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(57) ABSTRACT 
An imaging system includes an illumination device for illu 
minating a target. A Surgical microscope receives light from 
the target, the Surgical microscope comprising at least one 
optical output port at which at least a portion of the received 
light is provided as an output from the Surgical microscope. A 
tunable filter receives the portion of the received light pro 
vided as the output from the Surgical microscope, the tunable 
filter being tunable to pass a filtered portion of the received 
light, the filtered portion of the received light having a plu 
rality of wavelengths selected by the tunable filter and pro 
vided as output from the tunable filter. A high-resolution, 
broad-bandwidth electronic camera receives the light of a 
plurality of wavelengths selected by the tunable filter, the 
electronic camera converting the light of a plurality of wave 
lengths selected by the tunable filter to a plurality of electrical 
signals. A processor processes the plurality of electrical sig 
nals to form an image of the target. 
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METHOD AND APPARATUS FOR 
QUANTITATIVE HYPERSPECTRAL 

FLUORESCIENCE AND REFLECTANCE 
MAGING FOR SURGICAL GUIDANCE 

RELATED APPLICATIONS 

0001. The present application claims priority to U.S. Pro 
visional Patent Application 61/588,708 filed 20 Jan. 2012, the 
contents of which are incorporated herein by reference. 

GOVERNMENT RIGHTS 

0002 This invention was made with government support 
under grant number R01NS052274-01A2 awarded by the 
National Institutes of Health. The government has certain 
rights in the invention. 

FIELD 

0003. 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 to improve ability of a Surgeon to distinguish 
tissue types during Surgical procedures, such as, for example, 
Surgical procedures involving tumor resection in the brain or 
other organs. 

BACKGROUND 

0004. There are many types of lesions treatable with sur 
gical removal or modification. 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 particular 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, and associated Zones of immune reac 
tions. Still others involve developmental anomalies, such as 
arteriovenous malformations and berry aneurisms. Other 
lesions may incorporate Scars and adhesions from prior ill 
ness 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. 
0005. Many tumors and other lesions do not have a capsule 
or other connective tissue that separates them from nearby 
normal tissues; they 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 benign and some malignant tumors 
have tissue that superficially resembles tissue like that from 
which the tumor arose in both colorand, to a certain extent, in 
texture. Some tumor types, including gliomas, have 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 tumor. The 
new tumor may or may not become attached to the parent 
tumor, if it becomes attached it may resemble a filament of 
tumor. Either way, the tumor may develop a somewhat ragged 
edge with filaments and spots penetrating into adjacent tissue. 
0006 To reduce recurrence of many tumors after surgical 
treatment, including many malignancies, it is considered 
desirable to remove all detectable portions of the tumor. 
0007 While filaments of tumor, and motile cells, may stop 
extending for a time when they reach an organ capsule, result 
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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. Similarly, it may be desirable to save as much 
as possible of a patients only kidney. There are other organs 
and body structures where tumors may form but where it may 
be desirable to retain as much post-Surgery organ structure 
and function as possible. 
0008 Invasive filaments and clones from formerly motile 
cell portions of tumors may not be readily visible to a sur 
geon-even under magnification. Other lesion types may also 
have portions that have color and structure that resemble 
nearby healthy tissue, making it difficult for the Surgeon to 
distinguish the lesions from the healthy tissue. 
0009 Aprior 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 tends to be 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 on tissue after the tissue is removed from the 
patient. Further, not all abnormal tissue types are readily 
distinguished in a frozen section. An alternative or Supple 
mental 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. 
0010. It is desirable to find improved ways of locating and 
identifying during Surgery abnormal tissue, including tissue 
both abnormal for the organ and malignant tissue, including 
Small invasive branches of tumors in tissue adjacent to 
tumors. 

0011 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. 
0012. It is known that some fluorescent compounds will 
accumulate in tumors and other abnormal tissues. Further, it 
is known that some prodrugs, such as 5-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 fluorescence 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 controlled multicentre phase III trial, Lancet 
Oncology, Lancet Oncology, Lancet Oncol., 2006. 7(5): p. 
392–401, published online Apr. 13, 2006 at oncology.thelan 
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cet.com, reports that removal of malignant glioma tumor 
tissue marked with fluorescent metabolites of 5-ALA and 
fluorescing in the visible spectrum at the Surface of an opera 
tive site under violet-blue excitation light during Surgical 
treatment of glioma improved extent of tumor resection and 
enhanced six month progression free Survival in human Sub 
jects. Similar studies have also been performed in mice. It is 
expected that these results may apply for other lesion types. 
0013 Experiments have been previously conducted with 
tomographic fluorescent imaging of concentrations of fluo 
rescent compounds, or fluorophores, in biological tissues. 
Vasilis Ntziachristos and Ralph Weissleder, Charge-coupled 
device based scanner for tomography of fluorescent near 
infrared probes in turbid media, Medical Physics, Vol. 29, No. 
5, May 2002, have reported a use of diffuse optical tomogra 
phy in “small animal geometries”. The device of Ntziachris 
tos and Weissleder, however, operates in a transmission 
mode. In transmission mode, light is transmitted into a turbid 
medium, and emitted light is detected from several points on 
the Surface, including points on an opposite side of the turbid 
medium from the points where light is applied. The turbid 
medium of Ntziachristos and Weissleder is about one inch 
thick, far thinner than many human organs and tissues, 
because it is used in Small animals such as laboratory mice. 
The device of Ntziachristos and Weissleder applies light to 
the medium from a pulsed laser, and detects light from the 
medium, through an arrangement of optical fibers placed 
about the medium. The device of Ntziachristos and Weissle 
der uses an intensified charge-coupled device (ICCD) camera 
to time-resolve the detected fluorescence in a time-domain 
system. Additional devices for optical imaging of biological 
tissues have been reported in Hillman, E., Optical brain imag 
ing in vivo. techniques and applications from animal to man. 
Journal of Biomedical Optics, 2007. 12(5): p. 051402. 
0014 Frederic Leblond, et al. Diffuse optical fluorescence 
tomography using time-resolved data acquired in transmis 
Sion, in Multimodal Biomedical Imaging II, vol. 6431. Pro 
ceedings of the International Society of Optical Imaging 
(2007) disclosed a time-dependent method for solving the 
diffusion equation (DE) for light propagation in tissues, and 
reconstruction algorithms for use therewith. 
0015 US Patent application 20080218727, to Deziri, et 

