and other embodiments that comprise cycling or a 
method, the microscopes preferably perform the method or 
cycle, for eXample, to alternate back and forth betWeen 
dark?eld microscopy and bright?eld microscopy, With a 
cycle or method time of less than the time that is needed for 
the detector, such as a human eye or video camera, to acquire 
an image, for eXample less than about 0.03 seconds, thereby 
providing real-time vieWing if desired. In other preferred 
embodiments, the microscopes alternate back and forth 
betWeen dark?eld microscopy and bright?eld microscopy 
Without refocusing. 

[0014] In still more embodiments for this other aspects of 
the present invention (unless expressly stated otherWise or 
clear from the conteXt, all embodiments of the present 
invention can be miXed and matched), the microscopes 
comprise a light detector located at a doWnstream end of a 
detection light path, the light detector comprising a detection 
array of individual detection piXels. In come embodiments, 
the detection array of individual detection piXels corre 
sponds to and is aligned With the illumination array of 
individual light transmission piXels in the upstream spatial 
light modulator and the detection array of individual detec 
tion piXels is operably connected to a detector controller and 
the illumination array of individual light transmission piXels 
in the spatial light modulator is connected to the modulator 
controller, such that the modulator controller contains com 
puter-implemented programming that selects a plurality of 
desired angles of illumination of the sample and the detector 
controller contains computer-implemented programming 
that detects the changes in intensity in the detection array of 
individual detection piXels corresponding to the plurality of 
desired angles of illumination and detection and therefrom 
determines a three-dimensional image of the sample. In 
other embodiments, Which can be combined With the pre 
vious embodiments, the modulator controller selects a plu 
rality of desired angles of illumination of the sample to 
provide a plurality of images of the sample at a correspond 
ing plurality of different depths Within the sample and a 
reconstruction controller comprises computer-implemented 
programming that tomographically reconstructs the different 
images to provide a three dimensional image of the sample. 

[0015] In more embodiments, the modulator controller 
selects the plurality of desired angles of illumination of the 
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sample such that the plurality of images of the sample at a 
corresponding plurality of different depths are obtained 
Without moving the sample, a condenser lens or an objective 
lens. 

[0016] In other embodiments, the light detector is a 
charge-coupled device, charge-injection device, video cam 
era and the microscopes can comprise one or more photo 
multiplier tubes and or ocular eyepieces located at a doWn 
stream end of the detection light path. The spatial light 
modulator can be, for eXample, a digital micromirror device, 
microshutter or a liquid crystal device. 

[0017] In another aspect, the present invention provides 
microscopes comprising a variable ?eld iris, the micro 
scopes comprising a spatial light modulator comprising an 
illumination array of individual light transmission piXels and 
disposed in an illumination light path at a conjugate image 
plane of a sample, to provide an upstream spatial light 
modulator, and that is operably connected to a modulator 
controller containing computer-implemented programming 
that controls transmissive characteristics of the upstream 
spatial light modulator to select a plurality of desired ?eld 
iris settings. In some embodiments for this and other aspects 
of the invention, the individual light transmission piXels of 
the illumination array are in the on/off status corresponding 
to the desired ?eld iris setting. 

[0018] In a further aspect, the present invention provides 
microscopes that project a selected image into an image 
plane of a sample of the microscope, the microscope com 
prising a spatial light modulator comprising an illumination 
array of individual light transmission piXels and disposed in 
a ?rst illumination light path at a conjugate image plane of 
the sample, to provide a ?rst upstream spatial light modu 
lator, Wherein the upstream spatial light modulator is oper 
ably connected to at least one controller containing com 
puter-implemented programming that varies an on/off status 
of the individual light transmission piXels of the illumination 
array to correspond to the selected image, the microscope 
further comprising a second illumination light path that 
provides illumination light to the sample. The selected 
image can be projected onto the sample or adjacent to the 
sample or elseWhere if desired. 

[0019] In certain embodiments, the upstream spatial light 
modulator is disposed in both the ?rst illumination light path 
and the second illumination light path and a ?rst portion of 
the individual light transmission piXels of the illumination 
array provides illumination light to the sample and second 
portion of the individual light transmission piXels of the 
illumination array are in an on/off status corresponding to 
the selected image. 

