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(7) ABSTRACT

An imaging system, such as a surgical microscope, laparo-
scope, or endoscope or integrated with these devices, includes
an illuminator providing patterned white light and/or fluores-
cent stimulus light. The system receives and images light
hyperspectrally, in embodiments using a hyperspectral imag-
ing array, and/or using narrowband tunable filters for passing
filtered received light to an imager. Embodiments may con-
struct a 3-D surface model from stereo images, and will
estimate optical properties of the target using images taken in
patterned light or using other approximations obtained from
white light exposures. Hyperspectral images taken under
stimulus light are displayed as fluorescent images, and cor-
rected for optical properties of tissue to provide quantitative
maps of fluorophore concentration. Spectral information
from hyperspectral images is processed to provide depth of
fluorophore below the tissue surface. Quantitative images of
fluorescence at depth are also prepared. The images are dis-
played to a surgeon for use in surgery.
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METHOD AND APPARATUS FOR
QUANTITATIVE AND DEPTH RESOLVED
HYPERSPECTRAL FLUORESCENCE AND
REFLECTANCE IMAGING FOR SURGICAL
GUIDANCE
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443 filed Jul. 21, 2014 which is a U.S. National Phase Appli-
cation of PCT Patent Application PCT/US2013/022266 filed
Jan. 18, 2013, which claims priority to 61/588,708 filed Jan.
20,2012.

[0003] The present application is also a continuation-in-
part application of U.S. patent application Ser. No. 14/375,
311 filed Jul. 29, 2014 which is a U.S. National Phase Appli-
cation of PCT Patent Application PCT/US2013/024400 filed
Feb. 1, 2013, which claims priority to 61/594,862 filed Feb. 3,
2012 and U.S. Patent Application 61/583,092, filed Jan. 4,
2012.
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part application of U.S. patent application Ser. No. 14/370,
713 filed Jul. 3, 2014, which is a U.S. National Phase Appli-
cation of PCT/US2013/020352 filed Jan. 4, 2013, which
claims priority to 61/583,092 filed Jan. 4, 2012.

[0005] The present application is also related to U.S. patent
application Ser. No. 13/145,505, filed 20 Jul. 2011, now U.S.
Pat. No. 8,948,851 which is a U.S. national phase of U.S.
Patent Cooperation Treaty Application PCT/US/2009/
066839 filed 4 Dec. 2009, which claims priority to U.S.
Provisional Application 61/145,900 filed 10 Jan. 2009.
[0006] The aforementioned patent applications are hereby
incorporated herein in their entirety by reference.

GOVERNMENT RIGHTS

[0007] This invention was made with government support
under grant numbers ROl CA159324-01, K25 CA138578,
RO1 EB002082-11, 1R21 NS078607, and ROINS052274-
01A2 awarded by the National Institutes of Health. The gov-
ernment has certain rights in the invention.

FIELD

[0008] The present application relates to the fields of sur-
gery and imaging of surgical sites. In particular, the present
application relates to hyperspectral fluorescence and reflec-
tance imaging with quantification and depth resolution in
model or non-model based implementations to improve the
ability of a surgeon to distinguish tissue types during surgical
procedures.

BACKGROUND

[0009] There are many types of lesions treatable with sur-
gery. These lesions include tissues abnormal for any location
in the body, such as malignant (or cancerous) tumors, and
many slower-growing “benign” tumors. These lesions also
include tissues that are abnormal for their location in a par-
ticular organ, but resemble normal tissues found in other
locations in the body. Other lesions may incorporate material
foreign to the body, including bacteria, viruses, or parasites,

Sep. 29, 2016

and associated zones of immune reactions. Still others
involve developmental anomalies, such as arteriovenous mal-
formations and berry aneurisms, or have portions with abnor-
mal metabolic conditions. Other lesions may incorporate
scars and adhesions from prior illness or injury. While lesions
are of many kinds, it is generally desirable for a surgeon to be
able to visualize the lesion being treated and to be able to
discriminate between normal and lesion tissues—even when
lesion tissue resembles surrounding normal tissue.

[0010] Many tumors and other lesions do not have a capsule
or other connective tissue that separates them from nearby
normal tissues; these may have irregular boundaries. Invasive
malignant tumors in particular often have infiltrations and
filaments containing malignant cells that penetrate into adja-
cent normal tissue. Some tumor types, including gliomas,
produce motile cells that may migrate a short distance away
from the tumor into normal tissue; once these cells have found
a hospitable location they may grow and form a new spinoff
or satellite tumor. The new tumor may or may not become
attached to the parent tumor, if it becomes attached it may
resemble an invasive filament of tumor. Either way, the tumor
may develop a somewhat ragged edge with filaments and
spots penetrating into adjacent tissue.

[0011] To reduce recurrence of many tumors after surgical
treatment, including many malignancies, it is considered
desirable to remove all detectable portions of the tumor.
[0012] While filaments of tumor, and motile cells, may stop
extending for a time when they reach an organ capsule, result-
ing in tumor encapsulated in the organ, it is often undesirable
to remove an entire organ or organ lobe—especially when an
organ is critical for life and the tumor may not have invaded
the entire organ. For example, removal of more brain tissue or
spinal cord than necessary can cause life-altering neurologi-
cal impairment or death. Similarly, it may be desirable to save
as much as possible of a patient’s liver, his only remaining
kidney, or his dominant arm. There are other organs and body
structures where tumors may form but where it may be desir-
able to retain as much post-surgery organ structure and func-
tion as possible.

[0013] Invasive filaments and clones from formerly motile
cell portions of some tumors may not be readily discerned by
asurgeon even under magnification because some portions of
some benign and some malignant tumors have tissue that
superficially resembles tissue like that from which the tumor
arose in both color and, to a certain extent, in texture; a tumor
that arose in an organ often has portions that are difficult to
visually distinguish from surrounding tissue. Other lesion
types may also have portions with color and structure that
resemble nearby healthy tissue, making it difficult for the
surgeon to distinguish the lesions from the healthy tissue.
[0014] A prior method of ensuring complete tumor removal
while retaining as much organ as possible involves a patholo-
gist cooperating with the surgeon. The surgeon removes the
tumor and some adjacent tissue, while the pathologist imme-
diately examines frozen sections to verify that the removed
tissue includes a tumor-free margin. Should tumor portions
be found to extend to boundaries of the removed tissue, exten-
sion of tumor beyond the removed tissue is assumed and more
adjacent tissue is removed before closing the incision. This
method is slow, requiring extended anesthesia times and
repeated frozen sections, and may require removal of more
tissue than necessary because frozen sections can only be
performed after the tissue is removed from the patient. Fur-
ther, not all abnormal tissue types are readily distinguished in
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a frozen section. An alternative or supplemental method
involves pathological examination of stained sections to
verify complete tumor removal with removal of adequate
margins of healthy tissue, however stained sections often take
so much time to prepare that any further removal requires
re-operation.

[0015] Generally, surgeons treat lesions that are visible to
them during surgery. At times, lesions and tumors may lie
under the surface of an organ, or under a visible and exposed
surface of an operative site, where they may be obscured by
overlying tissue and not readily visible, or may have poor
contrast relative to surrounding stroma. It is desirable to make
these lesions, including portions of malignant tumors, visible
to a surgeon so that they can be more readily treated, with less
normal overlying tissue damaged during treatment, than with
current techniques.

[0016] Some fluorescent compounds will accumulate in
tumors and other abnormal tissues. Further, some prodrugs,
such as S-aminolevulinic acid (5-ALA) can be metabolized
into fluorescent compounds to a greater extent in some tumor
tissues than in surrounding normal stroma. Marking of
tumors with 5-ALA metabolites and using resultant fluores-
cence at the surface of an operative site to guide surgery has
been reported in the literature. For example Stummer, et al.,
“Fluorescence-Guided Surgery with 5-Aminolevulinic Acid
for Resection of Malignant Glioma: A Randomized Con-
trolled Multicentre Phase 111 Trial,” Lancet Oncology, Lancet
Oncology, Lancet Oncol., 2006. 7(5): p. 392-401, published
online Apr. 13, 2006 at oncology.thelancet.com, reports that
removal of malignant glioma tumor tissue marked with fluo-
rescent metabolites of S-ALA and fluorescing in the visible
spectrum at the surface of an operative site under violet-blue
excitation light during surgical treatment of glioma improved
extent of tumor resection and enhanced six month progres-
sion free survival in human subjects. Similar studies have also
been performed in laboratory rodents, including mice and rats
with tumor models. It is expected that these results may apply
for other lesion types.

[0017] Most tissues of the human body are soft tissues
inherently flexible and deformable. Further, many soft tissues
interface with other tissues along boundaries where consid-
erable movement may take place. During surgery, as adjacent
structures such as skin, muscle, and bone are moved and
pressure applied with instruments such as retractors, these
tissues deform and shift. Since these tissues may deform both
between imaging and surgery, and during surgery, it is com-
mon for surgeons to find that lesions, including tumors and
foreign objects, and other surgical targets are no longer in
positions they occupied in preoperative images. For a surgeon
to properly treat these lesions, the surgeon must locate them
during surgery. Further, for surgeons to avoid unintended
damage to other nearby structures, it may also be necessary to
locate those other structures precisely.

[0018] There are chromophores naturally present in bio-
logical tissues, including human tissue. A leading such chro-
mophore is the iron-containing heme group—as found in
myoglobin and hemoglobin. Heme is generally found in both
oxygenated and de-oxygenated forms in the body, and it is
well known that absorption spectra of heme differs between
the oxygenated and de-oxygenated forms; this difference in
absorption may be used to identify tissues having different
oxygen concentrations. Blood vessels, and some other struc-
tures that it may be desirable to protect during surgery, may
have or may contain concentrations of such chromophores.
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[0019] Many malignant tumor types have high metabolic
activity due to rapid cell division and growth. These tumors
often outgrow the local oxygen supply; some tumors stimu-
late rapid proliferation of blood vessels to overcome this, and
some tumors develop core areas of low oxygen tension and
may develop necrotic portions. Imaging of heme concentra-
tions and oxygenation may assist in locating some types of
malignant tumor tissue, as well as imaging tissues such as
muscle, bone marrow, liver, spleen, and blood vessels includ-
ing arteriovenous malformations and aneurysms that natu-
rally have high heme concentrations.

[0020] Muscle, including cardiac muscle, and brain activi-
ties consume more oxygen when active than when idle. A
normal physiological response to this increase of oxygen
consumption with activity is to dilate blood vessels to
increase blood flow in affected tissue. In many diseases,
including peripheral vascular disease, and cardiovascular dis-
ease, as well as cerebrovascular disease, ischemic bowel dis-
ease, the centers of some types of tumors, and other condi-
tions, this physiological increase of flow is impaired resulting
in a local decrease in oxygenation of heme. A significant
decrease in oxygenation, such as may be caused by damaged
blood vessels, may produce pain or other signs and symp-
toms, as in intermittent claudication or angina. Further, map-
ping increases in blood flow due to brain activity can be of
interest in monitoring activity in the brain.

[0021] Forall these reasons, it is desirable to be able to map
areas of heme concentration, to map areas of oxygenated
hemoglobin and de-oxygenated hemoglobin, and to be able to
view dynamic changes in oxygenation with tissue activity.

[0022] Other chromophores naturally present in some tis-
sues, including some types of tumor tissues, are naturally
fluorescent. Further, optical properties of normal tissues of
different tissue types are known to differ, and some optical
properties of some diseased tissues tissue types have been
shown to differ from normal tissues of the same organ.

[0023] The extent of resection for brain tumor procedures
has been shown to correlate with patient survival and quality
of life. Accurate tumor tissue identification with a surgical
microscope alone can be challenging because of lack of
visual or mechanical features in tissue to discriminate
between normal tissue and tumor. Fluorescence-guided neu-
rosurgery marks tumor tissue with a fluorescent contrast
agent, and uses fluorescence detection technologies to iden-
tify tumor tissue using the fluorescence signals emitted from
tumor tissue. Current surgical microscopes enabled for fluo-
rescence imaging typically perform single-band, single-spec-
tral-wavelength, detection. Although useful, significant lev-
els of tumor tissue can be left undetected using this
fluorescence imaging approach.

[0024] Prior fluorescence detection technologies in the
operating room display features and functionalities such as: 1)
surgical microscopes modified for broad-beam fluorescence
imaging currently allow for wide-field, for example, up to 50
cm?, single-band, 620-720 nm, non-spectrally resolved fluo-
rescence detection that assesses fluorescence qualitatively,
without accounting for non-linear effects of tissue optical
properties on the emitted fluorescence; and i1) surgical point-
probe spectroscopy devices for fluorescence detection cur-
rently allow single-point, for example a 1 mm?, spectrally-
resolved fluorescence detection that may or may not measure
fluorescence quantitatively.
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SUMMARY

[0025] An imaging system, such as a surgical microscope
or endoscope, includes an illumination device for illuminat-
ing a target with light selectable from patterned white light
and specific wavelengths of light. The system receives light
from the target and images the light hyperspectrally, in an
embodiment using a hyperspectral imaging array, and in an
embodiment using tunable filters for passing a filtered portion
of the received light to an imager. Embodiments construct a
3-D surface model of the target from, in an embodiment
stereo images and in another embodiment structured-light
images, and processes images taken in patterned white light
to estimate optical properties of the target. Hyperspectral
images taken under specific wavelengths of light are dis-
played as fluorescent images, and corrected for optical prop-
erties of tissue to provide quantitative maps of fluorophore
concentration. Spectral information from the hyperspectral
images 1is processed to provide images with depth informa-
tion of fluorophore concentration. The images are displayed
to a surgeon for use in surgery

[0026] In another embodiment, an optical and image pro-
cessing system has a white light source coupled to pass light
through a bandpass optical filter forming filtered light; a
spatial modulator coupled to modulate light from the light
source, forming modulated light; projection apparatus con-
figured to project onto tissue light selected from the group
consisting of filtered light and modulated light; a hyperspec-
tral camera configured to receive light from tissue; and an
image processing system coupled to receive images from the
hyperspectral camera and configured with a memory contain-
ing machine readable instructions for performing at least a
function selected from the group consisting of quantitative
fluorescent imaging, depth resolved fluorescent imaging, and
hemoglobin oxygen saturation imaging.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] The features and advantages of the invention will be
apparent from the particular description of embodiments of
the invention, as illustrated in the accompanying drawings in
which the drawings are not to scale, emphasis instead being
placed upon illustrating the principles of the invention.
[0028] FIG. 1 is a diagram of one exemplary system for
assisting a surgeon in locating structures in soft tissues during
surgery, in an embodiment.

[0029] FIGS. 1A, and 1B represent alternative forms of
hyperspectral camera for the system of FIG. 1.