al., entitled Method And Apparatus For Optical Image Recon 
struction Using Contour Determination, 2008, describes the 
importance of determining tissue contours and the impact of 
tissue contour in diffuse optical tomography reconstruction 
algorithms in context of intact breast imaging. DeZiri pro 
poses raster-scanning to determine an intensity profile, and 
using the intensity profile as a Surface contour of the breast. 
He specifies using an optical fluid to fill space between the 
breast surface and the optical fibers of his diffuse optical 
tomography apparatus during diffuse optical imaging. 
0016. During surgery, use of an optical fluid to fill space 
between transmit and receive optical fibers is often difficult 
because this fluid would need to fill the surgical wound, could 
infiltrate into the patient, and may require a dam around the 
wound. Further, operation of a diffuse optical imager in trans 
mission mode may prove difficult if the body part being 
operated upon is thicker than an inch as are the brain, kid 
neys, and many other organs. 
0017 Most tissues of the human body are soft tissues; 
these tissues are inherently flexible and readily deformable. 
Further, many of these soft tissues interface with other tissues 
along boundaries where considerable movement may take 
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place. During Surgery, as adjacent structures such as skin, 
muscle, and bone are moved and pressure applied to soft 
tissues with instruments such as retractors, these tissues will 
deform and shift. Since these tissues may deform readily both 
between imaging and Surgery, and during Surgery, it is com 
mon for Surgeons to find lesions, including tumors and for 
eign objects, and other Surgical targets are no longer in the 
exact positions they occupied in preoperative images. 
0018 For a surgeon to properly treat these lesions, the 
Surgeon must locate them during Surgery. Further, for Sur 
geons to avoid unintended damage to other nearby structures, 
it may also be necessary to locate particular portions of those 
other structures precisely during the Surgery. 
0019 MRI and CT imaging are often used to provide high 
resolution preoperative images of Surgical targets. The equip 
ment required to make these images is bulky, expensive, and 
not easily incorporated into an operating-room environment. 
Further, the intense magnetic fields required for MRI may be 
incompatible with other operating room instruments and 
equipment, and radiation emitted by CT machines may 
require Surgeon and Staff wear bulky and heavy lead-lined 
garments or leave the room during intraoperative imaging. 
0020. In Hartov, et al., Error Analysis for a Free-Hand 
Three Dimensional Ultrasound System for Neuronavigation, 
Neurosurgical Focus 6 (3), 5 Aug. 1999, it was suggested that 
sensors, such as those produced by Ascension Technology 
Corporation, Milton, Vt., be used to track a handheld ultra 
Sound transducer in three dimensions. An alternative system 
uses a Stealthstation.R. 3-D surgical navigation system pro 
duced by Medtronic, of Minneapolis, Minn., for tracking 
instruments in three dimensions relative to a patient during 
Surgery. 
0021. There are also chromophores naturally present in 
biological tissues, including human tissue. A leading Such 
chromophore 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. 
0022. 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 of 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. Deziris diffuse optical 
imaging system of the breast described above is intended to 
visualize heme concentrations, such as those that result from 
rapid blood-vessel proliferation. 
0023 Muscle, including cardiac muscle, and brain activi 
ties are known to consume oxygen. 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 dis 
ease, and cardiovascular disease, as well as cerebrovascular 
disease, ischemic bowel disease, the centers of some types of 
tumors, and other conditions, this physiological increase of 
flow is impaired resulting in a local decrease in oxygenation 
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of heme. A significant decrease in oxygenation may produce 
pain or other signs and symptoms, as in intermittent claudi 
cation or angina. Further, mapping increases in blood flow 
due to brain activity can be of interest in monitoring activity 
in the brain. 
0024 For all these reasons, it is desirable to be able to map 
areas of heme concentration, to map areas of oxygenated 
heme and de-oxygenated heme, and to be able to view 
dynamic changes in oxygenation with tissue activity. 
0025. Other chromophores naturally present in some tis 
Sues, including some types of tumor tissues, are naturally 
fluorescent. Swartling, et al. Fluorescence spectra provide 
information on the depth of fluorescent lesions in tissue, 
Optics Letters, 2005, 44(10) pp 1934-1941 found that emis 
sions from fluorophores have spectra that depend on the depth 
of the fluorophores. 
0026. 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. 
0027 Prior fluorescence detection technologies in the 
operating room display features and functionalities such as: i) 
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 ii) 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. 

SUMMARY 

0028. According to a first aspect, an imaging system is 
provided. The imaging system includes an illumination 
device for illuminating a target and a Surgical microscope for 
receiving light from the target. The Surgical microscope 
includes at least one optical output port at which at least a 
portion of the received light is provided as an output from the 
Surgical microscope. A tunable filter receives the portion of 
the received light provided as the output from the surgical 
microscope, the tunable filter being tunable to pass a filtered 
portion of the received light, the filtered portion of the 
received light having a plurality of wavelengths selected by 
the tunable filter and provided as output from the tunable 
filter. A high-resolution, broad-bandwidth electronic camera 
receives the light of a plurality of wavelengths selected by the 
tunable filter, the electronic camera converting the light of a 
plurality of wavelengths selected by the tunable filter to a 
plurality of electrical signals. A processor processes the plu 
rality of electrical signals to form an image of the target. 
0029. According to another aspect, a Surgical microscope 
system is provided. The Surgical microscope includes an illu 
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mination device for illuminating a target and at least one 
optical output port at which at least a portion of received light 
received from the target is provided as an output. A tunable 
filter receives the portion of the received light provided as the 
output from the optical output port, the tunable filter being 
tunable to pass a filtered portion of the received light, the 
filtered portion of the received light having a plurality of 
wavelengths selected by the tunable filter and provided as 
output from the tunable filter. A high-resolution, broad-band 
width electronic camera receives the light of a plurality of 
wavelengths selected by the tunable filter, the electronic cam 
era converting the light of a plurality of wavelengths selected 
by the tunable filter to a plurality of electrical signals. A 
processor processes the plurality of electrical signals to form 
an image of the target. 
0030. A real-time hyperspectral fluorescence and reflec 
tance imaging device is provided that may, in an embodiment, 
be integrated into a Surgical microscope. In other embodi 
ments, the device is used with another operating room instru 
ment or used independently. The device provides: 

0.031 i) reflectance hyperspectral imaging to quantify 
reflectance-derived optical parameters, including but 
not limited to, oxygen Saturation, oxy- and deoxy-he 
moglobin, myoglobin, and bilirubin concentrations, and 
spectral distortions; 

0032) ii) reflectance hyperspectral imaging to provide 
information about the tissue and to provide information 
necessary to correct the fluorescence images for light 
absorption and scattering effects; and 

0033 iii) quantitative hyperspectral fluorescence imag 
ing for intraoperative guidance of neuroSurgical proce 
dures, including but not limited to brain tumor resection 
procedures to more accurately and quantitatively detect 
tumor tissue across the whole field of view using spec 
trally resolved fluorescence imaging. 

0034. In another embodiment, a method of imaging 
includes: providing a white light to a target; taking a series of 
images through a tunable optical filter of the target while 
tuning the filter to a plurality of wavelengths, the series of 
images forming a spectral image; providing a stimulus light to 
the target, taking a fluorescence emission image of the target; 
processing the spectral image to determine an absorption and 
a scattering parameter at pixels of the fluorescence emission 
image; and correcting the fluorescence emission image using 
the absorption and scattering parameters to produce a cor 
rected fluorescence emission image. 
0035. In another embodiment, a method of imaging 
includes providing a white light to a target; taking a series of 
images through a tunable optical filter of the target while 
tuning the filter to a plurality of wavelengths, the series of 
images forming a spectral image; processing the spectral 
image to determine an absorption and a scattering parameter 
at pixels of the images; and decomposing the spectral image 
to provide images of components of the target, the compo 
nents including specific scattering and absorbing Substances 
expected to be in the target. 
0036. Therefore, advantages of the present system and 
method include the ability to provide: i) wide-field and ii) 
spectrally-resolved fluorescence detection for iii) quantita 
tive fluorescence and reflectance assessments in near real 
time. The present system combines the advantages of current 
wide-field fluorescence imaging approaches, which allow for 
a wide field of view of the surgical field, and the spectrally 
resolved and quantitative capabilities of single-point spec 
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troscopy devices, to provide the Surgeon with quantitative 
fluorescence and reflectance images of the whole field of 
view. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0037. The foregoing and other features and advantages of 
the invention will be apparent from the more particular 
description of preferred aspects of the invention, as illustrated 
in the accompanying drawings in which like reference char 
acters refer to the same parts throughout the different views. 
The drawings are not necessarily to Scale, emphasis instead 
being placed upon illustrating the principles of the invention. 
0038 FIG. 1 contains a schematic diagram of a through 
microscope spectral resolved quantitative fluorescence imag 
ing system and a Surgical microscope enabled for fluores 
cence imaging, according to some embodiments. 
0.039 FIG. 2 contains a schematic functional block dia 
gram of a system, according to Some embodiments. 
0040 FIG. 3 contains a schematic functional block dia 
gram of workflow of the quantitative fluorescence imaging 
according to some embodiments. 
0041 FIG. 4 is a schematic functional block diagram of 
the intraoperative standard probe System according to some 
embodiments. 
0042 FIG. 5 illustrates the PpIX fluorescence spectrum 
(left) and the diffuse reflectance spectrum (right) measured in 
a high-grade glioma following tissue excitation with blue and 
white light, respectively. 
0043 FIG. 6A-6F illustrate raw and corrected emission 
spectra measured for tissue phantoms, according to the some 
embodiments. Three different PpIX concentrations and a 
range of absorption and scattering values were used: (FIG. 6a, 
FIG. 6b, FIG. 6c) varying absorption with constant scattering: 
(FIG. 6d. FIG. 6e, FIG. 6f) varying scattering with constant 
absorption 
0044 FIG. 8 illustrates quantification of PpIX concentra 
tion in phantoms based on (a) raw fluorescence intensity 
(-635 nm), and (b) estimated Clevels derived following 
correction of the raw fluorescence, according to some 
embodiments. 
0045 FIG. 9 illustrates (a) empirical determination of the 
optimal a value for PpIX quantification and (b) relationship 
between the estimated an actual PpIX concentration in phan 
toms following correction of the raw fluorescence, according 
to Some embodiments. 
0046 FIG. 10 contains ROC curves quantifying the per 
formance of three different fluorescence measurement 
schemes for optical datasets acquired in Vivo during 14 brain 
tumor resection procedures. 
0047 FIG. 11 contains a schematic block diagram illus 
trating a system for Supporting Surgery, according to some 
embodiments. 
0048 FIG. 12 is a schematic block diagram of a hyper 
spectral imaging device, according to an alternative embodi 
ment. 