[0020] In further embodiments, Wherein the microscopes 
further comprise a light detector disposed doWnstream from 
the sample in a detection light path at a conjugate image 
plane of the sample, Wherein the spatial light modulator and 
the light detector are operably connected to at least one 
controller containing computer-implemented programming 
that controls transmissive characteristics of the upstream 
spatial light modulator and that compiles the light intensity 
detection data provided by the light detector, the controller 
selectively varies the on/off status of individual light trans 
mission piXels of the spatial light modulator to vary the light 
intensity impinging on selected spots of the sample and 
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thereby vary the intensity of light emanating from the 
selected spots of the sample and impinging on at least one 
piXel of the light detector. 

[0021] In a further aspect, the present invention provides 
microscopes that provide a uniform intensity of illumination 
light to a sample, the microscopes comprising a spatial light 
modulator comprising an illumination array of individual 
light transmission piXels and disposed in an illumination 
light path at a conjugate image plane of the sample, to 
provide an upstream spatial light modulator, and a tight 
detector comprising a detection array of individual detection 
piXels and disposed doWnstream from the upstream spatial 
light modulator at a conjugate image plane of the sample and 
that receives light directly from the upstream spatial light 
modulator, Wherein the spatial light modulator and the light 
detector are operably connected to at least one controller 
containing computer-implemented programming that con 
trols transmissive characteristics of the upstream spatial 
light modulator and that compiles the light intensity detec 
tion data provided by the light detector, Wherein the at least 
one controller selectively varies the on/off status of indi 
vidual light transmission piXels of the spatial light modulator 
to compensate for non-uniform light intensities detected by 
the light detector, thereby providing a uniform intensity of 
illumination light that is transmitted to the sample. 

[0022] In still another aspect, the present invention pro 
vides microscopes that vary the intensity of light emanating 
from a sample to a light detector, the microscopes compris 
ing a spatial light modulator comprising an illumination 
array of individual light transmission pixels and disposed in 
an illumination light path at a conjugate image plane of the 
sample, to provide an upstream spatial light modulator, and 
the light detector Which comprises a detection array of 
individual detection piXels and is disposed doWnstream from 
the sample in a detection light path at a conjugate image 
plane of the sample, Wherein the spatial light modulator and 
the light detector are operably connected to at least one 
controller containing computer-implemented programming 
that controls transmissive characteristics of the upstream 
spatial light modulator and that compiles the light intensity 
detection data provided by the light detector, Wherein the 
controller selectively varies the on/off status of individual 
light transmission piXels of the spatial light modulator to 
vary the light intensity impinging on selected spots of the 
sample and thereby vary the intensity of light emanating 
from the selected spots of the sample and impinging on at 
least one piXel of the light detector. 

[0023] In various embodiments, the controller selectively 
varies the on/off status of individual light transmission 
piXels of the spatial light modulator such that When the light 
intensity impinging on a piXel of the light detector is greater 
than or equal to a threshold level that indicates that the light 
intensity signi?cantly adversely affects adjacent piXels then 
at least one corresponding piXel in the upstream spatial light 
modulator is turned off for a time suf?cient to reduce the 
light intensity impinging on the piXel of the light detector 
beloW the threshold level. In further embodiments, the 
controller selectively varies the on/off status of individual 
light transmission piXels of the spatial light modulator such 
the light intensity impinging on the detection array of piXels 
of the light detector is uniform across the detection array, 
and the controller determines the light intensity character 
istics of the sample by determining an amount of time 
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individual pixels in the illumination array of the upstream 
spatial light modulator are on or off. 

[0024] In still further embodiments, the microscopes fur 
ther comprise a second spatial light modulator that is dis 
posed in the detection light path, located at a doWnstream 
conjugate image plane of a sample and operably connected 
to a second modulator controller containing computer 
implemented programming that controls transmissive char 
acteristics of the second spatial light modulator. In other 
embodiments, the microscopes can be a confocal micro 
scope. For some embodiments, the detection array of indi 
vidual detection piXels corresponds to and is aligned With 
the illumination array of individual light transmission piXels 
in the upstream spatial light modulator. The at least one 
controller contains computer-implemented programming 
that controls transmissive characteristics of the upstream 
spatial light modulator to provide at least one illumination 
spot to the sample by causing at least one individual light 
transmission piXel of the upstream spatial light modulator to 
be on While adjacent piXels are off and the detection array 
selectively detects the illumination spot. In preferred 
embodiments, the at least one controller causes the upstream 
spatial light modulator to simultaneously form a plurality of 
the illumination spots and to provide sequential complemen 
tary patterns of the spots. 