[0030] FIGS. 1C and 1D represents a stimulus light source
for use in the system of FIG. 1.

[0031] FIG. 1E represents a spatially modulated light
source for use in the system of FIG. 1.

[0032] FIG. 1F illustrates a light source having white and
fluorescent stimulus wavelength capability as both a spatially
modulated and unmodulated light source.

[0033] FIG. 1G illustrates an imaging system adapted for
use in laparoscopic surgery.

[0034] FIG. 2 is a flowchart of one exemplary method for
determining locations of structures in soft tissues during sut-
gery, in an embodiment.

[0035] FIG. 3 shows a cross-sectional illustration of abrain,
such as a human brain, with skull and meninges.

[0036] FIG. 4 is an exemplary flowchart of a method for
determining a three dimensional surface map, in an embodi-
ment.
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[0037] FIG. 5A shows a pre-durotomy surface map anno-
tated with features from the pMR model.

[0038] FIG. 5B shows a post-durotomy surface map.
[0039] FIG. 6 is a flowchart of a precalibration procedure
for determining a 3D surface map.

[0040] FIG. 7 is a flowchart of secondary calibration pro-
cedure for determining a 3D surface map, and modeling
tumor location.

[0041] FIG. 8 is an illustration of secondary calibration
[0042] FIG. 9 illustrates points in a table or library of cali-
brations with primary and secondary calibration points
[0043] FIG. 10 is an illustration of surface reconstruction.
[0044] FIG. 11 is a flowchart illustrating modeling tumor
shift using a combination of methods herein described.
[0045] FIG. 12 is an illustration of uncorrected versus cor-
rected estimates of fluorophore quantity.

[0046] FIG. 13 is an illustration of finding an incision plane
and incision depth or focal plane.

[0047] FIG. 14 is a data flow diagram representing a quan-
titative, depth-resolved, fluorescent imaging.

[0048] FIG. 15 illustrates differences in observed spectra of
light emitted by PPIX as observed above tissue with differ-
ences in depth in tissue.

[0049] FIG. 16 illustrates fitting a ratio of intensity at two
wavelengths from FIG. 15 to an equation relating spectra to
depth.

[0050] FIG. 17 is a block diagram of a first endoscopic
embodiment.

[0051] FIG. 18 is a block diagram of a second endoscopic
embodiment.

[0052] FIG. 19 is an introduction to data flow diagrams for

depth-resolved fluorescent imaging (dFI), and in particular
favoring fluorophores in the visible spectrum range.

[0053] FIG. 20 is a data flow diagram for a non-model-
based technique of depth-resolved fluorescent imaging.
[0054] FIG. 20A is a flowchart illustrating operations of
correction algorithms based on light transport models and/or
data normalization schemes.

[0055] FIG. 21 is a data flow diagram for a model-based
technique of depth-resolved fluorescent imaging.

[0056] FIG. 22 is an introduction to data flow diagrams for
quantitative fluorescence at depth and alternative embodi-
ments of depth-resolved fluorescence imaging, in variations
favoring fluorophores emitting in the infrared spectral range.
[0057] FIG. 23 is a data flow diagram for a non-model-
based technique of depth-resolved fluorescent imaging.
[0058] FIG. 23A is a flowchart illustrating fundamentals of
both the model-based and non-model-based technique of
depth-resolved fluorescent imaging.

[0059] FIG. 24 is a data flow diagram for a model-based
technique of depth resolved fluorescent imaging.

[0060] FIG. 25 is a block diagram of a fluorescent depth-
resolved and hyperspectral imaging system adapted to pro-
vide images through a head-mounted display system.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0061] A hyperspectral imaging device is an imaging
device that is capable of resolving wavelengths of received
light into signals representing multiple discrete wavelength
bands, but which resolves wavelengths into more than the
traditional color-cameral three overlapping primary color
wavelength bands (red, green, and blue) at each pixel, or
macropixel, of a received image. Such a hyperspectral imag-



US 2016/0278678 Al

ing device may in some embodiments resolve wavelengths
into more and narrower wavelength bands, by separately
resolving intermediate colors such as yellow or orange into
their own wavelength bands. A hyperspectral imaging device
may also cover a broader range of the electromagnetic spec-
trum than visible light alone, such as by coveting both visible
and portions of the infrared light spectrum; some hyperspec-
tral imaging devices are capable of resolving received infra-
red light into signals representing intensity of light received
within each of a large number of separate wavelength bands
including multiple bands within the infrared spectrum. Some
hyperspectral imaging devices provide a spectrum at each
pixel, or macropixel, of each image received; others may
provide images having intensity information only within a
selection of multiple, predetermined, wavelength bands. A
wide-field hyperspectral imaging device is capable of acquir-
ing full field of view images of the region of interest, such as
the surgical field of view, similar to broad beam fluorescence
imaging devices used for wide field imaging Our hyperspec-
tral imaging device is capable of selecting wavelengths of
interest in the visible and infrared regions of the electromag-
netic spectrum, and as such capable of acquiring multiple
images at wavelengths of interest, using pixel by pixel full
spectra reconstruction using multiple images acquired at
wavelengths of interest. In a “snapshot” embodiment our
device resolves light into 32 or 64 predetermined colors or
wavelength bands, and in a tunable-filter embodiment, into
100 or more wavelength bands.

[0062] FIG. 1 illustrates a system 100 for supporting sur-
gery, according to some embodiments.

[0063] The system of FIG. 1 includes a microscope body
102, which has multiple beam splitters 104 that permit light to
be diverted to several optical ports simultaneously or alterna-
tively in succession, depending on the microscope and opera-
tor preferences. Attached to a first optical port of body 102 is
atube 106 leading to a surgeon’s binocular optical eyepieces
108.

[0064] Attached to a second optical port of body 102 are a
first high definition electronic camera 120 and a second high
definition electronic camera 122. Cameras 120, 122 are
coupled to provide images to image capture interface 124 of
a digital image processing system 126. Attached to a third
optical port of body 102 is a hyperspectral imaging device
128 that in an embodiment has a tunable filter 130 adapted to
receive light from body 102 and a high resolution broad-
bandwidth electronic camera 132. In a particular embodi-
ment, hyperspectral imaging device 128 couples to body 102
through a flexible, coherent, fiber-optic image-conveying,
optical cable 129. The camera 132 of the hyperspectral imag-
ing device 128 is also coupled to provide images to image
capture interface 124 of the digital processing system 126. In
an embodiment, tunable filter 130 is a liquid crystal tunable
filter. In an alternative embodiment, tunable filter 130 is an
acousto-optic tunable filter.

[0065] Referring again to FIG. 1, a tracker interface 140 of
the image processing system 126 is coupled to use tracking
sensors 142 attached to a reference location within an oper-
ating room to track relative locations of microscope location
sensors 144 and patient location sensors 146. In an embodi-
ment, tracking sensors 142 and an associated processor of
tracker interface 140 are a commercially available Treon®
StealthStation®, (trademarks of Medtronic, Louisville,
Colo., USA) optical tracking system. Microscope location
sensors 144 are rigidly attached to the microscope body 102,
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and patient location sensors 146 are attached to a frame 148
that may be attached to a patient while the patient is under-
going a surgical procedure. In a particular embodiment,
frame 148 is adapted to be attached to a patient’s skull 150 by
screws (not shown) for the duration of a neurosurgical pro-
cedure during which the patient’s brain 152 is exposed, and
during which patient’s brain 152 may be operated on with
surgical instruments 154 to remove or destroy one or more
lesions 156.

[0066] Microscope body 102 also has zoom optics 160,
adapted for operation by a zoom motor/sensor 162, and a
focus adjustment (not shown) adapted for operation by a
focus motor (not shown). The microscope also has multiple
illuminators 166, 168. In an embodiment, illuminators 166
include white-light illuminators 166, and wavelength-selec-
tive fluorescent stimulus illuminators 168, operating under
control of an illumination interface 170 of the image process-
ing system 126. The microscope body also has a heads-up
display (HUD) projector 172 capable of providing graphical
images through a combiner 174 of body 102 such that the
graphical images are presented for viewing by a surgeon
through surgeon’s eyepieces 108. The surgeon’s field of view
through the operating microscope and its associated HUD is
co-registered with that of the imaging system, allowing dis-
play of tissue classifications, mapped tumor locations, and
hyperspectral imaging results superimposed on visible brain
tissue, one-to-one comparisons, and intraoperative surgical
decision making. At standard working distances between
microscope and surgical cavity, surgical instruments 154 fit
between zoom optics 160 and tissue of brain 152.

[0067] Image processing system 126 also has a memory
178 into which image capture interface 124 saves images
received from cameras 120, 122, 132; and at least one pro-
cessor 180. Processor 180 is adapted for executing processing
routines such as surface fluorescence quantification imaging
gF1, fluorescence depth modeling routines 186 and both
depth-resolved fluorescence imaging (qFI) and quantitative
depth-resolved fluorescence imaging (qdFI), endogenous
biomarker quantification using spatial frequency domain
techniques (see below) and hyperspectral image processing
routines 188 stored in memory 178 and operable on images
stored in memory 178. Processor 180 is also adapted for
preparing images for display through display interface 190
onto monitor 192, and for communicating through network
interface 194 to server 196; server 196 has database 198
containing information derived from preoperative MRI and
CAT scans.

[0068] Server196isalso interfaced through a network to an
MRI scanner 143 as known in the medical imaging art that
provides preoperative images of a patient’s brain 152, includ-
ing surface features 141, and tumor 156, prior to prepping the
patient for surgery and opening the patient’s skull 150 (brain
152, tumor 156, surface features 141 are shown with patient
prepared for surgery and skull opened). Server 196 is also
interfaced through a network to a CT scanner 145 that is
capable of imaging a patient’s brain prior to prepping the
patient for surgery and opening the patient’s skull 150.
[0069] While the system of FIG. 1 is illustrated in context
of an operative microscope, we anticipate that our surgical
vision enhancement system may be constructed in any of
several other formats useful in the surgical art, including a
laparoscope format and an endoscope system. For example, a
laparoscopic system 280 (FIG. 1G) may have a coherent
optical-fiber bundle 282 having a light-source-and-camera
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end 286 and a scope end 287. The light source and camera end
286 is coupled through a beamsplitter 288 to a combined
stimulus and broad spectrum light source resembling that of
FIG. 1F, and beamsplitter 288 is also coupled to an infrared
and visible light hyperspectral camera 294 resembling that of
FIG. 1A. A combined projection and imaging lens 290 both
projects spatially modulated light of desired wavelengths
from scope end 287 of fiber bundle 282 onto tissue 292, and
images both fluorescent and backscattered light onto fiber
bundle 282 and thus into camera 294. A digital image pro-
cessing system 126, similar to that of FIG. 1, is provided to
receive, record, and process images from the hyperspectral
camera 294 and to drive the digital multimirror device of the
spatial modulator 268 with predetermined spatial-light pat-
terns.

[0070] Operation of the system 100 has several modes, and
each mode may require execution of several phases of pro-
cessing on processor 180, executing one or more of several
routines, as mentioned above. Computational efficiency and
high performance are desirable in processor 180, since it is
desirable to minimize the operative time for which a subject is
anesthetized.

[0071] Forexample, processor 180 executes the hyperspec-
tral image processing routine to perform the hyperspectral
fluorescence and reflectance imaging of the tissue, as
described herein. Processor 180 executes hyperspectral,
reflectance, and in some embodiments spatially modulated
light, image processing to determine optical properties of the
tissue, processor 180 then executes qFI (quantified fluores-
cence imaging) routines to correct fluorescence images for
quantification of surface and near-surface fluorophores
imaged in fluorescence images. The processor 180 also uses
the hyperspectral camera 128 to capture a hyperspectral fluo-
rescent image stack and executes dFI (depth-resolved fluo-
rescent imaging) and/or qdFI (quantified depth-resolved fluo-
rescent imaging) routines from memory 178 to process the
hyperspectral fluorescent image stack to map depth and quan-
tity of fluorophore in tissue. The hyperspectral fluorescence
and reflectance imaging may also be performed in connection
with stereo-optical extraction routines executed on processor
180, using images captured by stereo cameras 120, 122, to
perform tissue surface contour and feature extraction for light
transport modeling in qFI, dF1 & qdFT and tomographic dis-
play of mapped depth and quantity of fluorophore. In an
embodiment the hyperspectral fluorescence and reflectance
image processing is performed on processor 180 in connec-
tion with fluorescence depth modeling, as described in U.S.
patent application Ser. No. 13/145,505, filed in the United
States Patent and Trademark Office on Jul. 2, 2011, and U.S.
Provisional Patent Application 61/588,708, filed on Jan. 20,
2012 and incorporated herein in its entirety by reference, and
as described herein, where fluorescence and reflectance spec-
tral information is derived from hyperspectral imaging device
128. In an alternative embodiment the hyperspectral fluores-
cence and reflectance image processing is performed by pro-
cessor 180 executing depth-resolved fluorescent imaging
routines as described in the unpublished paper A Non-Model
Based Optical Imaging Technique For Wide-Field Estimation
Of Fluorescence Depth In Turbid Media Using Spectral Dis-
tortion submitted herewith as an attachment, and as described
in PCT/US13/22266 filed Jan. 18, 2013, which claims prior-
ity t0 (523259) 61/588,708 filed Jan. 20, 2012, both of which
are included herein by reference.
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[0072] In some embodiments, an optional ultrasound sys-
tem 197 is provided to map deep brain structures using medi-
cal ultrasound as known in the art. In some embodiments,
information from the ultrasound system 197 is coregistered
with information from the stereo optical system herein
described and jointly used for modeling shift of deep brain
tumors and structures, particularly where surgical cavities
exist and/or surgical instruments, such as retractors, are
present in a surgical site.

[0073] In an alternative embodiment, with reference to
FIG. 1A hyperspectral imaging device 128, which may
optionally couple to microscope body 102 through optical
cable 129, has alens system 131 adapted for focusing images,
a dichroic filter 133 adapted for separating light into shorter
wavelength light and longer wavelength light, and, for imag-
ing the shorter wavelength light, a short wavelength tunable
optical filter 135 and image sensor 137. Light received from
optic cable 129 enters imaging device 128 through a dichroic
filter-changer 136 having a neutral-density filter and notch
filters adapted to exclude stimulus-wavelength light. Also
provided, and coupled to image the longer wavelength light,
are a long wavelength tunable optical filter 139 and longer
wavelength image sensor 138. Each tunable optical filter 135,
139 is a bandpass filter, in a particular embodiment with a
three nanometer bandpass, and is tunable from 400 to 1000
nanometers wavelength, and image sensor 137. 138 are
broadband sensors as known in the optoelectronics art; in a
particular embodiment short wavelength image sensor 137 is
a CMOS (complementary metal oxide semiconductor) or
CCD (charge coupled device) image sensor, while longer
wavelength sensor 138 is a high-sensitivity electron-multi-
plying CCD image sensor. Tunable optical filters are coupled
to, and controlled by, processor 180 such that they may be set
to a desired wavelength by processor 180.