0049 FIG. 13 is a flow chart of the method of depth reso 
lution of fluorescence. 
0050 FIG. 14 illustrates spectra of fluorescent light emit 
ted at several depths in tissue and measured above a surface of 
tissue. 
0051 FIG. 15 is a flow diagram of a method of imaging. 
0.052 FIG.16 is a flowchart of correction of a fluorescence 
image for absorption and Scattering in a target, Such as tissue. 
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DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

0053 A hyperspectral imaging device is one that covers a 
broader range of the electromagnetic spectrum than visible 
light alone. Such as visible and infrared light, and which is 
capable of resolving received light into more than the tradi 
tional three colors. 
0054. A hyperspectral imaging device is capable of 
acquire full field of view images of the region of interest. Such 
as the surgical field of view, similar to broad beam fluores 
cence imaging devices used for wide field imaging. 
0055. A hyperspectral imaging device is one that is 
capable of selecting wavelengths of interest in the visible and 
infrared regions of the electromagnetic spectrum, and as Such 
capable of acquiring multiple images at user-defined wave 
lengths of interest 
0056. A hyperspectral imaging device is capable of pixel 
by pixel full spectra reconstruction using multiple images 
acquired at user-defined wavelengths of interest 
0057 Qualitative, single-bandpass, visible fluorescence 
imaging (vis-FI) during Surgery has demonstrated improved 
visualization of disease, bringing with it a growing interest in 
fluorescence imaging for Surgical guidance, but not without 
limitations. The use of single bandpass detection in current 
vis-FI systems does not take full advantage of the spectral 
specificity of fluorophores. For example, spectrally resolved 
detection according to the present system enables un-mixing 
of non-specific autofluorescence in detected tissue to improve 
detection accuracy. Further, with the advent of fluorescence 
for intraoperative use and associated novel fluorophores for 
Surgical guidance (for example, protoporphyrin IX (PpIX), 
folate receptor targeting agents, blood pooling agents like 
fluorescein and indocyanine green), spectrally-resolved 
approaches enable simultaneous un-mixing of multiple fluo 
rescentagents from the same fluorescent signal, thus enabling 
in vivo imaging of multiple reporter dyes. 
0.058 We have shown that quantitative assessments of tis 
sue fluorescence, decoupled from the effects of tissue optical 
properties, enable us to perform accurate quantification of 
absolute levels of fluorescent biomarkers in brain tissue. This 
quantitative approach significantly improves tumor detec 
tion, thus outperforming the diagnostic capabilities of stan 
dard vis-FI, and allowing us to detect tumor tissue that would 
have otherwise been left undetected. 
0059. In an embodiment of an imaging system for use in 
Surgery, quantitative hyperspectral fluorescence and reflec 
tance imaging are provided for use during Surgical proce 
dures. The system detects cancer tissue by i) measuring a 
fluorescent contrast agent in a tumor and ii) measuring reflec 
tance-derived endogenous optical markers to improve detec 
tion of diseased tissue using a quantitative hyperspectral fluo 
rescence and reflectance imaging device that integrates with 
current Surgical microscopes. In an alternative embodiment, 
quantitative hyperspectral fluorescence and reflectance imag 
ing is provided for use independently or with another operat 
ing room instrument. 
0060. The system herein described provides near real-time 
quantitative hyperspectral fluorescence and reflectance imag 
ing evaluation of tissue during Surgical procedures to deter 
mine levels of fluorescent contrast agent and additional opti 
cal biomarkers in tissue in a field of view. Such information 
allows the Surgeon to make decisions as Surgery progresses 
and in conjunction with the Surgical workflow, enabling a 
safer, more accurate and more effective Surgical procedure 
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through improved extent of tumor removal. A metabolic pre 
cursor to a fluorescent contrast agent in an embodiment 
5-aminolevulinic acid-induced protoporphyrin IX (PpIX) 
fluorescence, causes preferential accumulation of fluoro 
phores in malignant and benign brain tumors. This system is 
applicable to other fluorescent contrast agents that may also 
mark tissue of different types, including tumor and stroma 
types, with high sensitivity and specificity. The present sys 
tem uses a hyperspectral fluorescence and reflectance imag 
ing device to determine fluorophore levels, such as PpIX 
levels, and fluorophore locations, throughout the field of 
view, giving the Surgeon information on the levels of fluores 
cent agent which has accumulated in tissue and the locations 
of concentrations in tissue. 

0061 The additional optical biomarkers resolvable by the 
system, include, but are not limited to, hemoglobin concen 
tration and oxygen Saturation. These biomarkers are of use 
separately or in conjunction with fluorophore assessments to 
help inform Surgical decisions. 
0062. In addition to hyperspectral imaging through the 
visual field of the system, the system has a probe-based hyper 
spectral contact point spectroscopy device, which interro 
gates 1 mm of tissue at a time, and which also provides a 
significant improvement in tumor tissue detection. Some 
tumor tissue that does not display visible fluorescence using 
current Surgical microscopes enabled for single-band fluores 
cence imaging, can be detected with a hyperspectral point 
process. The combined fluorescence and reflectance probe 
and method, according to embodiments described herein, 
measures optical biomarkers, including fluorophore concen 
trations, oxygen Saturation, hemoglobin concentration, and 
scattering parameters, to improve tumor detection across a 
range of glioma histologies. 
0063 Fluorescence signals are strongly affected by varia 
tions in fluorophore depth, tissue absorption and transport 
scattering properties, i.e., tissue optical properties. A previous 
in vivo contact point spectroscopy technique quantifies fluo 
rescence in tissue by compensating for the effects of tissue 
optical property variation and quantifies additional optical 
biomarkers such as hemoglobin concentration, oxygen Satu 
ration and scattering parameters. This technique was 
described in, for example, Valdes, P.A., Ouantitative fluores 
cence in intracranial tumor implications for ALA-induced 
PpIX as an intraoperative biomarker. Journal of Neurosur 
gery, 2011. 115: p. 11-17., which is incorporated herein in its 
entirety by reference. 
0064 Point spectroscopy quantitative fluorescence and 
reflectance results are extended to a broad-beam imaging 
platform in the present device. 
0065. The device sequentially acquires white light reflec 
tance and fluorescence emissions over a broad range of wave 
lengths, in a particular embodiment in the range of 400-720 
nm for white light reflectance and 550-720 nm for fluores 
cence when using, for example, PpIX. In alternative embodi 
ments the wavelengths imaged by the hyperspectral imaging 
device may include additional wavelengths from 400 to 1100 
nm. A light absorption-scattering correction applied across 
the whole imaged field of view uses reflectance data to correct 
the detected fluorescence spectrum. The device uses a spec 
trally-constrained normalization correction algorithm, in 
which the ratio of the reflectance near the region of the exci 
tation wavelength and the reflectance near the region of the 
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emission wavelength divides intensities of raw spectrally 
resolved fluorescence data to provide a corrected fluores 
cence data. 
0.066 Spectral decomposition is then used to extract indi 
vidual fluorophore contributions from the corrected fluores 
cence data, and quantify the concentration of fluorophores in 
tissue, and the depth of concentrations of fluorophores in 
tissue. In addition to the corrections required for fluorescence 
quantification, the reflectance data is used to retrieve addi 
tional optical parameters, including but not limited to oxy 
genation fraction, oxy- and deoxy-hemoglobin, myoglobin, 
and bilirubin concentrations, that may be of interest to a 
Surgeon. 
0067. The devices herein described provide: 