[0025] In still other embodiments, the at least one con 
troller causes the light detector to detect only light imping 
ing on a central detection piXel aligned With and correspond 
ing to an individual light transmission piXel of the upstream 
spatial light modulator that is on. The at least one controller 
can also cause the light detector to detect light impinging on 
a central detection piXel aligned With an individual light 
transmission piXel of the upstream spatial light modulator 
that is on and to detect light impinging on at least one 
detection piXel adjacent to the central detection piXel, and 
the controller contains computer-implemented programming 
that compiles the data provided by the at least one adjacent 
detection piXel and combines it With the data provided by the 
central detection piXel. In certain preferred embodiments the 
computer-implemented programming compiles the data pro 
vided by the adjacent detection piXels and combines it With 
the data provided by the central detection piXel such that the 
rejection of the out of focus information of the microscope 
is enhanced compared to the focus Without the data from the 
adjacent detection piXels and/or compiles the data provided 
by the adjacent detection piXels and combines it With the 
data provided by the central detection piXel to determine the 
light absorption characteristics of the sample. 

[0026] In still a further aspect, the present invention pro 
vides microscopes comprising a ?rst spatial light modulator 
comprising a ?rst illumination array of individual light 
transmission piXels, the ?rst spatial light modulator disposed 
in an illumination light path at a conjugate image plane of an 
aperture diaphragm of an objective lens to provide a ?rst 
upstream spatial light modulator and a second spatial light 
modulator comprising a second illumination array of indi 
vidual light transmission piXels and disposed in the illumi 
nation light path at a conjugate image plane of a sample to 
provide a second upstream spatial light modulator. In further 
embodiments, the microscopes further comprise a third 
spatial light modulator disposed at the doWnstream conju 
gate image plane of an aperture diaphragm of the objective 
lens and/or a fourth spatial light modulator is disposed in the 
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detection light path and located at the doWnstream conjugate 
image plane of a sample, as Well as desired detectors and/or 
controllers. 

[0027] In some embodiments, the microscopes provide 
confocal properties and selectively control the angle of 
illumination of a sample and the angle of detection of light 
emanating from the sample, Wherein the computer-imple 
mented programming that controls transmissive character 
istics of the ?rst spatial light modulator selects a desired 
angle of illumination and detection of the sample and 
Wherein a selected portion of the individual light transmis 
sion piXels of the ?rst spatial light modulator corresponding 
to the desired angle of illumination and detection is on and 
Wherein the computer-implemented programming that con 
trols transmissive characteristics of the second spatial light 
modulator provides at least one illumination spot to the 
sample by causing at least one individual light transmission 
piXel of the second spatial light modulator to be on While 
adjacent piXels are off and the detection piXels of the 
detection array are positioned to selectively detect the illu 
mination spot. 

[0028] In further embodiments, the computer-imple 
mented programming causes the illumination array of indi 
vidual light transmission piXels in the ?rst spatial light 
modulator to provide a plurality of desired angles of illu 
mination of the sample and the detection array of individual 
detection piXels to detect changes in intensity in the detec 
tion array of individual detection piXels corresponding to the 
plurality of desired angles of illumination and therefrom 
determining a three-dimensional image of the sample. The 
computer-implemented programming can also cause the 
illumination array of individual light transmission piXels in 
the ?rst spatial light modulator to provide a plurality of 
desired angles of illumination of the sample to provide a 
plurality of images of the sample at a corresponding plural 
ity of different depths Within the sample and then tomo 
graphically reconstructs the different images to provide a 
three dimensional image of the sample. These embodiments 
are preferably effected Without moving the sample, a con 
denser lens or an objective lens and can also selectively 
provide dark?eld microscopy by causing the illumination 
array of individual light transmission piXels in the ?rst 
spatial light modulator to provide a desired pattern for 
dark?eld microscopy and a selected portion of the individual 
light transmission piXels corresponding to the desired pat 
tern for dark?eld microscopy is on and a complementary 
pattern of the individual light transmission piXels of the third 
spatial light modulator is on. The microscopes can alternate 
betWeen dark?eld microscopy and bright?eld microscopy 
Without refocusing. 

[0029] In still further embodiments, the computer-imple 
mented programming causes the light detector to detect only 
light impinging on a central detection piXel aligned With and 
corresponding to an individual light transmission piXel of 
the second spatial light modulator that is on, and can 
compile the data provided by the at least one adjacent 
detection piXel and combine it With the data provided by the 
central detection piXel. Thus the computer-implemented 
programming can compile the data provided by the adjacent 
detection piXels and combine it With the data provided by the 
central detection piXel such that the focus of the microscope 
is enhanced compared to the focus Without the data from the 
adjacent detection pixels. 


