[0074] In an alternative embodiment, with reference to
FIG. 1B hyperspectral imaging device 128, which may
optionally couple to microscope body 102 through optical
cable 129, has a lens system 131 adapted for focusing images
and a photosensor device 199 having an rectangular array of
tiling patterns of photosensors, such as tiling pattern 127,
where each tiling pattern corresponds to a pixel of a captured
image. Unlike typical Bayer-pattern 3-color cameras, in an
embodiment, each tiling pattern 127 has a rectangular pattern
of sixteen, thirty-two, or sixty-four, or other rectangular pat-
tern, of photosensors each of which has a color filter over it;
while a selected few of the color filters are traditional red,
green, and blue color filters adapted for generating a coreg-
istered traditional color image, the remaining color filters are
Fabry-Perot interference filters of differing thicknesses such
that photosensor device 199 has a separate photosensor in
each tiling pattern sensitive to each of N specific, preselected,
wavelengths between 1000 and 400 nanometers; for N 13,29,
or 61 for a total number of photosensors per pattern of 16,32,
or 64. In alternative embodiments, the tiling pattern may have
a different number of photosensors. Photosensor arrays with
tiling patterns of integrated Fabry-Perot interference filters of
multiple wavelengths over photosensors are expected to be
available from IMEC vzw, Kapeldreef 75 3001 Leuven, Bel-
gium in late 2013. Using a tiled photosensor array having a
well-chosen selection of filters allows video-rate image col-
lection of hyperspectral image cubes.

[0075] In an embodiment, as illustrated in FIG. 1C, fluo-
rescent stimulus light source 168 has an intense, broadband,
white light source such as a supercontinuum laser 230
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arranged to project light through a tunable filter 232 having
bandpass of 3 to 10 nanometers, and tunable for a bandpass
center over the range 400 to 1100 nanometers wavelength.
Wavelength-selected light passed from laser 230 through fil-
ter 232 is focused by lens 234 onto tissue 152. Tunable filter
232 is electrically tunable, and is coupled to, and controlled
by, processor 180. In a particular embodiment, filter 232 is a
tunable Lyot filter.

[0076] In an alternative embodiment, illustrated in FIG.
1D, fluorescent stimulus light source 168 has several light-
emitting diodes (LEDs) 251, each of which has a different
emissions spectrum, each LED being coupled through a
bandpass filter 253; in a particular embodiment light-emitting
diode and filter pairs are provided such that the light source
168 can be configured to provide light of violet 390 nm, blue
438 nm, cyan 475 nm, teal 512 nm, green 542 nm, yellow 586
nm, and red 631 nm wavelengths. A wavelength or wave-
lengths provided at any one time is determinable by driving
only selected LEDs of LEDs 251. Light from bandpass filters
253 is combined into a single beam by combiner 255, and a
lens 257 is provided to adjust beam shape.

[0077] In an embodiment, a combination white and fluo-
rescent-stimulus light source 260 (FIG. 1F) capable of pro-
viding both unpatterned and spatially modulated light at
either a selected stimulus wavelength or at a broadband white
wavelengths is coupled to a lighting port of the microscope to
illuminate tissue. In a particular embodiment, light source
260 has paired LEDs 251 and filters 253 adapted to provide
selected wavelengths of stimulus light similar to those of the
embodiment of FIG. 1D, and a controllable white light source
262, such as a supercontinuum laser or xenon incandescent
lamp. Light from one or more active light sources such as a
selected LED 251 and filter 253, or an active white light
source 262, is combined by combiner 264 and provided to a
spatial modulator 268; in a particular embodiment spatial
modulator 268 is a digital multimirror device (DMD) capable
of modulating light under control of a display controller 270
with any of thousands of spatial illumination patterns, inctud-
ing an unmodulated pattern. In other embodiments, spatial
modulator 268 may incorporate a digitally-controlled liquid-
crystal display and a display controller 270, or may incorpo-
rate a slide-changer or film-transport device adapted to inter-
pose selected film frames having spatial modulation patterns
on them. Modulated light from spatial modulator 268 then
passes through one or more lenses 272, which may include a
coherent fiber bundle, for transmitting and focusing the
modulated light onto tissue.

[0078] Inanembodiment, white light illuminator 166 has a
high-intensity, broadband, white light source such as a super-
continuum laser 236 or other lamp arranged to project light
onto a mirror of an digital-micromirror projection device
(DMD) 238 such those produced by Texas Instruments for
use in digital projectors for computer graphical display and
for use in digital projection televisions. Light from DMD 238
is projected by a lens system 240 onto tissue 152. DMD 238
is equipped with DMD control electronics 242 as known in
the art of digital projectors, and is coupled to an additional
graphical display controller (not shown) of digital image
processing system 180. The arrangement of laser 236, DMD
238, lens 240, control electronics 242, display controller, and
digital image processing system is capable of projecting
either unpatterned light or a predetermined black-and-white
pattern or image of light onto tissue 152.

Sep. 29, 2016

System Functions

[0079] Surgical applications of the system are described
with reference to brain surgery; however the system is appli-
cable to surgery on other organs as well. In a brain surgery
situation patients are prepared, the system is operated, and
surgery performed, according to the flowchart of FIG. 2. The
system of FIG. 1 is prepared and calibrated 202 for proper
three-dimensional surface extraction, according to the proce-
dure outlined below. FIG. 3 shows a cross-sectional illustra-
tion of the brain 152 of FIG. 1, showing skull 150 and
meninges. FIGS. 1, 2, and 3, are best viewed together with the
following description.

[0080] The patient is subjected to appropriate diagnostic
and pre-operative MRI (Magnetic resonance Imaging)
(pMR) and/or CT (Computed Tomography X-ray) (pMR)
scans. These pMR scans provide a preoperative three-dimen-
sional model of tissue of the patient, in a particular embodi-
ment the tissue of the patient includes the patients’ brain 152
(FIG. 1 and FIG. 3). A surgeon performs preoperative plan-
ning 204, which includes identifying lesion tissue, such as
tumor tissue 156, as targeted tissue for removal in the preop-
erative model of the tissue. The preoperative planning may
also include identifying other important structures 252, such
as particular blood vessels, nerve tracts, nearby areas critical
for particular functions such as Broca’s area 254, and other
nearby structures that the surgeon desires to preserve during
operation. The tumor tissue 156 targeted for removal, and
other important structures 252, 254 that are desired to be
preserved, are marked in the preoperative model at their loca-
tions as provided in the preoperative scans, indicating their
respective locations before surgery begins. The preoperative
model established from preoperative scans are detailed and
visualize some brain surface structures, such as blood vessels
260, and sulci 262; sulci (plural of sulcus) are creases or folds
at the surface of the brain. The surface of the dura is presumed
to be at the surface of the brain as shown in the pMR model
and scans. A model of the surface of the brain is extracted
from the pMR model and scans. The pMR model is in a
patient-centered coordinate system.

[0081] Once consent is obtained, the patient is prepared for
surgery, and patient tracking sensors 146 are attached to the
patient’s skull. In some embodiments, fiducials are used to
provide registration marks in preoperative and intraoperative
imaging to ease registration of the pMR coordinate system to
intraoperative imaging. The patient tracking sensors are reg-
istered to the patient-centered coordinate system of the pMR
model. Positions of the patient tracking sensors are deter-
mined in the patient-centered coordinate system, and the
patient’s skull 150 is opened, exposing the dura 256 matter.
Dura is opened. The microscope zoom optics 160 and focus
are set to a desired runtime optical setting, and the microscope
body 102 position is adjusted such that it is over the surgical
wound and a field of view of the microscope includes brain
tissue 152 over the tumor 156. The microscope location and
orientation is tracked relative to the patient using tracking
sensors 142, microscope location sensors 144 and patient
tracking sensors 146 to register a focal plane of the micro-
scope to the pMR coordinate system and pMR images. These
sensors, and/or fiducials, may also be used to register intra-
operative imaging of other modalities, such as X-Ray, CT or
MR, to the pMR coordinate system. A first pair of stereo
images is then taken 208. Once taken, this first pair of stereo
images is then processed using any features visible on the
brain surface as follows:
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[0082] a) Stereo visual surface extraction (FIG. 4) is
performed of the dural surface in the images to create a
brain surface map by
[0083] 1) Warping 302 the images to equivalent

images as if taken at the reference settings;

[0084] 2) Identifying 304 corresponding features in
both warped images;

[0085] 3) Tracing rays from the corresponding fea-
tures to determine 306 three-dimensional locations of
those features, the 3-dimensional locations forming a
point cloud,

[0086] 4) Constructing 308 an extracted dural surface
map from the point cloud of three-dimensional loca-
tions; and

[0087] 5) Transforming the extracted brain surface
map to the patient-centered coordinate system of the
pMR model by applying any necessary rotations and
translations.

[0088] After a hyperspectral image stack is obtained and
processed as described below under Hyperspectral Reflec-
tance Imaging Mode by illuminating the brain surface with
unpatterned or spatially unmodulated light, and/or a sequence
of patterns of spatially structured white light from illuminator
166, and photographing the surface with hyperspectral cam-
era 128, the image stack is processed by processor 180 to
generate a map of absorption & scattering light transport
parameters and chromophores ofinterest, such as oxygenated
and deoxygenated hemoglobin, on or in the brain surface.
These map images may be displayed.

[0089] Processor 180 provides DMD spatial modulator 238
of white light illuminator 166 with a sequence of patterns for
spatially modulated light, where the spatially modulated light
is projected onto tissue 152. A series of images of the brain is
obtained 214 with each pattern of illuminating light at wave-
lengths of interest, including both stimulus and fluorescence
wavelengths for a fluorophore that is expected to be present in
tissue 152. In particular embodiments, the subject has been
administered appropriate medications such that tissue 152
contains one or more of protoporphyrin IX generated in tissue
by metabolizing aminolevulinic acid, fluorescein or a fluo-
rescein-labeled molecule such as an antibody, or indocyanine
green or an indocyanine green-labeled molecule such as an
antibody. In alternative embodiments other fluorophores may
be used. These images are processed to estimate optical prop-
erties of tissue 152 in each voxel of tissue for improved
quantification of fluorophore concentration and depth local-
ization of fluorophores.

[0090] As described below under Fluorescent Imaging
Mode, the brain is illuminated with one or more stimulus
wavelengths for the fluorophores, and images are captured
216 at one or more emissions wavelengths. In two-dimen-
sional embodiments a two-dimensional map of fluorophore
distribution is constructed 218, and corrected using the esti-
mated optical properties for quantification of fluorophore. In
three-dimensional embodiments, a three-dimensional map of
fluorophore distribution in tissue is constructed 218, as
described below with reference to Fluorescent Depth-Re-
solved Imaging Mode, or in other embodiments as described
below with reference to Fluorescent Quantitative Depth-Re-
solved Imaging Mode, which includes use of the estimated
optical properties for quantification of fluorophore concen-
trations. In an embodiment, the map describes fluorophore
concentrations at up to one centimeter deep in the brain, or
deeper in some other types of tissue such as breast tissue. This
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map is then combined with the extracted 3-dimensional sur-
face model, and topographic or tomographic images of fluo-
rophore concentration are displayed. In a particular embodi-
ment, where two fluorophores are used, difference maps are
also prepared indicating differences in concentrations
between the two fluorophores, and these maps are displayed.
[0091] A classifier, which in embodiments is one of a
k-nearest-neighbors (kNN) classifier, a neural network clas-
sifier, and an support vector machines (SVM) classifier, is
then used to classify 220 (FIG. 2) tissue at each voxel, and
thereby generate a map of tissue classifications up to one
centimeter deep in the brain surface. The classifier operates
on chromophore concentrations, including oxygenated and
deoxygenated hemoglobin and ratios of oxygenated to
deoxygenated hemoglobin, fluorophore concentrations, and
optical properties as determined for that voxel. Finally, the
images and generated maps are displayed.

Calibration for 3-D Surface Extraction

[0092] Calibration of the stereo surface mapping and its
operation are as described in patent application “Method and
Apparatus for Calibration of Stereo-Optical Three-Dimen-
sional Surface-Mapping System” number PCT/US 13/20352
filed 4 Jan. 2013, and its parent documents, the contents of
which are incorporated herein by reference.

Stereovision Calibration and Reconstruction

[0093] The surface profile extraction system uses a stereo
optical system, such as that illustrated in FIG. 1 or 1A. With
reference to FIG. 6, the optical system is set 402 to a reference
setting SO of a set of one or more reference settings. A
sequence of optical precalibration phantoms are positioned
404 in view of the system, having known surface profiles, and
parameters for reconstruction surface profile extraction rou-
tine 182 are derived that are sufficient for reconstructing a
surface profile from a pair of stereo images taken with the
optical system set 402 to the reference setting.

[0094] Techniques for stereo image calibration and recon-
struction based on a pinhole camera model and radial lens
distortion correction are outlined here for completeness, and
are used in some embodiments. A 3D pointin world space (X,
Y, 7) is transformed into the camera image coordinates (X, y)
using a perspective projection matrix:

X a 0 C, 0
,[y]=[0 @y, Cy 0])<T><
1 0 0 10

where ¢, and a., incorporate the perspective projection from
camera to sensor coordinates and the transformation from
sensor to image coordinates, (C,, C,) is the image center, and
T is a rigid body transformation describing the geometrical
relationship of the effective optical centers between the views
of the two cameras, 120, 122.

[0095] A precalibration phantom is prepared having refer-
ence marks at known positions in 3D space. A stereo pair of
images is taken 406 of the precalibration phantom, assuming
the precalibration phantom has known surface profile, pro-
viding a plurality of known points in three dimensions. A total
of 11 camera parameters (6 extrinsic: 3 rotation and 3 trans-
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lation; and 5 intrinsic: focal length, f, lens distortion param-
eter, k1, scale factor, Sx, and image center, (Cx, Cy)) are then
determined through precalibration using a least squares fit-
ting approach, and saved for lateruse as herein described. The
intrinsic parameters include f focal length, k*lens distortion
coeflicient, Sx non-square pixel scalar, Cx; Cy camera center.
The extrinsic parameters include R(ux; y; uz) rigid-body
rotation, T(tx; ty; tz) rigid-body translation. Note that we now
have a camera model that projects a point in the world to its
image coordinates, the next step is to determine (i.e., cali-
brate) several unknown parameters among the equations pre-
sented above. In particular, the extrinsic camera parameters to
be calibrated are the rotation and translation matrices (R; T)
and the intrinsic parameters are the focal length (f), lens
distortion coefficient *, scale factor (Sx), and image center
(Cx; Cy).