0068 i) reflectance hyperspectral imaging to quantify 
reflectance-derived optical parameters, including but 
not limited to, oxygen Saturation, oxy- and deoxy-he 
moglobin, myoglobin, and bilirubin concentrations, and 
spectral distortions; 

0069 ii) reflectance hyperspectral imaging to deter 
mine correction parameters for correcting fluorescence 
images for light absorption and scattering effects; and 

0070 iii) quantitative hyperspectral fluorescence imag 
ing. The system provides near real-time, more accurate, 
quantitative, and spectrally resolved fluorescence and 
reflectance assessments of the whole field of view. The 
system provides combined use of spectrally resolved 
reflectance and fluorescence for more accurate tissue 
identification across the whole field of view. 

0071. We also show phantom, pre-clinical and clinical 
data where we acquire high resolution spectra for every pixel 
in the field of view in near-real time, resolve multiple dyes and 
other tissue-type information intraoperatively, and provide 
non-Subjective, absolute estimation of fluorophore concen 
trations in tissue, improving detection limits by one to two 
orders of magnitude. Overall, our technique can have broad 
implications for fluorescence image guidance and improving 
extent of resection, by enabling clinically feasible in vivo 
fluorophore quantification. 
0072 We have shown that quantitative assessments of tis 
sue fluorescence, decoupled from the effects of tissue optical 
properties, enable us to perform accurate quantification of 
absolute levels of fluorescent biomarkers in brain tissue. This 
quantitative approach significantly improves tumor detec 
tion, thus outperforming the diagnostic capabilities of stan 
dard vis-FI, and allowing us to detect tumor tissue that would 
have otherwise been left undetected. 
0073 FIG. 1 is a schematic diagram of a through-micro 
Scope spectral resolved quantitative fluorescence imaging 
system and a Surgical microscope enabled for fluorescence 
imaging, according to Some embodiments. The Surgical 
microscope includes two optical ports (1 and 2) associated 
with two respective oculars for two Surgeons and a third 
optical port (3) that is coupled to a RGB CCD camera for 
Video rate and still image acquisition. In some embodiments, 
this CCD camera is a color or black-and-white stereo camera 
usable for image acquisition or for Surface profile extraction 
using stereo-optic techniques. A fourth free optical port (4) 
allows for integration of the portable, quantitative fluores 
cence and reflectance imaging device (QFI) according to the 
present system. 
0074. In exemplary embodiments, the QFI includes: i) an 
optical component that fits onto a Surgical microscope, or 
which can be used with another operating room instrument or 
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used independently, ii) a high-speed, tunable, wavelength 
selection device, for example, a liquid crystal tunable filter, 
iii) a camera, and iv) a digital image processor. In an embodi 
ment, the tunable wavelength-selection device is a liquid 
crystal tunable filter such as described in Nourrit, V. et al., 
“High-resolution hyperspectral imaging of the retina with 
modified fundus camera'. J. Fr Opthalmol 33(10), 686-692 
(2010). In some alternative embodiments, the tunable wave 
length-selection device is an acousto-optic tunable filter Such 
as described in Fellers, T., et al., “Acousto-Optic Tunable 
Filters (AOTFs). National High Magnetic Field Laboratory, 
1800 East Paul Dirac Dr. The Florida State University, Tal 
lahassee, Fla. 32310 (2004). In some alternative embodi 
ments, the hyperspectral imaging device includes a scanning 
line spectrophotometer which includes an entrance slit and a 
rotating scanning mirror. The mirror Scans the image over the 
slit to a dispersive element, such as a prism or a diffraction 
grating. A two-dimensional image sensor receives a plurality 
of spectra along a first dimension of the image sensor, with 
each spectrum being spread along the second orthogonal 
dimension of the two-dimensional image sensor. Such scan 
ning line spectrophotometers are described in Gao, et al., 
"Snapshot Image Mapping Spectrometer (IMS) with high 
sampling density for hyperspectral microscopy. Opt.Express 
18, 14330-14344 (2010). 
0075. The microscope has an illumination device adapted 

to provide illumination in both a blue or stimulus light mode 
for fluorescence imaging, and in a white light mode for white 
light reflectance imaging; wherein the stimulus light mode 
has a filter, or an emitter that provides specific wavelengths, 
such that light of fluorescence wavelength is excluded from 
the tissue. The QFI system connects to the free optical port of 
the Surgical microscope. 
0076. In the method illustrated in FIG. 2, a hyperspectral 
fluorescence and reflectance imaging device is adapted to a 
Surgical microscope. Hyperspectral fluorescence data are 
acquired, processed and displayed in near real-time during a 
Surgical procedure, enabling a Surgeon to view images repre 
senting quantitative levels of fluorescent agent and additional 
optical markers across the whole field of view. The quantita 
tive information aids the Surgeon in making Surgical deci 
sions given the levels of optical markers present, for example, 
PpIX, oxygen saturation, etc. 
0077 Referring to FIG. 2, the QFI provides two sets of 
3-dimensional image cubes (x,y,w) in memory of the digital 
image processor, each image cube having a sequence of two 
dimensional images recorded by the QFI, each image of the 
sequence recorded at different wavelengths. The image cubes 
include a white light reflectance image cube under white light 
mode and a fluorescence image cube under a selected fluo 
rescence excitation or stimulus light mode. Such that for each 
(x,y) coordinate of a 2-dimensional image of the image cubes, 
either a reflectance or fluorescence spectrum can be recon 
structed. 

0078 FIG.3 contains a functional block diagram of work 
flow of the quantitative fluorescence imaging of the present 
device, according to some embodiments. Referring to FIG.3, 
both reflectance and fluorescence image cubes are acquired 
for each pixel coordinate (x,y). The reflectance spectra are 
used in a light attenuation correction algorithm to derive a 
correction map which accounts for the distorting effects of 
tissue optical properties on the measured fluorescence at each 
pixel coordinate (x,y). The correction map is applied to the 
fluorescence spectra at each pixel coordinate (x,y) to derive 
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fluorescence spectra which have been corrected for the effects 
of tissue optical properties. Spectral un-mixing techniques 
are applied to decouple the individual contributions of each 
fluorophore of interest, for example, autofluorescence, PpIX, 
to the corrected fluorescence spectra, and calculate a quanti 
tative image of the absolute concentration of fluorescent 
biomarker in tissue, for example, ca. 
007.9 The spectrally-resolved quantitative fluorescence 
imaging system and technique of the present system 
described herein were designed for seamless integration with 
the flow of surgery and compatibility with the state-of-the-art 
Surgical microscopes. The imaging system is portable and 
affordable. In addition, the ability to spatially resolve down in 
the Submillimeter range, enables both pre-clinical and clini 
cal studies and ease of translation between each platform. 
0080 We explored the systems capabilities to quantify a 
commonly used clinical fluorescent biomarker, PpIX, in tis 
Sue simulating phantoms. We noted highly accurate and sen 
sitive PpIX biomarker quantification in near-real time com 
pared to the raw fluorescence, F (0.89% vs. 0.27%, R 
linear regression coefficient), pointing to the ability of mak 
ing fluorescence imaging in Surgery quantitative and highly 
sensitive. Furthermore, quantitative fluorescence imaging 
demonstrated improved contrast compared to both vis-FI and 
F, with approximately 2 and 1 orders of magnitude larger 
dynamical range than vis-FI and F, respectively. 
0081. The imaging system provides significant improve 
ments in intraoperative diagnostic fluorescence imaging. Fur 
ther, the imaging system provides an ideal pre-clinical-to 
clinical testing platform for testing of novel imaging agents 
and pre-clinical models, with Subsequent ease of translation 
from bench-to-bedside. The ease of application, seamless 
integration into the Surgical workflow, portability, reasonable 
costs, and Small footprints, allows for implementation across 
modern operating rooms and visualization of multiple fluo 
rescent biomarkers. 

Results 

Imaging System Design 

I0082. The imaging system includes a set-up with a small 
footprint, which allows for ease of implementation in the 
operating room. The main components in a prototype 
embodiment include an optical adapter, a liquid crystal tun 
able filter (LCTF) (Cambridge Research Instruments), and a 
charge-coupled device (CCD) camera (Cooke Corp.) con 
nected to a digital image processor and computer control 
system. The LCTF is a wavelength selection device to enable 
acquisition of images at each wavelength of interest and cre 
ate the 3D spectrally resolved image cube. Other type of 
electronic camera, for example, EMCCD, ICCD, etc., or 
CMOS sensor cameras, which allow for collection of light 
and conversion to digital form, can also be used. The proto 
type embodiment liquid crystal tunable filter (LCTF) per 
forms fast (50 ms) single band selection (7 nm FWHM) for 
filtration of incoming light in the range 400-720 nm. The 
LCTF displays a wavelength specific transmission response 
in the range =400-720 nm, with a max transmittance of 64% 
at 710 nm. The CCD camera (1396x1024 pixels; 2x2 binning: 
62% quantum efficiency at 580 nm. 
I0083. A fully integrated, functional system requires only 
standard maintenance provided to conventional Surgical 
microscopes. The system is portable, which allows for ease of 
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transportation between operating rooms, and installation into 
a commercial Surgical microscope is seamless. 
0084 An optical adapter connects the main components 
(LCTF and camera) to an optical port of a Surgical micro 
scope, and between LCTF and a c-mount CCD camera. An 
LCTF performs fast (50 ms) single band selection (7 nm full 
width at half maximum) for filtration of incoming light in the 
range A00-720 nm. The LCTF displays a wavelength spe 
cific transmission response at a selected wavelength in the 
visible light range (i.e., v=400-720 nm), with a maximum 
transmittance of 64% at 710 nm. The CCD camera (1396x 
1024 pixels; 2x2 binning; 62% quantum efficiency at 580 nm, 
PCO.Pixelfly, Cooke Corporation) senses the incoming light 
and transmits the digital counts to a computer control system. 
In a particular exemplary illustration, we operated in the 
visible region of the spectrum, given that two of the three 
major clinically used fluorescent imaging dyes operate in this 
region (i.e., fluorescein, PpIX). The system can be extended 
to the near infrared (650-1100 nm), given the advantages of 
working in this range. With the advent of novel imaging 
agents in the near infrared (NIR), this set up could readily 
accommodate either a LCTF operating in the NIR or a dual 
visible-NIR region LCTF. 

Phantom Validation 

0085. We assessed the quantification capabilities of our 
QFI system. We developed a spectrally-constrained normal 
ization algorithm that corrects the detected, raw fluorescence 
from the distorting effects of tissue optical properties. The 
varying attenuation due to tissue optical properties on both 
the excitation light and fluorescence emissions impact the 
detected fluorescence non-linearly. This varying attenuation 
was corrected, enabling absolute quantification of fluoro 
phores in tissue independent of varying tissue specific attenu 
ation. We used previously validated tissue simulating liquid 
phantoms of varying absorption (L.) and reduced scattering 
(u") at the excitation and main emission peak of PpIX (v-405 
nm and w=635 nm, respectively) and with varying PpIX con 
centrations in the range 20-5000 ng/ml the commonly 
found range of PpIX concentrations (lower to higher end) 
found in normal and pathological tissues. 
I0086 Current state-of-the-art clinical systems use single 
band pass detection of the emitted fluorescence. We found 
from previous work and with our phantom studies, that vis-FI 
was able to visually detect concentrations no lower than 
~1000 ng/ml. Here we performed an area under the curve 
integration of the raw optical signal in the range w-610-720 
nm, as a means to measure the raw, uncorrected fluorescence 
signal typically detected using contemporary clinical sys 
tems, Fr. We then used our quantification technique on the 
spectrally-resolved wide filed data to calculate the pixel-spe 
cific PpIX concentrations, c, and thus estimate absolute 
PpIX levels across the full field of view. We demonstrate in 
our tissue simulating phantom studies that our quantitative 
imaging technique effectively deconvolves the non-linear 
distorting effects of varying optical properties on the emitted 
fluorescence (R=0.89, vs. R=0.27, linear regression analy 
sis). Further, quantitative fluorescence imaging (i.e., QFI) 
demonstrated improved contrast compared to both vis-FI and 
F, with approximately 2 and 1 orders of magnitude larger 
dynamical range than vis-FI and F, respectively. These 
results demonstrate highly accurate and sensitive estimates of 
absolute PpIX levels in near-real time imaging mode, and that 
our technique improves the limit of detection of fluorescence 
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imaging by 1-2 orders of magnitude, pushing the lower limit 
of PpIX found in tissues. This latter point is of importance, 
since it indicates that our imaging system can quantify low, 
yet diagnostically significant PpIX levels currently found in 
low-grade gliomas, the tumor histology where the impact of 
fluorescence imaging on patient Survival could be profound. 
I0087 We tested the spectral-resolving power of our imag 
ing system on tissue simulating phantoms with homoge 
neously distributed and varying levels of two commonly used 
clinical fluorophores, PpIX and fluorescein. Our system was 
able to simultaneously detect and spectrally un-mix the indi 
vidual fluorescence emission spectra in imaging mode across 
the full field of view of both fluorophores at varying concen 
trations. These results demonstrate the ability to do accurate 
simultaneous multiple-tracer imaging. 

System Spatial Resolution 

I0088 We first tested the spatial resolution of the system 
using a conventional method to measure the contrast transfer 
function (CTF) from a USAF 1951 standard contrast resolu 
tion target. The imaging system demonstrated Submillimeter 
resolutions both in the vertical (214 um and 125 um) and 
horizontal directions (217 um and 125 um) (Rayleigh and 
Sparrow criteria, respectively), which are approximately 5 to 
10 times smaller than the smallest length scale in which the 
Surgeon operates. This indicates that the system demonstrates 
sufficient spatial resolution for both human as well as pre 
clinical animal studies, which operate in the submillimeter to 
millimeter scales. 

Spectrally-Resolved Quantitative Fluorescence Imaging 
Data. 