[0096] The 3D precalibration phantoms have easily identi-
fied correspondence points or reference marks, where the
correspondence points have known height relative to a phan-
tom baseline. Each correspondence point should be identifi-
able in each of the images of the stereo pair.

[0097] Stereo image rectification is performed in a method
similar to that of Hai Sun, pages 38-47.

[0098] Stereo imagerectification is employed next to estab-
lish epipolar constraints that limit the search for correspon-
dence points along “epipolar lines” (defined as the projection
of the optical ray of one camera via the center of the other
camera following a pinhole model). In addition, images are
rotated so that pairs of epipolar lines are collinear and parallel
to image raster lines in order to facilitate stereo matching. In
an embodiment, an intensity-based correlation metric and a
smoothness constraint aware used to find the correspondence
points in both images of the pair. Each pair of correspondence
points was is then transformed into their respective 3D cam-
era space using the intrinsic parameters, and transformed into
acommon 3D space using the extrinsic parameters. Together
with their respective camera centers in the common space,
two optical rays were constructed with their intersection
defining the 3D location of each of the correspondence point
pair.

[0099] Since the 3D locations of the correspondence points
are known on the precalibration phantoms, the parameters are
fit 408 such that the extraction to a common 3D space gives
results where extracted 3D points of an effective surface
profile of the precalibration phantom match heights of the
known points on the precalibration phantom. These 3D sur-
face profile extraction parameters are then saved 410 for later
use below.

[0100] Next, and not disclosed in Hai Sun, a secondary
calibration phantom is positioned 412 in view of the optical
system, and a stereo image pair of the runtime calibration
phantom as viewed in the reference setting is captured and
saved as part of calibration information. In an embodiment,
the secondary calibration phantom is a two dimensional, flat,
phantom having marks printed thereon. In an embodiment,
the marks printed on the runtime calibration phantom are
randomly generated squares of random intensities. Inan alter-
native embodiment for use with cameras in aircraft or drones,
the secondary calibration phantom is a particular, preselected,
field or town. When it is desired to use the system to extract a
surface profile of tissue 152, the optical system is set to an
arbitrary runtime setting, typically having at least some opti-
cal system parameters, such as optical magnification, differ-
ing from those for the reference setting. The secondary cali-
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bration phantom may be used to calibrate warping parameters
for the runtime setting, or may be used to calibrate warping
parameters for secondary calibration points stored in a library
or table as described below; a calibration for the arbitrary
runtime setting determined by interpolation into the table and
used for 3D surface extraction. Calibration of settings per-
formed using the secondary calibration phantom, whether
used for a runtime setting or for determining secondary cali-
bration points, is described herein as secondary calibration.

Secondary Calibration

[0101] With the optical system set 452 to the arbitrary
desired setting, the secondary calibration phantom is posi-
tioned in view of the optical system in a position approximat-
ing that where tissue 152 will be present during surgery, and
a stereo image pair of the secondary calibration phantom is
captured or taken 454 by cameras 120, 122 taken through the
optical system with the optical system configured at second-
ary calibration setting S.

[0102] Next, deformation field parameters DFP for image
warping routine 183 are derived 306 such that application of
image warping routine 183 to the stereo image pair of the
phantom with optical system at desired setting S provides a
deformed stereo image pair that closely matches the stereo
image pair of the secondary phantom as taken with the optical
system in the reference setting SO.

[0103] The method for 3D surface extraction herein
described warps stereo images captured using a desired set-
ting S, using the deformation field obtained from images of a
phantom at desired setting S and reference setting S0, into
warped images corresponding to images taken at the refer-
ence setting SO. Because the reference setting SO has been
calibrated for surface extraction, the warped stereo images
can then be used for surface reconstructing following the
same calibration as determined for reference setting S0. The
key to the technique is to find the equivalent image at a
specific setting SO that has been pre-calibrated for an image
acquired at an arbitrary setting S.

Image Deformation Due to the Change in Image
Acquisition Settings and Target Surface Orientation

[0104] To determine image deformation due to the change
in image acquisition settings (i.e., m magnification and f focal
length), in an experimental embodiment a series of phantom
images were acquired using a planar secondary calibration
phantom with randomly generated squares of random gray-
scale intensity by successively changing one parameter from
its reference value while maintaining other optical system
parameters at the corresponding reference value; in other
embodiments other secondary calibration phantoms may be
used. In an embodiment, the reference values of image mag-
nification (m0) and focal length (f0) correspond to the lowest
magnification and the shortest focal length that the micro-
scope offers. respectively. Because image magnification
alters the image acquired independently from the change in
focal length (f) or viewing angle (8) (which was verified with
the deformation fields generated by changing m at different {
and 0), only one set of images is necessary to determine an
image deformation field dueto the change in m (acquired with
10). With m0, image deformation due to the change in f was
also determined by successively increasing f from f0. For
these phantom images, the secondary calibration phantom
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was perpendicular to an optical axis centered between the
effective optical axes of the two cameras.

[0105] With reference to FIG. 8, in order to determine
image deformation due to the change in 6, the pinhole camera
model was employed. For arbitrary material points, q0 and gi
initially on the secondary calibration phantom positioned at
080, their corresponding image pixels, p0 and pi on the imag-
ing plane, are co-linear with the pinhole camera lens. For a
given material point, q0, its new pixel location when the target
surface was rotated by 0, is given by the pixel location pro-
duced by the material point, gi on the original target surface
(i.e., 80), that intersects with the line segment generated by
the pinhole lens and q0, as illustrated in FIG. 8. Image defor-
mation due to the change is then produced by subtracting the
two pixel locations, pi and p0.

[0106] Based on the above description of generating image
deformation fields due to the change in m, f, and 0, the
following pseudo procedure outlines the sequence of phan-
tom image acquisitions:

[0107] Set £=f0, and 6=00, successively increase m from
m0 and acquire images for each setting of m;

[0108] Set m=mO and 6=60, successively increase f from
0 and acquire images for each setting of f;

[0109] Set m=m0 and f=f0, successively increase 6 from
80, and acquire images for each setting of 6; verify that
the predicted image deformation field based on pinhole
camera model matched with measurement.

[0110] Image deformation due to the change in m and fare
measured using the phantom images By contrast, image
deformation due to the change in 6 is computed based on the
pinhole camera model, and is verified using the phantom
images

[0111] Once appropriate warping parameters, such as a
warping deformation field, is determined, the microscope is
positioned 460 over tissue 152 instead of the phantom, and
stereo images of the tissue are obtained 462 from the cameras
120, 122.

Image Warping to Reference Setting

[0112] Next, the stereo images of the tissue are warped 464
by optical warping routine 183 into equivalent images as if
they had been taken at the reference settings.

[0113] A pseudo algorithm to warp images obtained at an
arbitrary image acquisition setting (m, f) and surface orien-
tation relative to the optical axis (0):

[0114] Use deformation field due to the change in m to
generate image at setting of (m0, f, 6);

[0115] Usetheresulting image and analytical solution of
deformation due to the change in 8, produce image at
settings of (m0, f, 60);

[0116] Usetheresulting image and deformation field due
to the change in f, to produce a warped image at the
reference settings, (m0, 0, 60);

[0117] In an alternative embodiment, a single deformation
field, or warping parameters, for the entire transformation
from the arbitrary setting (m, f, 0) into a warped image cor-
responding to an image as if it had been taken at the reference
setting (m0, {0, 60) is used in a single warping operation.

[0118] Next, the stereo precalibration parameters obtained
from precalibration phantoms with the optical system at the
reference setting (m0, f0, 00) are used to reconstruct 466 a
surface profile of the tissue in 3D. The reconstructed surface
profile may then be used with a computer model of deforma-
tion 186 of the tissue and a pre-surgery location of a tumor or

Sep. 29, 2016

lesion as determined in three dimensions from pre-surgery
images obtained by conventional medical imaging devices
such as CT scanners and MRI machines to locate 468 the
tumor 156 as displaced during surgery in a manner similar to
that described by Hai Sun. Alternatively, or in addition to
displaced tumor locations, the computer model of deforma-
tion of the tissue may be used to determine intra-surgery
locations of other anatomic features of the tissue so that these
features may be preserved.

[0119] Finally, image processor 180 uses a display system
190 to display the surface profile and tumor locations, or
locations of other anatomic features, so that a surgeon may
remove the tumor or lesion while preserving other critical
anatomic features of the tissue. In an embodiment, an updated
MRI (uMR) image stack is prepared 470 by warping or anno-
tating the preoperative MRI to show the displaced locations of
tumor and other structures. The determined displaced loca-
tions of tumor and other structures are displayed 472 to the
surgeon, who may use this displayed information 474 to
locate the tumor or additional tumor matetial for removal, or
to determine whether the tumor has been successfully
removed. Similarly, in alternate embodiments fluorescent
images, differenced fluorescent images, depth resolved fluo-
rescent images, and quantitative depth resolved fluorescent
images may be displayed to the surgeon with and without
uMR information. If the tumor has not all been removed,
more tumor may be removed and the process repeated 476
beginning with determining warping parameters for a current
optical setting 456, in most embodiments by interpolating in
table 458, and capturing a new stereo image pair 462 of the
tissue.

Library-Based Calibrations

[0120] It can be inconvenient to require a surgeon to posi-
tion a secondary calibration phantom in the field of view of a
surgical microscope when the surgeon changes focal length,
magnification, or other optical parameters of the system.
[0121] FIG. 9 illustrates a family of reference settings (in-
cluding each reference setting SO) or primary calibration
points 352, 354, together with secondary calibration points
356, 358, 360, 362, 364, 366, 368, are stored in a warp
deformation field parameter (DFP(n)) and 3D reconstruction
parameter multidimensional table or library 372 (FIG.1). An
encoder 374 is provided for the microscope zoom and focus
controls. Table or library 372 is indexed by the zoom and
focus control settings, which correspond to magnification and
focal length. For simplicity, only magnification and focal
length are illustrated in FIG. 9 in a two-dimensional diagram
representative of a two-dimensional table, in an actual system
additional optical parameters, such as microscope orientation
angles 0, are provided as additional dimensions to the table.
Each set of deformation field parameters is a constant repre-
senting no deformation for the primary calibration point SO or
points, or is derived by adjusting optical parameters of the
system such as the image magnification (m) and focal length
(D) parameters to correspond to the predetermined secondary
calibration point, positioning the secondary calibration phan-
tom, capturing an image pair is captured at this calibration
point, and fitting of deformation parameters such that a
warped image pair produced from the image pair closely
resembles saved stereo images of the phantom captured at a
reference setting SO, such as primary calibration point 352.
[0122] In this table-based embodiment, when surface pro-
file extraction is desired at a runtime arbitrary optical setting
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set, such as setting 370, during surgery by a surgeon, the
runtime optical settings are determined by determining the
magnification m, and focal length f, using the encoder 374 on
the zoom and focus controls. Angles are determined by read-
ing microscope angle information from tracker 142. A defor-
mation field parameter set for the runtime optical setting is
then determined by interpolation from nearby entries in the
table or library 372.

[0123] A runtime image pair of tissue is then captured. The
runtime optical warping parameters are then used to warp the
runtime image pair to an image pair that corresponds to the
specific reference setting SO, 352 that was used for secondary
calibration of the nearby entries in the table as heretofore
described. 3D reconstruction is then performed using 3D
reconstruction parameters determined for that specific refer-
ence setting.

[0124] Theuse of a reference setting SO at the extreme low
magnification end of the optical system zoom range, and at a
nearest focus length of the optical system focus range, has
advantage in that it can be reproducibly set as there is a
mechanical stop at these points. Further, when an image is
warped to correspond to a lower magnification setting, 3D
reconstruction may be more accurately performed than when
it warped to a higher magnification where portions of the
warped image exceed the boundaries of images used to cali-
brate the 3D reconstruction parameters.

[0125] In an alternative embodiment, in order to provide
more accurate 3D reconstruction at higher magnification and
longer focal length settings, additional reference image
acquisition settings at the midrange of optical system settings
are used in addition to the extreme settings at the lowest
magnification and shortest focal length. In this embodiment,
additional reference settings 354, 355 are provided at a
midrange of magnification. Further, in a particular embodi-
ment, additional reference settings 355, 357 are provided at a
reproducible, but greater than minimum, set-point of focal
length. 3D reconstruction parameters are determined by pri-
mary calibration, similarly to the process heretofore
described for determination of 3D reconstruction parameters
for the reference setting SO, for each of these additional
reference settings 354, 355, 357.

[0126] It is desirable that each reference setting SO, 352,
354, 355, 357 be a setting that the optical system can be
reproducibly be returned to. Certain microscopes are pro-
vided with motorized focus and zoom controls, together with
encoders 374. These microscopes may be provided with a
presetor bookmark memory permitting them to be returned to
apredetermined preset of focus and zoom; these microscopes
are particularly adaptable for operation with more than one
reference setting. Other microscopes may be equipped with a
mechanical detent, such as a detent at a midpoint setting of
magnification (or zoom). In embodiments using these optical
systems, each reference setting SO, 352, 354, 355 is a setting
that is bookmarked or at mechanical detents.

[0127] In a multiple-reference-setting embodiment, the
plane of focal length and magnification, or in an embodiment
having a single angle encoded a 3-space, or in an embodiment
having two angles encoded a 4-space, is divided into quad-
rants, such as quadrant 374, 376, 378, cubes, or hypercubes
(hereinafter quadrant) respectively.

[0128] Inamultiple reference setting embodiment, second-
ary calibration points, such as calibration points 364, 366, and
368, are determined at multiple optical system settings in
each quadrant, according to the procedure for secondary cali-
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bration described above, where each secondary calibration
point provides distortion field parameters DFPs for warping
an image taken at the calibration point to the primary calibra-
tion point of the quadrant within which the secondary cali-
bration point lies. For example, in the illustration of FIG. 9,
top right quadrant secondary calibration points 366 provide
DFPs for warping images to correspond to images taken at the
top right quadrant primary calibration point or reference set-
ting 355; with bottom left quadrant secondary calibration
points 356, 358, 360 provide DFPs for warping images to
correspond to images taken at the bottom left quadrant pri-
mary calibration point or reference setting 352.

[0129] In the multiple-reference-setting embodiment,
when a surgeon selects a runtime setting, such as setting 370,
380, the processor 124 uses the encoders 143 to determine the
runtime setting. The processor 180 executes a selection rou-
tine to determine the quadrant in which the runtime setting
occurs by comparing the runtime setting with settings of
calibration points in the warp and 3D parameter table or
library 372. Typically, the quadrant is chosen to be that having
areference setting, such as reference setting 352, 355 nearest
in focal length to that of the runtime setting, and the nearest
magnification setting less than the magnification of the runt-
ime setting. A runtime distortion field parameter (DFP(run))
is then determined by interpolation, as heretofore described,
between nearby secondary calibration points recorded in
library 372.