I0089. Each quantitative fluorescence imaging sequence 
acquisition entails acquiring a 3-dimensional image cube at a 
5 nm wavelength resolution (range wa30-720 nm) acquired 
under white light mode for reflectance followed by a 3-di 
mensional image cube at a 3 nm resolution (range w-600-720 
nm) acquired under blue or excitation light mode for fluores 
CCCC. 

0090. Each 3-dimensional image cube (x, y, w) includes a 
series of 2-dimensional images (x, y) (i.e., spatial dimen 
sions) at a plurality N of specific wavelengths (w) (i.e., spec 
tral dimension) in the range of interest acquired under white 
light mode for reflectance or under blue light mode for fluo 
rescence signals. That is, the image cube is a stack or series of 
2-dimensional images taken at a plurality of wavelength set 
tings of the tunable filter. Each individual pixel spatial coor 
dinate (x,y) corresponds to a location on the field of view. We 
reconstructed high-resolution (i.e., 1 nm) full reflectance and 
fluorescence spectra for each pixel coordinate using a cubic 
spline interpolation technique for a total of 361.920 spectra 
per image cube (696x520–361,920). 

Tissue Attenuation Correction Algorithm. 

0091. The white light reflectance spectra are used to cor 
rect the detected fluorescence spectra for the attenuation 
caused by tissue absorption and scattering. We used a spec 
trally-constrained normalization technique to estimate the 
intrinsic fluorescence in tissue independent of the effects of 
tissue optical properties by calculating the intrinsic fluores 
cence value, d, with the relationship in Eq. 1, 
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d'E(A) (Eq. 1) Fito 

d (A) = def x( ity orrected 

where di"() is the wavelength dependent, raw fluo 
rescence intensity; d, and dare the reflectance signals 
integrated over the ranges w=465-485 nm and w=625-645 nm, 
respectively. The range for d, was determined as close to 
the excitation wavelength band (i.e., 405 nm) to approximate 
light attenuation at excitation, and the range for d, was 
determined at the main emission peak around w=635 nm. Our 
correction algorithm makes the assumption that most of the 
light attenuation is due to absorption at the excitation wave 
length, given the high absorption due to hemoglobin, and that 
at the emission band, Scattering dominates over absorption by 
1-2 orders of magnitude more and can be corrected by an 
empirical power function of d,'. 
0092. We apply our tissue attenuation correction algo 
rithm on each pair of reflectance and fluorescence image 
cubes. We integrate for each pixel coordinate (x, y) its cor 
responding high resolution reflectance spectrum to calculate 
d'(i) and d(i). We then estimated the corrected fluo 
rescence spectrum for each (x, y) pixel coordinate, de 
eaf" (i), by applying the relationship in Eq. 1 to each corre 
sponding pixel coordinate (x, y) high-resolution raw 
fluorescence spectrum, dra, "(i). A non-negative least 
squares routine is used on the corrected fluorescence spectra 
to spectrally un-mix the individual contributions of main 
fluorophores: PpIX, fluorescein, and tissue autofluorescence 
using the following relationship, 

where B=bb . . . b is a matrix of basis spectra for N 
fluorophore components (for example, PpIX, fluorescein, 
autofluorescence), and c' is a relative concentration fluoro 
phore vector. A system-specific calibration factor derived 
from the least squares regression on phantoms of known PpIX 
concentrations is used to convert the spectrally un-mixed 
relative fluorophore concentration values into absolute biom 
arker(s) concentrations for each pixel, 

cabs=Sce (Eq. 3) 

where S is the system specific scalar calibration factor. We 
then are able to display a quantitative image map of PpIX 
concentrations. 

Tissue Phantoms. 

0093. Liquid tissue simulating phantoms that simulate the 
range of optical properties found in normal brain and brain 
tumor using an absorber dye (McCormick) as the main 
absorber and Intralipid as the scattering medium were fabri 
cated for a total of nine (9) phantoms of three (3) different 
optical absorption (l=20, 40, and 60 cm) and scattering 
values (u"=8.7, 11.4, and 14.5 cm) for a total of nine (9) 
different phantoms. For each tissue phantom, nine (9) PpIX 
concentrations covering the range found in brain tumors 
(0.019, 0.039, 0.078, 0.156, 0.313, 0.625, 1.250, 2.500, and 
5.000 ug/ml) were added, and a final set with non PpIX added 
for a total of 90 phantoms of varying absorption, Scattering 
and PpIX. 
0094. We acquired a pair of reflectance and fluorescence 
image cubes for each phantom under typical low-light oper 
ating room conditions used for fluorescence guided Surgery. 
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Each pair was processed for quantitative fluorescence imag 
ing to estimate a PpIX concentration image map. A region of 
interest analysis of the corresponding (x, y) pixel coordi 
nates of the raw fluorescence image cube and on the calcu 
lated PpIX concentration image map for each phantom was 
used to (i) integrate the average area-under-the-curve inten 
sity in the range 610-720 nm for the raw fluorescence spectra 
(i.e., ?o," "dr"(...)d)), Frau and (ii) the average Ravi 

PpIX concentration, ca, for the quantitative image map. 
The former corresponds to the raw fluorescence signal of 
PpIX, and is equivalent to using a bandpass filter to filter out 
only the raw fluorescence in that range of interest. 
I0095 Frau and QFI derived c, for each phantom were 
plotted versus the true known PpIX concentrations of each 
phantom. A linear regression analysis was then used to ascer 
tain (i) the linearity of fluorescence with fluorophore concen 
tration, which provides a measure of the non-linear effects of 
optical properties and the correction capabilities of our algo 
rithm; and (ii) the limit of detection of both approaches, 
which provides a measure of the sensitivity of each approach 
to detect low levels of fluorophore. 
0096. A normalized contrast for the raw fluorescence and 
our quantitative approach was calculated by dividing F-or 
catevery concentration from i=5.000-0.039 ug/ml by the 
Fair or c, at the minimum concentration, 0.019 Lig/ml. 
respectively, 

(Eq. 4) F. 
(Contrastew (i) :) O FE 

OFF (nContrastorii) ) OFFmin 

System Spatial Resolution 

(0097. A USAF 1951 (Edmund Optics) contrast resolution 
target was used to determine the spatial resolution of the 
imaging system. We imaged the USAF 1951 target under 
white light mode, which is made up of n=0, 1, 2, 3 groups, 
each with i=1, 2, 3, 4, 5, 6 horizontal and vertical elements 
consisting of black and white bar patterns. We extracted the 
cross-sectional intensity profiles for each element to calculate 
the element-specific contrast transfer function (CTF) using 
the following relationship, 

ina (i) - Inin (i) 
Tina (i) + Inin (i) 

(Eq. 5) 

where I and I are the maximum and minimum intensi 
ties of the bar pattern's cross-sectional profile. We matched 
the calculated element specific resolution using the following 
relationship 

(Eq. 6) 
Resolution(i) = 

pit 6. 

where n is the group number, i is the element number, and 
resolution is given Lim. We calculated the Rayleigh and Spar 
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row horizontal and vertical resolutions by determining the 
point on the graph were the CTF-26.4% or CTF-0%, respec 
tively. 