[0130] As previously described, a runtime stereo image is
then captured, and warped to correspond to images captured
at the primary calibration point or reference setting, of that
quadrant, such as setting 352 for the lower left quadrant 374
or setting 355 for runtime settings in the top right quadrant
378. 3D extraction is then performed on the warped image,
using 3D extraction parameters recorded in library 372 and
associated with the primary calibration point or reference
setting 352, 355, associated with that quadrant.

Determining 3D Deformation Field

[0131] In an alternative embodiment, instead of determin-
ing specific correspondence points, determining 3D coordi-
nates of those 3D correspondence points, and deriving a 3D
surface map from a cloud of such points, a 3D image warping
deformation field is determined that maps a first image, such
as a left image, of each stereo pair into an image that corre-
sponds to the second image, such as a right image, of the
stereo pair. A 3-D surface map is then determined from that
3D image warping deformation field.

Image Reconstruction From Warping Field

[0132] Stereovision reconstruction can be expressed by the
following equation to determine the 3D spatial coordinate, P,
for a given sampling point in the rectified left image, p:

P=Glp, Fp))=G(p, p+u(®)), (14)

where F(p) is a functional form describing the image coordi-
nate of the correspondence point of p in the rectified right
image, and is obtained when the horizontal disparity, u(p), is
available, and G is the geometrical operation (including trans-
formation and triangulation) established from calibration.
Therefore, reconstructing the 3D surface in space is reduced
to establishing a disparity map between the two rectified
images for a given set of calibration parameters. The quality
(accuracy and density) and the computational efficiency of
the disparity map determine overall performance in stereovi-
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sion reconstruction. For purposes of this discussion, we refer
to an unwarped left image and warp that image to correspond
to a right image; however it is anticipated that left and right
may be reversed in alternative embodiments. Establishing the
disparity map between the rectified left (“undeformed”) and
right (“deformed”) image pair is analogous to determining
the motion field between the two images

Determining a Vertically-Unconstrained 3D Warping
Deformation Field

[0133] It is known that a particular point P(x, y, z) on a
surface should appear along the same horizontal epipolar line
e in each image of a stereo pair, although its location along
that line will differ with the angle between the images and 3D
height. In an embodiment, a 3D warping deformation field
(3D-DFP) is determined by imposing a vertical, or epipolar,
constraint while fitting deformation field parameters to the
images. In a novel unconstrained embodiment, no such ver-
tical constraint is imposed.

[0134] In the unconstrained embodiment, using a varia-
tional model and assuming the image intensity of a material
point, (X, y), or its corresponding pixel does not change, a
gray value constancy constraint

Hp+w=lp), @

is assumed in which p=(x, y) and the underlying flow field,
w(p), is given by w(p)=(u(p), v(p)), where u(p) and v(p) are
the horizontal and vertical components of the flow field,
respectively. Global deviations from the gray value constancy
assumption are measured by an energy term

Epaalth, VR (U(p+w)~1(p)*)dp. )

where a robust function,  (x)=V x*+€?, was used to enable an
L' minimization in a particular study (¢=0.001).

[0135] The gray value constancy constraint only applies
locally and does not consider any interaction between neigh-
boring pixels. Because the flow field in a natural scene is
typically smooth, an additional piecewise smoothness con-
straint can be applied to the spatial domain, leading to the
energy term

Esmoon(tt, VIV >+ VyP)dp *

where ¢ is a robust function chosen to be identical to 1, and V
is the gradient operator where

a g
N

5" 3y

which is analogous for v.

[0136] Combining the gray value constancy and piecewise
smoothness constraints leads to an objective function in the
continuous spatial domain given by

E(t, VIEp a0 E g0 4

where o (>0; empirically chosen as 0.02 in a particular
feasibility study) is a regularization parameter. Computing
the optical flow is then transformed into an optimization
problem to determine the spatially continuous flow field (de-
fined by u and v) that minimizes the total energy, E. In this
study, an iterative reweighted least squares algorithm, and a
multi-scale approach starting with a coarse, smoothed image
set were used to ensure global minimization.
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Disparity Estimation Based on Optical Flow

[0137] Inaparticular flow-based stereo surface reconstruc-
tion study performed on intraoperative stereo pairs taken
during surgical procedures, the rectified images were down-
sampled to expedite processing, with sufficient resolution
retained to provide adequate 3D modeling. The full-field
horizontal displacements from two-frame optical flow on the
two (down-sampled) rectified images served as the disparity
map, u(p), from which texture-encoded 3D stereo surface is
readily reconstructed from the geometrical operations
defined above. Although the flow field is spatially smooth due
to the smoothness constraint applied to the optimization,
spurious disparities can still occur in regions of insufficient
features and/or with occluded pixels, similarly to SSD-based
correspondence matching. Instead of correcting for these
spurious disparities in the solution field by applying appro-
priate constraints in optimization with additional burden in
algorithmic implementation and increase in computational
cost, we detect regions of spurious disparities using values of
the vertical flow field, v(p). This strategy was possible
because ground-truth values of zeroes for v(p) were known a
priori as a direct result of the epipolar constraint where cor-
respondence point pairs were pre-aligned on the same hori-
zontal lines in rectified images.

[0138] Therefore, pixels with large absolute values of ver-
tical discrepancy v(p) (such as pixels displaced above or
below a certain threshold) that violate the epipolar constraint
also indicate likely spurious horizontal disparities in the flow
field, u(p). In some embodiments these pixels are simply
excluded from stereo surface reconstruction. In an alternative
embodiment, the sampling pixels are empirically filtered into
regions of high, mid, or low confidence levels based on the
absolute vertical disparities, abs(v), when they were either
less than a first threshold, between the first threshold and a
second threshold, or above the second threshold in pixels,
respectively, where these particular threshold values were
empirically chosen. Horizontal disparity values for pixels
with a high or low confidence level were either retained or
removed, while those in-between were interpolated based on
those of a high confidence level. Such a two-tier threshold
interpolation/exclusion scheme was effective in maximizing
regions of sufficient disparity accuracies while excluding
from surface reconstruction those with insufficient features
such as those due to specular artifacts or occluded pixels.
[0139] An experimental embodiment using 3D reconstruc-
tion based upon optical flow using a vertically unconstrained
image deformation fitting process and using vertical disparity
for disparity detection provided supetior surface reconstruc-
tion, and may permit more accurate determination of intra-
operative tumor locations.

Interpolation, Warp to Reference, Warp to 3D, Model
Movement

[0140] Putting together the heretofore described proce-
dures, as illustrated in FIG. 11, a calibration library or table
372 isprepared 602 by doing primary calibration using the 3D
calibration phantoms at one or more reference settings, and
3D reconstruction parameters are stored for each setting.
Secondary calibration points are then added into the table 372
by imaging a secondary calibration phantom at each refer-
ence setting, setting the optical system to correspond to each
secondary calibration point, re-imaging the secondary cali-
bration phantom, and determining warp field parameters that
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map the re-image of the secondary calibration phantom to
match the image taken at a reference setting appropriate for
use with that secondary calibration point; these warp field
parameters are stored in the table.

[0141] The optical system is then set to a desired setting
604, and warp field parameters suitable for mapping images
taken at the desired setting into warped images corresponding
to images taken at a reference setting are determined 606 by
reading warp parameters for secondary calibration points
near the desired setting and interpolating to give interpolated
warp parameters. A stereo image pair is obtained 608 from the
cameras and the interpolated warp parameters are used to
warp 610 that image pair to a warped image pair that corre-
sponds to an image pair taken at the reference setting used for
calibrating those secondary calibration points.

[0142] A vertically-unconstrained warp-field fitting opera-
tion is then performed to determine 612 3D warp field param-
eters for warping a first image of the warped stereo image into
a second image of the warped stereo image pair, and, where
vertical deformation in the warp field exceeds a first limit, the
warp field is adjusted, and where vertical deformation
exceeds a second limit, associated image pixels are excluded
from consideration in the warp-field fitting operation in a
further iteration of fitting the 3D warp field parameters to the
warped image pair.

[0143] The fitted 3D warp field parameters are used to
reconstruct 614 a surface profile of the tissue. This surface
profile is in turn used to constrain a mechanical model of the
tissue, the model is used to determine shift of structures in the
tissue, such as a shift of a tumor 616, and an intraoperative
location of those structures and the tumor. The intraoperative
structure locations and tumor location is then displayed 618
such that a surgeon can remove the tumor.

[0144] The heretofore described procedure may be used to
determine intraoperative positions of a lesion or other struc-
tures in tissue of the mammalian, including human brain or
may be adapted to determining intraoperative positions in
other soft-tissue organs.

Operation in Hyperspectral Reflectance Imaging
Mode

[0145] The system herein described may be operated to
produce hyperspectral reflectance images as follows.

[0146] Inembodiments having LED-based or incandescent
white light illuminators 166, the illuminators are turned on. In
embodiments having illuminators as described with reference
to FIG. 1E, laser 236 is turned on, and processor 180 puts a
blank white display on DMD 238. In embodiments having a
multiple-filter array hyperspectral camera 128 as discussed
with reference to FI1G. 1B, a hyperspectral reflectance image
stack is then captured directly. Each pixel of each wavelength
image of the stack corresponds to light imaged by a photo-
sensor of the array imager covered by a filter having bandpass
at that wavelength, such that for every image stack a number
of images are collected with each image corresponding to a
wavelength in the range of the electromagnetic spectrum of
interest. In this way a full spectrum can be reconstructed at
each pixel in of the 3d image stack. In embodiments having a
single-filter, single-broad-band-camera 132 hyperspectral
camera as discussed with reference to FIG. 1, or a dual-
imager hyperspectral camera as discussed with reference to
FIG. 1A, filters 130, 135, 139 are set to each wavelength for
which reflectance imaging is desired. Then, using the image
sensor 130, 138, 137 appropriate for each determined wave-
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length, an image of the hyperspectral reflectance image stack
is captured at those wavelengths. In embodiments having a
multiple-filter array imager, reflectance images are captured
at one or more wavelengths corresponding to illumination
wavelengths; if white light is used for illumination, a full
hyperspectral image stack is captured in a single, snapshot,
operation. In an embodiment, separate images of the hyper-
spectral image stack are captured at each of several wave-
lengths of interest, including wavelengths corresponding to
peak absorption wavelengths of oxyhemoglobin, and deoxy-
hemoglobin; these images may be displayed to a user by
processor 180 on monitor 192. A ratio image is also deter-
mined by ratioing intensity of corresponding pixels of the
oxyhemoglobin and deoxyhemoglobin images to produce an
image of hemoglobin saturation, and an image of a total of
hemoglobin concentration may also be generated. Similar
images at wavelengths suitable for use with other chro-
mophores may also be used. Images may also be generated
based on the scattering properties of the tissues derived from
the hyperspectral reflectance images.

[0147] The hyperspectral reflectance imaging, and spa-
tially modulated (SM) hyperspectral reflectance imaging, are
therefore performed in image processing routines executing
on processor 180 that retrieve the optical properties sepa-
rately for each emissions wavelength based on alook-up table
derived from Monte Carlo simulations of the radiation trans-
port or a diffusion theory approximation either modeled with
numerical methods or estimated from analytical forms
derived under plane wave assumptions. The recovered optical
properties at multiple wavelengths then allows recovery of
such medically useful markers as tissue oxygenation and
other endogenous properties of the tissue

Operation in Fluorescent Imaging Mode

[0148] The system herein described may be operated to
produce fluorescent images as follows.

[0149] Fluorescent stimulus light source 168 is set to a
preferred stimulus wavelength of a first fluorophore that is
expected to be present in tissue 152. In embodiments having
a multiple-filter array hyperspectral camera 128 as discussed
with reference to FIG. 1B, a fluorescence image is then cap-
tured directly using photosensors of each tiling pattern having
filters with bandpass at an expected fluorescence emission
wavelength of the fluorophore. In embodiments having a
single-filter, single-broad-band-camera 132 hyperspectral
camera as discussed with reference to FIG. 1, or a dual-
imager hyperspectral camera as discussed with reference to
FIG. 1A, filters 130, 135, 139 are set to a first fluorescent
emissions wavelength appropriate to the fluorophore. Then,
using the image sensor 130, 138, 137, animage of fluorescent
emitted light is captured at that wavelength. These images
may be displayed to a user by processor 180 on monitor 192.
Additional fluorescent images may be captured at a second,
third, or fourth emissions wavelength appropriate to the fluo-
rophore or fluorophores, further studies, and preferences of
the surgeon.

[0150] In some embodiments, including many embodi-
ments making use of multiple fluorophores, fluorescent
stimulus light source 168 is set to a second stimulus wave-
length of fluorophore that is expected to be present in tissue
152, in some embodiments this fluorophore is the first fluo-
rophore, and in other embodiments it is a second fluorophore.
A second fluorescence image, or set of fluorescence images,
is then captured directly at one or more expected fluorescence
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emission wavelengths of the fluorophore. These images may
also be displayed to a user by processor 180 on monitor 192.
In alternative embodiments, more than two stimulus wave-
lengths, and/or more than two fluorescent emissions wave-
lengths, may be used for fluorescence imaging.

[0151] The wavelength selected for stimulus light and for
the wavelength for capturing fluorescent emissions depends
on the expected fluorophore, for example protoporphyrin IX
has an absorption peak at 405 nanometers that may be used
for stimulus light, and emissions wavelengths of 635 nanom-
eters with a shoulder 0f710-720 nanometers that may be used
for fluorescent image capture. Similarly, fluorescein may be
stimulated with stimulus light near 500 nanometers while
emitting near 530 nanometers, a wavelength suitable for fluo-
rescent emissions image capture. Also, Indocyanine Green
(ICG) may be stimulated with light between 680-700 nanom-
eters while emitting near 780 nanometers, a wavelength that
may be used for fluorescent emissions image capture. The
system is adaptable for use with other fluorophores by select-
ing appropriate stimulus and imaging wavelengths. Further,
memory 178 has deconvolution or unmixing routines that,
when executed, determine contributions to fluorescent hypet-
spectral captured image stacks from two, or in some embodi-
ments more than two, separate fluorophores having different
emissions wavelengths by processing a hyperspectral fluo-
rescent emissions stack. A hyperspectral image stack essen-
tially provides a spectrum of emissions as received by each
pixel. Our work has shown deconvolving contributions from
two, or in some cases more than two, fluorophores is often
possible using a single emission spectra captured under a
single stimulus wavelength of light and base spectra of each
fluorophore present and tissue base autofluorescence. The
present embodiment permits capturing separate hyperspec-
tral image stacks under each of several stimulus light wave-
lengths, and this additional information is believed useful in
simplifying deconvolution of contributions from some fluo-
rophores and in extending the number of fluorophores that
may be simultaneously quantified in Fluorescent Imaging
Mode (FI), quantified Fluorescent Imaging Mode (qFI),
Depth-Resolved Fluorescent Imaging Mode (dFI), and Quan-
tified Depth-Resolved Fluorescent Imaging Mode (qdFI).
Execution of the deconvolution or unmixing routines there-
fore generates independent fluorophore concentration maps
for each fluorophore.