Data Processing. 
0.098 Data processing and analysis was done using cus 
tom MATLABR) software (Version R2010a, The Mathworks, 
Inc., Natick, Mass., USA) 

Statistical Analysis. 
0099 Statistical analyses were performed with MATLAB. 
Linear regression analysis was used to determine the coeffi 
cient of determination, R. Non-parametric, Wilcoxon rank 
sum (Mann-Witney) tests were use to compare differences. 
Two-sided P-0.05 are described as statistically significant. 
0100 Experiments provided absolute quantification oftis 
Sue concentrations of the metabolic biomarker protoporphy 
rin IX (PpIX) following systemic administration of the pro 
drug 5-aminolevulinic acid (ALA) using fiberoptic-based 
point fluorescence and diffuse reflectance spectroscopy in 
vivo. This technique significantly improves the clinical utility 
for detection of residual tumor during neuroSurgical resection 
of various pathologies, including high-grade and low-grade 
gliomas. 
0101. In a point spectroscopy device referred to as the 
“Standard Probe’, the full fluorescence spectrum is measured 
single points at the tissue surface, together with the full dif 
fuse reflectance spectrum. A spectrally-constrained diffusion 
theory model is then used to determine the absorption and 
transport scattering spectra of the tissue (L, and u', respec 
tively) and these values are then used to correct the measured 
fluorescence spectrum yielding the true fluorescence signal. 
Data has been taken with the Standard Probe, this data has 
been used to confirm practicability of the hyperspectral imag 
ing device described herein, and to test practicability of the 
spectrally—constrained normalization approach described 
herein. The local concentration of PpIX (Ce) is then deter 
mined by spectral unmixing to eliminate contributions from 
PpIX photoproducts and tissue autofluorescence. A non 
model-based spectrally-constrained normalization approach 
is described herein. The potential advantages are that it sim 
plifies the instrumentation, since only two reflectance detec 
tion channels are required. It is expected that the hyperspec 
tral imaging device herein described will be able to provide 
similar information when used in vivo. 

0102 FIG. 4 is a schematic functional block diagram of 
the intraoperative standard probe System according to some 
embodiments. Referring to FIG. 4, measurements are made 
with three adjacent optical fibers making contact with the 
tissue at the distal end of a 1.1 mm diameter intraoperative 
probe. Each fiber has a core diameter of 200 um and the 
center-to-center separation between adjacent fibers is 260 
um. One fiber is coupled to a broadband light-emitting diode 
(LED) delivering light from a 450 to 720 nm. Another fiber 
is coupled to a violet LED with center wavelength at 405 
nm. The third fiber is coupled to a miniature fiber optic 
spectrometer (USB2000+, Ocean Optics Inc., FL) with light 
detection capabilities between v 200 nm and 1100 nm at a 
spectral resolution <-1 nm. The PpIX absorption spectrum 
exhibits a strong absorption band (Q-band) around v=405 
nm, so that fluorescence excitation is efficiently achieved 
using the violet light source fiber. The effective tissue sam 
pling depth is <-1 mm. White light reflectance and fluores 
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cence emission spectra are sequentially measured using 
broadband and light excitation at 405 nm, respectively. 
FIG. 5 shows typical spectra acquired during a Surgical resec 
tion of a high-grade glioma. That is, FIG. 5 illustrates the 
PpIX fluorescence spectrum (left) and the diffuse reflectance 
spectrum (right) measured in a high-grade glioma following 
tissue excitation with blue and white light, respectively. The 
vertical bands in the diffuse reflectance spectrum (right) indi 
cate the detection windows used in the normalization mea 
SurementS. 

(0103 Spectrally-constrained normalized values, d' 
were computed using the formula 

dio (a) (Eq. 7) 
dRatio A) = of gay 

where d'" is the raw measured fluorescence spectrum, and 
d', and d', are the spectrally-integrated reflectance sig 
nals in the range wa65-485 nm and w=625-645 nm, respec 
tively. The wavelength range for d', was chosen to be as 
close as possible to the fluorescence excitation band in order 
to correct for tissue attenuation of the excitation light. The 
second band samples the main PpIX fluorescence emission 
peak around WG35 nm. The underlying assumptions of Eq. 
(7) are: (1) that most of the spectral distortion effect is due to 
tissue absorption at the excitation wavelength. and (2) that the 
impact of light diffusion in the emission band, where scatter 
ing dominates over absorption, can be corrected by further 
dividing the raw fluorescence using an empirical powerfunc 
tion of d'e. 
0104 Three separate sets of measurements with PpIX 
were conducted to evaluate the accuracy of the spectrally 
constrained normalization algorithm: (1) in tissue-simulating 
phantom experiments with a range of optical properties con 
sistent with human brain tissue, (2) using ex vivo animalbrain 
tumor tissue, and (3) using in vivo clinical data previously 
acquired with the Standard Probe during resection procedures 
in brain tumor patients. For each measurement, a background 
spectrum was acquired and Subtracted from the raw fluores 
cence in order to account for the dark noise of the instrument, 
and the resulting spectrum was corrected using Eq. (7) for 
values of the empirical parameter C. ranging from -2 to 2. The 
corrected spectra were then unmixed to separate the contri 
butions of the main fluorophores, namely PpIX, its photo 
products and tissue autofluorescence. The resulting pure 
PpIX spectra were then normalized to a calibration factor, 
which in turn was derived from the slope of the linear regres 
sion fits in phantoms with known dye concentrations, in order 
to extract an absolute PpIX concentration, Ca. 
0105. The phantoms comprised Intralipid (Fresenius 
Kabi, Uppsala, Sweden) which provided the tissue-like back 
ground scattering, yellow food coloring (McCormick, Lon 
don, Ontario) as the absorber and PpIX. Nine phantoms of 
differing optical properties were prepared, and a total of six 
concentrations of PpIX (0.15625, 0.3125, 0.625, 1.25, 2.5, 
and 5 g/ml) for each phantom were mixed, giving a total of 
54 separate phantoms with different absorption coefficient 
(L), reduced scattering coefficient (LL) and fluorophore con 
centration. In order to mimic human brain tissue, the absorp 
tion and reduced scattering at the excitation wavelength 
ranged from 20 to 60cm and us'–15 to 25 cm, respec 
tively, and at the emission wavelength ranged from L-0.02 to 
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0.06 cm and '-8.7 to 14.5 cm. Fluorescence and reflec 
tance measurements were made for each phantom using the 
Standard Probe. FIG. 6A-6F illustrate raw and corrected 
emission spectra measured for tissue phantoms, according to 
the some embodiments. Three different PpIX concentrations 
and a range of absorption and scattering values were used: 
(FIG. 6a, FIG. 6b, FIG. 6c) varying absorption with constant 
scattering; (FIG. 6d. FIG. 6e, FIG. 6f) varying scattering with 
constant absorption. The value of C=-0.7 is used in FIG. 6c 
and FIG. 6f Illustrated is the marked effects of varying 
absorption (FIG. 6(a) and scattering (FIG. 6(b)), on the mea 
Sured fluorescence spectra, primarily in the intensity, with 
Some distortion also of the spectral shape. In tissue, the latter 
is greatly due to the strong spectral dependence of hemoglo 
bin absorption. Dividing the measured spectrum by d". 
(FIG.7b) partially corrects for changes in absorption and, to 
a lesser extent, for changes in scattering (FIG. 7e). Normal 
ization to a function of d', and d', as in Eq. (7) can 
further correct for changes in both absorption (FIG. 7c) as 
well as scattering (FIG. 7?), and yield quantitative fluores 
cence spectra that are largely independent of variations in the 
optical properties. As shown below, the optimal tissue-spe 
cific empirical parameter C. is determined experimentally 
using the tissue-simulating phantoms (or, for example, Monte 
Carlo modeling) in order to achieve the highest accuracy in 
City. As in previous studies, the spectral unmixing algo 
rithm was applied to the corrected fluorescence spectrum, 
using the known PpIX emission spectrum as input. A calibra 
tion factor, derived from the linear regression fit of d'"(...) 
against the true concentration was then applied to the pure 
PpIX spectrum to determine C, FIG. 7 and FIG. 8 illus 
trates quantification of PpIX concentration in phantoms 
based on FIG. 7 raw fluorescence intensity (w-635 nm), and 
FIG. 8 estimated Clevels derived following correction of 
the raw fluorescence, according to some embodiments. FIG. 
7 and FIG. 8 shows, as a function of the true PpIX concen 
tration, both the raw fluorescence intensity and the calculated 
C, following correction only for the strong absorption 
effects at the excitation wavelength. There is a significant 
improvement in the goodness-of-fit, from R=0.639 
(RMSE=72%) for the detected fluorescence (d'") to R=0. 
944 (RMSE 24%) using a correction by the reflectance close 
to the excitation only (d"/d'). Correction by the prod 
uct of d' d', provided the greatest improvement, with 
R=0.984 (RMSE 13%), using C=-0.7 (FIG.9(a)). This algo 
rithm is applied in the Subsequent ex vivo tissue and clinical 
studies. FIG. 9 illustrates (a) empirical determination of the 
optimal a value for PpIX quantification and (b) relationship 
between the estimated an actual PpIX concentration in phan 
toms following correction of the raw fluorescence, as 
described herein. 