Operation in Spatial-Frequency-Modulated
Reflectance Mode

[0152] Embodiments of the system having illuminators as
described with reference to FIG. 1E may also be operated in
a spatial-frequency-modulated reflectance-imaging mode to
determine optical properties, including absorption & scatter-
ing properties, at each pixel of images of tissue 152; or, in an
alternative embodiment for improved quantification and
depth resolution, at each voxel of a three-dimensional model
of tissue 152, In, this mode, laser 236 (or other broadband
lamp) is turned on, and processor 180 puts a sequence of
white display on DMD 238. In embodiments having a mul-
tiple-filter array hyperspectral camera 128 as discussed with
reference to FIG. 1B, a hyperspectral reflectance image stack
is then captured directly, with each pixel of each wavelength
image of the stack corresponding to light imaged by a pho-
tosensor of the array imager covered by a filter having pass-
band at that wavelength. In embodiments having a single-
filter, single-broad-band-camera 132 hyperspectral camera as
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discussed with reference to FIG. 1, or a dual-imager hyper-
spectral camera as discussed with reference to FIG. 1A, filters
130,135, 139 are set to each wavelength for which reflectance
imaging is desired. Then, using the image sensor 130, 138,
137 appropriate for each determined wavelength, an image of
the hyperspectral reflectance image stack is captured at that
wavelength. In an embodiment, separate images of the hyper-
spectral image stack are captured at wavelengths including
peak absorption wavelengths of oxyhemoglobin, and deoxy-
hemoglobin; these images may be displayed to a user by
processor 180 on monitor 192. A ratio image is also deter-
mined by ratioing intensity of corresponding pixels of the
oxyhemoglobin and deoxyhemoglobin images to produce an
image of hemoglobin saturation. Similar images at wave-
lengths suitable for use with other chromophores may also be
used.

[0153] The spatially modulated mode is also used at fluo-
rescent stimulus wavelengths and fluorescent emissions
wavelengths to determine reflectance, absorbance, and scat-
tering parameters for use in modes described below, includ-
ing qFI, dF1, and qdFI modes.

[0154] Inanembodiment, spatially modulated mode is also
used to recover the tissue surface profile in real-time using
phase shifting profilometry (2). This involves retrieving the
phase shift for every point in the reference plane, between a
projected spatially modulated light pattern and a camera
acquired image of the light pattern deformed by the surface.
The phase shift is then used to calculate absolute height for all
points on the surface in the reference plane. The first step is to
generate the light patterns. We require 3 different patterns,
each with a different phase. The reference patterns are given
by:

s1(x) = ag + oy -cos[2n fox] (Eq. 2)

2r
s2(X) = dp + -cos[lﬂ fox+ ?]

an
s3(x) = ag + -cos[lﬂ fox+ ?]

[0155] Here {0 is the spatial frequency of the modulation,
a0 is the offset, and al is the amplitude intensity. Since we
illuminate with projected 8-bit grayscale images, we use
a0=a1=225/2. We acquire one deformed light pattern for each
projected pattern, yielding 3 deformed light patterns:

dix, y) = ag +ay -cos[2n fox + dlx, ¥)] (Eq. 3)

27
X, ¥)=dp + -cos[ln fox+ 3 +d(x, ¥)

4
ds3(x, y) = ap +ay -cos[Zn fox+ ?ﬂ +p(x, y)

[0156] Here ¢(x,y) is the phase shift for all points (x,y) in
the reference plane. Two intermediary variables are then cal-
culated from the 6 light patterns:

-V8 (52-53) (Eq. 4

(251 — 52 — 53)

V8 (da-dy)

D=
(2d —dr~d5)

S=
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[0157]
9z, y)=unwrap(artan(D(,)))-unqwrap(artan(S(x ) (Eq. )

[0158] When unqwrap is a 2D phase unwrapper needed to
correct the 2m shifts caused by the arctan discontinuity.
Finally, the absolute height at each point is calculated by:

The phase shift is then given by:

log(x, y)
Bx, y) =27 fodo

{Eq. 6)
hix, y) =

Operation in Wide Field Quantitative
Fluorescent-Imaging (qFI) Mode

[0159] FIG. 12 illustrates readings of fluorophore intensity
as observed in Fluorescent Imaging Mode of fluorophores at
a constant concentration in phantoms having a variety of
optical properties in left column 1002.

[0160] We apply spectral (based on spectrally-resolved
detection) and/or spatial (based on spatially modulated illu-
mination) constraints to the raw fluorescence data in order to
obtain the required quantitative information by accounting
for the effects of light scattering and absorption on the fluo-
rescence images through correction algorithms based on light
transport models and/or data normalization schemes. These
corrections operate according to the flowchart of FIG. 20A,
and begin by determining 2332 absorbance and reflectance
parameters at fluorescence stimulus and emissions wave-
lengths for each pixel, or for each of many small multipixel
regions, of the images. Fluorescence stimulus wavelength
light is applied and fluorescence emission images are then
acquired 2334. These parameters are then used to correct
2336 fluorescence images for stimulus light reflected or
absorbed before reaching fluorophore, and for fluorescent
emissions light absorbed after emission and before being
released from the tissue. We briefly outline three technical
alternatives to realizing wide-field qF1, each of which may be
used in one or ancther embodiment:

(a) Technical Realization of Wide-Field qFI:

[0161] We use a wide-field gFI method which achieves a
minimum sensitivity to CPpIX of 50 ng/ml with an error of no
more than 20% over a field-of-view (FOV) of at least 4 cm2 in
an acquisition time of less than 5 seconds. Wide-field qFI is
technically challenging because corrections for light attenu-
ation must consider contributions from surrounding tissues at
every point in the FOV. In addition, tissue curvature and
ambient lighting can compromise quantitative imaging, and
degradation from these effects must be minimized Hence, we
developed three approaches to find the optimal method which
meets our specifications where each presents tradeoffs in
performance fidelity vs. implementation complexity. The first
two are direct extensions of our point-probe technique, in
which attenuation correction is achieved through measure-
ment of the tissue’s diffuse reflectance (‘spectrally-con-
strained”), and the two methods differ in whether the full
spectrum or dual wavelength approximations are used. The
third method (“spatial light modulation’) illuminates the sur-
gical surface with specific and varying spatial patterns of light
which allow separation of the absorption and scattering con-
tributions in tissue as described in the section “Operation in
Spatial Frequency Modulated Reflectance Mode” above, and
these absorption and scattering parameters are then used to
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correct the wide-field fluorescence image. Estimates of sur-
face fluorophore concentrations, as corrected with the tissue
optical properties, are illustrated in right column 1004 of FIG.
12.

(1) Spectrally-Constrained gqFI with Full Reflectance Spec-
trum:

[0162] We used a full spectrum weighted basis solution to
estimate tissue optical properties that is likely to be effective
in single organ systems such as the brain where tissue optical
properties are relatively homogeneous. Here, ground truth
data (i.e., basis function responses) relating the measured
wavelength-dependent diffuse reflectance (Rd(})) to the cor-
responding absorption (pa()h)) and (reduced) scattering (us'
(M) coeflicients were generated using tissue-simulating lig-
uid phantoms with a large range of known optical properties
consistent with brain tissue. A 4D set of basis functions, [Rd,
A, ua, us'], were created from this information, and wide-field
spectrally-resolved reflectance images acquired during sur-
gery will be decomposed into Rd, and a regularized minimi-
zation (e.g., Generalized Least Squares, GLS) was used to
determine the best fit of Rd values as a weighted sum ofbasis
function responses to estimate pa(i) and ps'(A) at every image
pixel. A correction image derived from estimates of pa(A) and
us'(A) will be calculated using light transport models 80 and
applied to the raw fluorescence image to produce a quantita-
tive spectrally-resolved fluorescence image. In one embodi-
ment, GLS is applied to each (x, y) corrected fluorescence
spectra to unmix the contributions from PpIX and auto-fluc-
rescence, and construct a full FOV image of PpIX. To evalu-
ate the technical feasibility of the approach, we generated
preliminary data shown in FIG. 12 which corrects the raw
fluorescence using spectral constraints to calculate optical
properties that significantly decrease the spectral distortions.
Spectrally-Constrained qFT with Dual Wavelength Ratiom-
etry:

[0163] As an alternative, we will investigate an approxi-
mate method that uses measurements of tissue reflectance at
2 select wavelengths to correct for tissue attenuation. To
demonstrate technical feasibility and clinical potential, initial
evaluations of this technique have occurred in tissue-simulat-
ing phantoms, ex vivo brain tumor tissue from the CNS-1 rat
glioma model, and in vivo during human glioma surgery,
using the fluorescence/reflectance point-probe as a gold stan-
dard The dual-wavelength approximation yielded a linear
relationship between the corrected raw fluorescence and the
true PpIX concentration (R-squared=0.6387 for raw vs.
R-squared=0.9942 for corrected fluorescence). As a first step
towards clinical evaluation, we constructed a prototype spec-
trally-resolved imaging system and attached it to the surgical
microscope. The system collects images of the surgical field
continuously across the full visible spectrum (A=400-720
nm) and generates data in near-real time of both reflectance
(under white light), Rd(x, y, A), and fluorescence (under vio-
let-blue light), F(x, y, A). A two wavelength normalization
algorithm was applied to the complete data set to derive a
quantitative image of absolute PpIX concentration.
Spatially-Constrained qFT with Spatial Light Modulation:
[0164] The image processor 180 executing routines in
memory 178 that perform method will estimate tissue absorp-
tion and scattering maps using spatial light modulation to
correct the raw fluorescence images with the same light trans-
port model as the full-spectrum approach. Here, the detected
light pattern is affected by tissue scattering more at high
modulation frequency; hence, scattering and absorption
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properties can be separated by scanning the frequency and
relative phase of the illumination patterns. In preliminary
studies of technical feasibility, a liquid-crystal-on-silicon
device projected sinusoidal patterns of light intensity of vary-
ing phase onto the surface and reflected light patterns were
captured with a CCD camera in tissue-simulating phantoms
and in a rodent glioma model which showed that quantitative
maps of tissue optical properties can be recovered with the
technique.

Modeling for qF1

[0165] Some of the alternative approaches for qFI require
light transport modeling in a wide-field geometry. We include
factors such as curvature, variable light penetration, and exci-
tation based on spatially modulated light. Specifically, we
will merge an existing finite-element diffusion model with an
existing Monte Carlo simulation algorithm—Monte Carlo is
applied at small depths where diffusion theory can break
down, while finite-elements will be used at greater depths
where the diffusion model is accurate but Monte Carlo
becomes computationally intractable (transition depth
depends on wavelength since tissue absorption varies dra-
matically from violet-blue to red light). The fluorescence
light transport model has the optical property maps and a 3D
profile of the surgical surface as inputs (curvature is obtained
from either a stereovision system we use routinely in the
operating room or a 3D profiler based on reflection of a
spatially modulated light pattern from the tissue surface).
These data represent the actual geometry and relevant attenu-
ation properties of tissue and allow the model to generate
simulated fluorescence signals (i.e. basis solutions) from
which the actual pixel-by-pixel PpIX concentrations are
retrieved from a least-squares match of the measured
response to the simulated basis solutions.

Operation in Fluorescent Depth-Resolved Imaging
Mode (dFT)

[0166] Data-flow diagram D1 and D2, as illustrated in
FIGS. 23-24, may prove helpful in understanding dFI mode
for fluorophores, including infrared fluorophores, and dia-
grams D4 and DS, as illustrated in FIGS. 20-21 may prove
helpful in understanding dFT mode for visible fluorophores.
Also helpful are FIG. 15 and FIG. 16. FIG. 15 illustrates
spectra of PpIX as emitted from tissue when the PpIX is
located at different depths in tissue, and FIG. 16 illustrates a
ratio of intensity of light at two wavelengths emitted by PpIX
and detected above tissue at different depths as curve fit to an
equation. Many other fluorophores exhibit similar spectral
shifts with depth in tissue.

[0167] All embodiments of depth-resolved imaging oper-
ate according to the basic flowchart of FIG. 23 A. First, reflec-
tance, scattering and absorption parameters are determined
2302 for tissue, in certain embodiments these parameters are
determined by lookup in a table of parameters associated with
tissue types, and in other certain embodiments by measure-
ment of tissue using hyperspectral images taken under white
light, and in particular using an image plane associated with
emissions wavelengths of a fluorophore expected in the tis-
sue. These parameters are used to determine 2304 a relation-
ship between depth and a shift between observed emissions
spectra and standard emissions spectra of the fluorophore; in
embodiments using a table of parameters this will be a con-
stant relationship for all pixels, in embodiments using mea-
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surement of tissue this may be a map of relationships of depth
to spectral change that differ from pixel to pixel. While some
embodiments use unstructured white light to determine these
parameters, others use spatially modulated (also known as
structured) light and determine a three dimensional map of
scattering and absorption parameters in the tissue, allowing
determination of accurate relationships between depth and
spectra at each pixel.

[0168] Stimulus wavelength light is applied 2306 to the
tissue, such that any of the expected fluorophore present is
stimulated to fluoresce.

[0169] Measuring fluorescent emitted light at a at least a
first and a second emission wavelengths associated with a
fluorophore at each of a plurality of pixels; in embodiments
this is accomplished by using the hyperspectral camera to
record images 2308 at two, or more, emissions wavelengths
associated with the fluorophore.

[0170] A depth of the fluorophore at each pixel is then
determined 2310 based upon the at least the absorption
parameters and differences in intensity of the fluorescent
emitted light at the first and the second emissions wave-
lengths. In some particular embodiments, additional emis-
sion wavelengths are used. Depth is not determined for pixels
without significant fluorescent emissions. The depth determi-
nation at each pixel is based upon the relationship between
depth and the ratios, and the measured fluorescent emitted
light.

[0171] In a particular embodiment, using the inclusion
depth values at each pixel of the wide-field illumination area,
a partial surface can be constructed, representing a partial
topography of the tumor beneath the tissue surface. This
involves thresholding the depth values at each pixel to elimi-
nate points not in the inclusion, then using the remaining
points as seeds to construct a triangular partial surface mesh.
We then calculate the entire tumor geometry using a surface
recreation algorithm described below:

[0172] 1. Construct a 3D tetrahedral volume mesh repre-
senting the entire tissue domain interrogated. The tissue sur-
face geometry obtained using spatially modulated illumina-
tion (see the Spatially Modulated Tllumination subsection) is
used as the surface of the domain, and a volume mesh is
constructed based on this surface.

[0173] 2. Project the illumination field onto the surface of
the mesh based on directional movement orthogonal to the
surface.

[0174] 3. For each node in the tetrahedral mesh, cast a ray
from the node to the nearest point in the illumination field.
[0175] 4. If this ray intersects the partial surface of the
tumor geometry, determine whether the point is in the tumor
based on: (i) Surface coverage and (ii) Distance from the
surface. Surface coverage is determined by creating a sphere
around the point of intersection between the ray and the
partial surface, then calculating the surface node density in
that sphere relative to the node density outside the sphere.
This represents the degree to which the surface is in front of
the point of interest. Distance from the surface is a direct
distance calculation between the point of intersection and the
node position in the mesh. The importance of these two fac-
tors, surface coverage and distance from the surface, is deter-
mined based on user-defined weighting factors. If a point is
has sufficient surface coverage, and small distance from the
surface, it is included in the tumor geometry.

[0176] 3D spectroscopic fluorescence tomographic recon-
struction is then performed using the tetrahedral mesh created
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with tumor and background spatial information encoded in
the mesh. Initial optical property values are used, determined
as described in the Spatially Modulated Illumination section.
Laplacian regularization is used for reconstruction, with
nodes in the mesh weighted by their proximity to the recre-
ated tumor geometry (4). This allows the spatial prior infor-
mation to guide the reconstruction process without assuming
that the tumor geometry is perfect. The multispectral fluores-
cence tomography reconstruction recovers the optical prop-
erties at each node in the mesh, in particular fluorophore
concentration. The partial depth information obtained using
spectroscopic measurements of fluorescence and diffuse
reflectance allow us to disentangle the effects of tumor depth
and fluorescence concentration, which previously inhibited
quantitative fluorescence reconstruction.

[0177] The light modeling package NIRFAST is used for
mesh creation and FEM-based modeling (5). However, a
technique is being developed at Polytechnique based on
Monte Carlo light transport simulations.

[0178] We develop and test wide-field methods to map
sub-surface fluorescence, first for (a) detection and depth
determination (dFI) and for (b) PpIX (or other fluorophore)
quantification at depth (qdFI). Here, ‘depth’ denotes distance
below the surgical surface of the closest region of significant
positive PpIX fluorescence (“sub-surface fluorescence topog-
raphy”’87). Our approach, both conceptually and practice is
based on a combination of spectral and spatial constraints—
although, here, the latter is critical to the separation of depth
and PpIX concentration for qdFI, i.e., to distinguish accu-
rately between weak fluorescence just below the surgical
surface and stronger fluorescence at greater depth.

[0179] The resulting dFI topographic maps informs the
surgeon whether PpIX-containing tissues (or other expected
fluorophores) exist beyond the superficial layers of the
exposed surgical surface where quantitative assessment is
made with qFI. The qdFI enhancement generates a topo-
graphic map of the actual CPpIX at depths which could
impact the decision to continue tumor resection in areas
where, e.g., motor and/or cognitive functions can be compro-
mised by excessive tissue removal. Absolute CPpIX can also
inform the surgeon on biological properties such as prolifera-
tion and degree of invasiveness that add to the decision-
making process.

[0180] A model-based dFI method, using a per-pixel map
of absorbance and scattering parameters with per-pixel rela-
tionships of depth to emissions spectral shift is illustrated in
FIG. 24.

[0181] In a non-modeled quantified fluorescence imaging
alternative (FIG. 23) the reflectance hyperspectral imaging is
used to retrieve optical properties maps (absorption and scat-
tering) using, for example using alook-up table approach. For
this case, the full spectrum is required so hyperspectral imag-
ing of white-light excitation is thought to be a requirement
because these properties differ with wavelength and affect
propagation of fluorescent emitted light to the tissue surface.
The optical properties thus obtained are required for model-
based qFI & dF1 as well as qdFI.

Operation in Quantitative Depth-Resolved Imaging
(qdFT) Mode

[0182] Data-flow diagram D3, as illustrated in FIG. 14,
may prove helpful in understanding qdFI mode. qdFI pro-
cessing follows depth determination performed 1402 accord-
ing to the methods previously discussed with reference to dFI
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mode and FIGS. 15, 23, and 24. Reflectance parameters are
determined for the tissue at stimulus wavelength, and scattet-
ing and absorbance parameters are determined for both
stimulus and emissions wavelengths 1404; this is a superset
of the tissue optical parameters used for the dFT mode pro-
cessing. These parameters are then used to correct the fluo-
rescent emissions intensities by either fitting fluorophore
intensity in a light transport model 1406 of tissue to observed
fluorescent emissions images, or by determining 1408 an
attenuation correction as an inverse of a total of reflectance at
stimulus wavelength and total attenuation at both stimulus
and emissions wavelengths between the tissue surface and the
determined fluorophore depth, and applying 1410 the correc-
tion factors.

[0183] We have demonstrated that (a) multi-wavelength
excitation (400-600 nm) with integration of the fluorescence
signal over all emission wavelengths and (b) spectrally-re-
solved detection following excitation at ~633 nm85 allow
subsurface PpIX topography—the first is very accurate (x0.5
mm) to a depth up to 3 mm in brain, while the latter is less
accurate (>+1 mm) but can reach depths of 10 mm or more in
brain, and potentially deeper in other tissues. Thus, we opti-
mize the wavelength combinations for excitation and fluores-
cence detection to meet our performance targets. For the
former, we illuminate at five predetermined wavelengths
between 400 and 635 nm to match the PpIX absorption peaks,
and obtain hyperspectral corresponding images of fluores-
cence as described in the section entitled Operation in Fluo-
rescent Imaging Mode above.

[0184] Preliminary data collected with a prototype hyper-
spectral imaging system where PpIX capsules are immersed
in a tissue-simulating phantom were imaged and their spectra
detected at depths up to 9 mm Because light is attenuated by
2 orders of magnitude for each cm of depth, the fluorescence
signals in dFT are smaller than their qFI surface counterparts.
Following wavelength optimization, a new dFI multispectral-
detection module based on a cooled CCD camera is provided
in some embodiments for improved noise and sensitivity
during surgery.

[0185] Spectra at each pixel are determined from the hyper-
spectral images, and a depth estimated from a phantom-fitted
equation as illustrated in FIG. 16. Once a depth is estimated,
this depth is displayable to a user as an image having bright-
ness representing a quantified fluorescence with a color rep-
resenting depth.

[0186] Since optical properties of tissue are determined at
multiple depths and at multiple wavelengths from the hyper-
spectral image stacks captured under spatially-modulated
white light, these properties are used to correct received fluo-
rescence spectra for tissue properties. The corrected received
light at two or more wavelengths is then used to determine
fluorescent ratios to estimate depth to retrieve the topographic
maps and quantify fluorophore concentrations. There is also
sufficient information available to deconvolved contributions
to the captured spectra from two or more distinct fluoro-
phores, permitting quantitative depth resolved fluorescent
imaging of two or more fluorophores simultaneously; provid-
ing more information about tissue type than available when
using only a single fluorophore.

[0187] A strategy analogous to qFI is pursued based on two
approaches: (1) techniques using normalization with spec-
trally-resolved wide-field reflectance images and (2) methods
based on accurate light transport modeling in tissue. The dFI
algorithms are developed for spectrally-resolved data (both
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excitation and emission fluorescence), while the qdFT algo-
rithms combine spectral and spatially-modulated data to
allow both depth and CPpIX at depth to be retrieved.

[0188] Normalization techniques: Since distortion of the
measured fluorescence is due to absorption features in the
reflectance spectra, quantifying these elements in the wide-
field spectrally-resolved reflectance images allows PpIX
depth to be deconvolved from the measured fluorescence
images. This is validated in phantoms from which empirical
correction algorithms are derived. The technique is likely less
robust than a full model-based approach (below), but reduces
complexity.

[0189] Model-based methods: For qdFI (and likely maxi-
mally-accurate dFI) the light transport Diffusion Theory/
Monte Carlo hybrid model is used. Solutions providing the
best fit to the surgical data will be processed into a 2D topo-
graphic depth image (dFI) and a CPpIX image at depth
(qdFT). Two critical inputs are required for these simulations:
(a) tissue optical properties as determined using spatially
modulated light as described above, and (b) 3D profile of the
surgical bed as determined by stereovision techniques
described above. For dF1 and gdFI, absorption and scattering
properties averaged over the volume of tissue between the
surface and the tumor are more appropriate, although the
requirement is mitigated by the relative homogeneity of brain
tissue on the length scales considered here (1-10 mm) If
necessary, depth-resolved maps of tissue optical properties
are generated by varying the spatial frequencies and phases in
the spatially-modulated excitation light method.

[0190] Inorder to validate the method, we fabricated tissue
phantoms with different geometries (including simulated
resected cavities of different curvature) and use themto evalu-
ate conditions in which the depth accuracy falls below the
threshold of 0.5 mm for depths up to 3 mm and 1 mm for
larger depths. In vivo studies will also proceed including
experiments where (i) depth of tumor implantation will be
varied between cohorts of animals and (i1) immediately after
in vivo measurements and sacrifice, whole brains will be
removed, and either sectioned for PpIX confocal fluorescence
microscopy to map the subsurface tumor depth (with adja-
cent-section histopathologic confirmation) or dissected to
remove tissue fragments for quantitative fluorometry.

[0191] Preliminary data already exist that strongly support
the technical feasibility of qFI, dFT and qdFI.

Operation in Depth-Resolved Fluorescent Imaging
Mode with Tomographic Display

[0192] In an embodiment, surface profiles as determined
from stereoscopic imaging as described above are entered
into a three-dimensional model of the tissue by three-dimen-
sional modeling routines in memory 178. Depth information
as determined in the section entitled Operation in Quantita-
tive Depth-Resolved Imaging qdFI Mode above is then
entered into the three dimensional model of the tissue by
marking voxels corresponding to the estimated depth of fluo-
rophore. The three-dimensional model is then sliced and dis-
played to the surgeon as a sequence of tomographic images.

Operation with Automatic Tissue Classification

[0193] The optical properties of tissue at each pixel as
determined in Operation in Spatial-Frequency-Modulated
Reflectance Mode, the hemoglobin, oxyhemoglobin, and
deoxyhemoglobin concentrations as determined above under
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Operation in Hyperspectral Reflectance Imaging Mode, the
surface fluorophore concentrations as determined by qFI as
describe above, the depth and quantity-at-depth information
as determined in the section entitled Operation in Quantita-
tive Depth-Resolved Imaging qDFI Mode above for each
pixel are all provided to a trainable classifier such as a neural
network classifier, kNN classifier, or in an alternative
embodiment an SVM classifier; the classifier is implemented
as classification routines in memory 178 and executed on the
processor. The classifier is trained to provide a classification
indicative of a probability that tumor exists at a location in
tissue corresponding to that pixel. Classification results for
each pixel are entered into a tissue classification map that is
then displayed to the surgeon.

Alternative Optical Systems

[0194] An endoscopic system embodying many of the fea-
tures and operating modes herein described is illustrated in
FIG. 17. In the endoscope of FIG. 17, a supercontinuum laser
1102, or similar white light source, is coupled to pass light
through a filter changer 1104 that is equipped with a clear
filter and a tunable optical bandpass filter, the filter tunable
from 400 to over 700 nanometer wavelengths with a bandpass
as above described. Light from filter-changer 1104, which
may be filtered light, passes through a spatial modulator
1106, such as a modulator based on a digital micromirror
device where it is patterned. Light from the spatial modulator
passes through a projection lens 1108 and a beam-splitter
1110 onto a proximal end of a coherent fiber bundle 1112 that
runs through the endoscope. In an endoscopic embodiment,
images of tissue as illuminated by spatially modulated light
are processed to determine a surface profile, since endoscopes
typically do nothave stereo cameras 120, 122. At a second, or
tissue, end of the coherent fiber bundle the patterned light
passes through a tissue-viewing lens 1114 onto tissue 1116.
Light from tissue 1116 is imaged through lens 1114 and
passes onto the tissue end of bundle 1112, and is emitted from
proximal end of bundle 1112 onto beam-splitter 1110, where
it is diverted through viewing lens 1118 and an optional filter
1120 into hyperspectral camera 1122 that corresponds to
hyperspectral camera 128 and may have any of the forms
previously described with reference to hyperspectral camera
128. Signals derived by hyperspectral camera 128 from the
light from tissue 1116 pass through camera interface 1134
and captured images are processed by processor 1130 con-
figured with routines in memory 1132, the routines having
machine readable instructions for performing hyperspectral
reflectance imaging, spatially modulated reflectance imag-
ing, fluorescent imaging (including multiple-fluorophore
fluorescent imaging), quantitative fluorescent imaging, and
depth-resolved fluorescent imaging. Processed images are
presented to the surgeon by processor 1130 through display
adapter 1136 on monitor 1138. The spatial modulator 1106
operates under control of a display adapter 1140 under con-
trol of processor 1130. Since only one image is available,
3-dimensional surface extraction is not possible and non-
modeled versions of fluorescent depth resolution are used in
the routines in memory 1132, such as that described in the
draft article attached hereto and entitled A Non-Model Based
Optical Imaging Technique For Wide-Field Estimation Of
Fluorescence Depth In Turbid Media Using Spectral Distor-
tion.

[0195] Inuse,surgical tools inserted through a lumen of the
endoscope of the embodiment of FIG. 17 may be used by a
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surgeon to perform surgery, such as excision of polyps in a
large intestine of a subject, under observation through images
on monitor 1138.

[0196] In an alternative endoscopic embodiment, illus-
trated in FIG. 18, a light source 1102, filter-changer 1104,
spatial modulator 1106, and lens 1108 are provided that pro-
vide light to a proximal end of coherent fiber bundle 1112 in
an endoscope 1150. At tissue end of bundle 1112 and a part of
endoscope 1150 are an illumination projection lens 1152 that
projects light from bundle 1112 onto tissue 1160, and an
imaging lens 1154 that focus light from tissue 1160 on a
hyperspectral imager 1156. Hyperspectral imager 1156 is an
integrated multiple-filter imaging device similar to that pre-
viously discussed with reference to imaging device 199.

Alternatives

[0197] In a simplified dFT embodiment lacking spatial
modulation capability, a library of typical light scattering and
absorption parameters for tissues of different types at fluo-
rescent imaging wavelengths is included in memory 178,
1132. In this embodiment, an operator selects a predominant
surface tissue type from entries in the library; the associated
scattering and absorption parameters from the library are then
used instead of parameters determined by measuring tissue to
determine relationships of depth to spectral shift with fluoro-
phore depth.

[0198] Itisexpected that the system and methods disclosed
herein are applicable to three-dimensional quantitative map-
ping autofluorescence of nicotine-adenine-dinucleotide
(NAD) in tissue, and for three-dimensional quantitative map-
ping autofluorescence of activated calcium channels in tissue
in real time. Since calcium channels are physiologically
important in both cardiac muscle tissue and central nervous
tissue, realtime quantitative maps of calcium channels are
potentially useful in both cardiac surgery and neurosurgery.

[0199] Itisalso expected that the present system can image
concentrations of two or more fluorophores, using spectral
information in the hyperspectral image stack to deconvolve
contributions of each of several fluorophores and thereby
provide images representing each fluorophore separately.
This permits displaying concentrations of intrinsic fluoro-
phores PpIX and NAD, or concentrations of two targeted
agents having different fluorescent emissions spectra, sepa-
rately to a surgeon and thereby permit better discrimination of
healthy and diseased tissues.

[0200] Inan alternative implementation intended for use in
open surgery, a camera system 2502, including fluorescent
stimulus illuminators and structured light illuminators as dis-
cussed with reference to FIG. 1C, 1D, or 1F, at least one
hyperspectral camera as discussed with reference to FIG. 1,
1A, or 1B, and at least one additional camera to support
stereovision which in a particular embodiment is a second
hyperspectral camera, are located in view of a surgical site
2506 of a subject 2508. Camera system 2502 provides stereo
images to an image processor 2504 like that previously dis-
cussed with reference to image processing system 126, and
which performs stereo surface extraction, as well as hyper-
spectral image processing for heme oxygenation and surface
and subsurface mapping of fluorescent agents, as heretofore
described. Camera system 2502 may be ceiling mounted, or
mounted on a movable stand permitting relocation within an
operating room; if camera system 2502 is mounted on a
movable stand it is equipped with tracking transponders
2512.
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[0201] In addition to being coupled to display images on
monitor 2510, image processor 2504 is coupled to display
images on a head-mounted display 2513 that is equipped with
tracking transponders 2514 sufficient to determine both view-
ing angle and position of head-mounted display 2513. Head-
mounted display 2513 is adapted to be worn by, and in front
of eyes of, a surgeon, not shown; head-mounted display 2513
is configured with a beamsplitting mirror 2515 that permits
superposition of displayed images into a visual field of the
surgeon. A tracking subsystem 2516, similar to the tracker
142 previously discussed, is provided to determine positions
and angles ofhead mounted display 2513, and camera system
2502,

[0202] In this embodiment, image processor 2504 is con-
figured to construct a three-dimensional computer model of a
surface of the surgical site 2506, and to annotate this model
with information determined through hyperspectral imaging,
such as maps of heme oxygenation and ischemia, maps of
inflammation biomarkers, maps of fluorescent emissions
from autofluorescent biomarkers such as PpIX or NAD, and
quantified and depth-resolved maps of fluorophore concen-
trations as determined by qFI, dFI, and qdFI imaging as
described above. The image processor then renders the anno-
tated model into an image representing the surgical site 2506
(with annotations) as viewed from a tracked location of the
head-mounted display 2513, so that images displayed
through head-mounted display 2513 portray the information
derived from hyperspectral imaging superimposed on the
surgeon’s direct view of the surgical site, in doing so the
image processor also renders and displays the partial surface
model of depth-resolved fluorophore concentrations deter-
mined as described in the Depth-Resolved Fluorescent Imag-
ing (dFI) section above.

[0203] Itis believed that the embodiment of FIG. 25, when
displaying information derived by hyperspectral imaging
such ischemia and as heme oxygenation, will be helpful to
surgeons performing open-heart procedures intended to
relieve ischemia. The embodiment is also expected to be
useful when imaging fluorophore concentrations for a wide
variety of cancer surgeries, and for assessing tissue viability
during tissue debridement and diabetic amputation surgeries.

Combinations

[0204] It is anticipated that any one of the fluorescent
stimulus light sources herein discussed with reference to FIG.
1C, 1D, or 1F may be combined with any one of the hyper-
spectral cameras discussed with reference to FIG. 1A or 1B,
or with a camera having a single wideband photodetector and
tunable filter into a hyperspectral imaging system and
coupled to the digital image processing system described
herein to form a system adapted for use in quantitative and
depth resolved fluorescent imaging. Various combinations
will, however, have differing resolution and accuracy of depth
determination and quantification.

[0205] Further, it is anticipated that the following specific
combinations of features will prove functional:

[0206] An optical and image processing system designated
A including a fluorescent stimulus light source adapted to
provide light at a fluorescent stimulus wavelength; a spatial
modulator coupled to modulate light forming spatially modu-
lated light; projection apparatus configured to project onto
tissue light selected from the group consisting of fluorescent
stimulus light and spatially modulated light; a hyperspectral
camera configured to receive light from tissue; and an image
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processing system coupled to receive images from the hyper-
spectral camera and configured with a memory containing
machine readable instructions for performing at least one
function selected from the group consisting of quantitative
fluorescent imaging, and depth resolved fluorescent imaging
and for displaying resultant processed fluorescent images.
[0207] An optical and image processing system designated
AA incorporating the system designated A wherein the func-
tion comprises depth resolved fluorescent imaging, and
wherein the machine readable instructions include instruc-
tions for determining a relationship between depth and ratios
of intensity at a first and a second emissions wavelength for a
fluorophore in tissue; applying stimulus wavelength light;
measuring fluorescent emitted light at a at least the first and
the second emission wavelengths associated with the fluoro-
phore at each of a plurality of pixels; determining a depth of
the fluorophore at each pixel based upon the relationship
between depth and the ratios, and the measured fluorescent
emitted light.

[0208] An optical and image processing system designated
AB incorporating the system designated A or AA wherein the
relationship between depth and ratios of intensity at the first
and the second emissions wavelength are determined from
images of the tissue.

[0209] An optical and image processing system designated
AC incorporating the system designated A, AA, or AB
wherein the relationship between depth and ratios of intensity
at the first and the second emissions wavelength is determined
on a per-pixel basis from the images of the tissue.

[0210] An optical and image processing system designated
AD incorporating the system designated A, AA, or AB
wherein the relationship between depth and ratios of intensity
is determined from values in a library of tissue types.

[0211] An optical and image processing system designated
AE incorporating the system designated A, AA, AB, AC, or
AD wherein the function include quantitative fluorescent
imaging, and wherein the machine readable instructions
include instructions for: determining reflectance and absor-
bance parameters at each pixel of an image at a stimulus
wavelength; and using the reflectance and absorbance param-
eters to correct fluorescence emission images.

[0212] An optical and image processing system designated
AE incorporating the system designated A, AA, AB, AC, or
AD wherein the machine readable instructions include
instructions for providing spatially modulated light when
obtaining images from which the reflectance and absorbance
parameters are determined

[0213] Anoptical and image processing system designated
AF incorporating the system designated A, AA, AB, AC, AD,
or AF, wherein there are at least two cameras adapted to
capture digital stereo images and the machine readable
instructions further comprise instructions for extracting a
surface profile from the stereo images

[0214] An optical and image processing system designated
AG including the system designated AF, wherein the machine
readable instructions further comprise instructions for deter-
mining an intraoperative location of structures located in
preoperative medical images, and for displaying the deter-
mined intraoperative location.

[0215] An optical and image processing system designated
AH including the system designated AG and wherein the
machine readable instructions further comprise instructions
for displaying the determined intraoperative location with the
processed fluorescent images.
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[0216] An optical and image processing system designated
Al including the system designated AG or AH and wherein
the machine readable instructions further comprise instruc-
tions for extracting a surface profile from depth-resolved
fluorescent images.

[0217] An optical and image processing system designated
Al including the system designated AG, AH, or Al further
comprising a tracking subsystem adapted to determine a loca-
tion and viewing angle of a display and wherein the machine
readable instructions further comprise instructions for dis-
playing rendered information selected from the group con-
sisting of depth-resolved fluorescent images and intraopera-
tive locations of structures as viewed from the determined
location and viewing angle.

Conclusion

[0218] Changes may be made in the above methods and
systems without departing from the scope hereof. It should
thus be noted that the matter contained in the above descrip-
tion or shown in the accompanying drawings should be inter-
preted as illustrative and not in a limiting sense. The following
claims are intended to cover all generic and specific features
described herein, as well as all statements of the scope of the
present method and system, which, as a matter of language,
might be said to fall there between.

We claim:

1. An optical and image processing system comprising:

a fluorescent stimulus light source adapted to provide light

at a fluorescent stimulus wavelength;

a spatial modulator coupled to modulate light, forming

spatially modulated light;

projection apparatus configured to project onto tissue light

selected from the group consisting of fluorescent stimu-
lus light and spatially modulated light;

a hyperspectral camera configured to receive light from

tissue; and
an image processing system coupled to receive images
from the hyperspectral camera and configured with a
memory containing machine readable instructions for
performing at least one function selected from the group
consisting of quantitative fluorescent imaging, and
depth resolved fluorescent imaging and for displaying
resultant processed fluorescent images.
2. The system of claim 1 wherein the function comprises
depth resolved fluorescent imaging, and wherein the machine
readable instructions comprise instructions for:
determining a relationship between depth and ratios of
intensity ata first and a second emissions wavelength for
a fluorophore in tissue;

applying stimulus wavelength light;

measuring fluorescent emitted light at a at least the first and
the second emission wavelengths associated with the
fluorophore at each of a plurality of pixels;

determining a depth of the fluorophore at each pixel based
upon the relationship between depth and the ratios, and
the measured fluorescent emitted light.

3. The system of claim 2 wherein the relationship between
depth and ratios of intensity at the first and the second emis-
sions wavelength are determined from images of the tissue.

4. The system of claim 3 wherein the relationship between
depth and ratios of intensity at the first and the second emis-
sions wavelength is determined on a per-pixel basis from the
images of the tissue.
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5. The system of claim 2 wherein the relationship between
depth and ratios of intensity is determined from values in a
library of tissue types.

6. The system of any of claim 5 wherein the machine
readable instructions further comprise instructions for deter-
mining optical properties of tissue, the optical properties of
tissue including at least absorbance, and for correcting depth-
resolved fluorescent images for the absorbance.

7. The system of claim 1 wherein the function comprises
quantitative fluorescent imaging, and wherein the machine
readable instructions comprise instructions for:

determining reflectance and absorbance parameters at each

pixel of an image at a stimulus wavelength; and

using the reflectance and absorbance parameters to correct

fluorescence emission images.
8. The system of claim 6 wherein the machine readable
instructions include instructions for providing spatially
modulated light when obtaining images from which the
reflectance and absorbance parameters are determined.
9. An optical and image processing system of claim 7
wherein there are at least two cameras adapted to capture
digital stereo images and the machine readable instructions
further comprise instructions for extracting a surface profile
from the stereo images.
10. An optical and image processing system of claim 9,
wherein the machine readable instructions further comprise
instructions for determining an intraoperative location of
structures located in preoperative medical images, and for
displaying the determined intraoperative location.
11. An optical and image processing system of claim 10
wherein the machine readable instructions further comprise
instructions for displaying the determined intraoperative
location with the processed fluorescent images.
12. An optical and image processing system of claim 9,
wherein the machine readable instructions further comprise
instructions for extracting a surface profile from depth-re-
solved fluorescent images.
13. An optical and image processing system of claim 9,
further comprising a tracking subsystem adapted to deter-
mine a location and viewing angle of a display and wherein
the machine readable instructions further comprise instruc-
tions for displaying rendered information selected from the
group consisting of depth-resolved fluorescent images and
intraoperative locations of structures as viewed from the
determined location and viewing angle.
14. A method of imaging tissue comprising:
projecting onto tissue spatially modulated fluorescent
stimulus light at a fluorescent stimulus wavelength;

imaging light from tissue with a hyperspectral camera at at
least afirstand a second emissions wavelength at each of
a plurality of pixels;

determining a relationship between depth and ratios of
intensity ata first and a second emissions wavelength for
a fluorophore in tissue;

determining a depth of the fluorophore at each pixel of the
plurality of pixels based upon the relationship between
depth and the ratios, and the images at the first and the
second emissions wavelength; and

displaying the depth at each pixel as an image.

15. The method of claim 14 further comprising:

determining optical properties of tissue, the optical prop-

erties of tissue including at least absorbance at the emis-
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sions wavelength, and for correcting the depth-resolved
fluorescent images for the absorbance at the emissions
wavelength.

16. The method of claim 15 further comprising:

determining optical properties of tissue, the optical prop-

erties of tissue including at least absorbance at the stimu-
lus wavelength, and correcting the depth-resolved fluo-
rescent images for the absorbance.

17. The method of claim 14 further comprising

determining reflectance and absorbance parameters of tis-

sue t a stimulus wavelength; and

using the reflectance and absorbance parameters to correct

fluorescence emission images for absorbance.

18. A method of imaging tissue comprising:

projecting onto tissue spatially modulated white light in at

least a first and a second of a plurality of spatially modu-
lated patterns;
imaging light from tissue with a hyperspectral camera as
illuminated in at least the first and a second spatially
modulated pattern to form a plurality greater than three
of images each taken in a distinct wavelength band
selected from a plurality of wavelength bands, the plu-
rality of wavelengths including more than three wave-
length bands and including at least one infrared band;

determining optical properties of tissue from the plurality
of images, the optical properties of tissue including at
least absorbance and reflectance at a first and a second
wavelength band of the plurality of wavelength bands;
and

determining a map of hemoglobin saturation, and hemo-

globin concentration in the tissue.

19. The method of claim 18 further comprising determin-
ing optical properties of tissue from the plurality of images,
the optical properties of tissue including at least absorbance
and reflectance at a third and a fourth wavelength band of the
plurality of wavelength bands;

stimulating fluorophores in tissue with light of a fluores-

cent stimulus wavelength;

forming digital fluorescent emissions images of the tissue

at each of the third and fourth wavelength bands, the
wavelength bands excluding the stimulus wavelength;

determining a depth of the fluorophore at each pixel of a

plurality of pixels of the digital fluorescent emissions
images based upon a determined relationship between
depth of fluorophore and intensity at each of the first and
second wavelength bands, and the images at the first and
the second emissions wavelength; and

displaying the depth at each pixel as an image.

20. The method of claim 19 further comprising:

determining a quantified fluorophore map by correcting

fluorophore intensity for absorption at the stimulus
wavelength and at least the first emissions wavelength.

21. The method of claim 19 wherein the step of imaging
tissue with a hyperspectral camera is performed at a first angle
relative to tissue, and further comprising

imaging the tissue from a second angle; and

determining a three-dimensional model of tissue surface

from images taken from at least two angles, at least one
of the at least two angles being the second angle.
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