0106 The spectrally constrained normalization method 
was then evaluated in terms of its efficacy to quantify Cain 
biological tissue. 1x10° cells from the human glioma VX2 
line were orthotopically implanted to a depth of 2 mm in the 
brains of five mice. Following three weeks of incubation, 100 
mg/kg body weight of ALA (Sigma-Aldrich Inc., MO) was 
injected via the tail vein, and the animals were Subsequently 
sacrificed by cervical dislocation under anesthesia at 0.5, 1,2, 
3 and 4 h later, respectively. The brains were then removed 
intact and measurements made with the Standard Probe at 
three different locations for each sample. The probe measure 
ments (fluorescence and reflectance) were used to compute 
the ratio in Eq. (7) for C. -0.7, from which the Cz value 
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was calculated, as above. For comparison, quantitative fluo 
rimetric measurements of C, were made on ex vivo brain 
tissue samples using an established technique. Statistical 
analysis (paired Student's t-test) showed no significant dif 
ference between the fluorimetric measurements and rationet 
ric estimates (p=0.33). These results represent an initial dem 
onstration that absolute quantification of PpIX in tissue using 
the rationetric approach according to Some embodiments is 
feasible and accurate. 

0.107 The Standard Probe has been used in ALA-induced 
PpIX fluorescence guided resection of human brain tumors. 
Here, we revisit the same clinical data and retrospectively 
apply the rationetric algorithm in patients with a diagnosis 
either of glioma (N=5), meningioma (N=6) or metastatic 
brain tumors (N=3). Receiver operating characteristic (ROC) 
curves were generated to assess the performance of the nor 
malization approach for detecting abnormal tumor tissue. 
FIG. 10 contains ROC curves quantifying the performance of 
three different fluorescence measurement schemes for optical 
datasets acquired in vivo during 14 brain tumor resection 
procedures. FIG. 10 shows the ROC plots of the quantified 
C, using two ratiometric approaches compared with the 
raw measured fluorescence (d'") intensity peak at =635 
nm for each tumor type. There was a highly statistically 
significant difference in the performance of the normalization 
approach, with the area under the curve (AUC) increasing to 
0.92 (STD=0.03) from the value of 0.60 (STD=0.05) for the 
raw fluorescence signal. 
0108. The use of ALA-induced PpIX fluorescence guid 
ance during tumor resection is gaining importance in the 
neurosurgical community, and there is increasing evidence 
that quantitative techniques that augment the visual fluores 
cence assessment of the Surgeon yields clinical benefit. Our 
previous work demonstrated this using a full-spectrum device 
and algorithm for quantitative point measurements. Accord 
ing to some embodiments, an optimized non model-based 
spectrally-constrained normalization approach is used for 
PpIX quantification, applying a semi-empirical algorithm to 
correct for the distorting effects of optical attenuation in 
tissue. The advantage is that this is technically simpler in 
point-mode but is also translatable into wide-field quantita 
tive fluorescence imaging mode more easily than the full 
spectrum approach. A possible limitation compared to the 
Standard Probe method, which is, at least in principle, uni 
Versal and does not require tissue-dependent calibration, is 
that it requires experimental determination of the empirical 
optimization parameter, a, as well as a calibration factor 
derived from the linear regression fit using phantoms of 
known concentrations. Further detailed studies are required 
to establish any other limitations to the accuracy for absolute 
fluorophore quantification in vivo and this work is in 
progress, as is initial testing in wide-field quantitative imag 
ing mode. 
I0109) These approaches to determining Cea in vivo (or 
the concentration of other exogenous molecules) may also be 
of value in applications such as photodynamic therapy in 
order to monitor and optimize the dose of photosensitizer and 
the drug-light time interval for treatment. 
0110 FIG. 11 is a schematic block diagram illustrating a 
system 100 for Supporting Surgery, according to some 
embodiments. The system of FIG. 11 includes a microscope 
body 102, which has multiple beam splitters 104 that permit 
light to be diverted to several optical ports simultaneously. 
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Attached to a first optical port of body 102 is a tube 106 
leading to a Surgeon’s binocular optical eyepieces 108. 
0111 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. The camera 132 of the 
hyperspectral imaging device 128 is also coupled to provide 
images to image capture interface 124 of the digital process 
ing 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. 
0112 FIG. 12 is a schematic block diagram of a hyper 
spectral imaging device, according to an alternative embodi 
ment. In an alternative embodiment, hyperspectral imaging 
device 128 of FIG. 11 is replaced with the hyperspectral 
imaging device of FIG. 12. In the hyperspectral imaging 
device of FIG. 12, light received through optical interfaceport 
202 is scanned by a rotating mirror 204 across a spectrometer 
slit 206. Light passing through spectrometer slit 206 is dis 
persed according to wavelength by a dispersive device 208, 
Such as a prism or a diffraction grating, and thence onto a 
planar image sensor 210 such that each column of planar 
image sensor 210 provides a spectrum of light received at a 
corresponding point in slit 206, and light received at slit 206 
corresponds to light scanned from a row of a virtual image 
received through microscope body 102. 
0113 Referring again to FIG. 11, a tracker interface 140 of 
the image processing system 126 is coupled to use sensors 
142 rigidly attached to a reference location within an operat 
ing room to track locations of microscope location sensors 
144 and patient location sensors 146. Microscope location 
sensors 144 are rigidly attached to the microscope body 102. 
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 one or more lesions 156. 
0114 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, 
168 include white-light illuminators 166, and fluorescent 
stimulus illuminators 168, operating under control of an illu 
mination interface 170 of the image processing 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 oper 
ating microscope and its associated HUD is co-registered 
with that of the imaging system, allowing display of tissue 
classifications and hyperspectral imaging results Superim 
posed on visible brain tissue, one-to-one comparisons, and 
intraoperative Surgical decision making. At standard working 

Dec. 25, 2014 

distances between microscope and Surgical cavity, Surgical 
tools 154 fit between objective 160 and tissue 152. 
0115 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 profile extraction routines 182, brain 
deformation modeling routines 184, fluorescence depth mod 
eling routines 186, and hyperspectral image processing rou 
tines 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 a database con 
taining information derived from preoperative MRI and CAT 
Scans 198. 

0116. Among the image processing routines in memory of 
image processing Subsystem 126 also has a classifier for 
classifying tissue types according to a combination of fluo 
rescence and backscatterinformation. In a particular embodi 
ment, the classifier is a K-nearest-neighbor classifier. 
0117 Image processing system 126 is also interfaced to a 
handheld backscatter fluorescence probe 143 that acts as a 
single-channel, single-point Subset of the fluorescence imag 
ing microscope. Probe 143 has white 145 and fluorescence 
stimulus 147 illuminators, and a spectrophometric detector 
149, the illuminators 143, 145, and detector 149 coupled 
through an optical fiber and lens subsystem 151 to apply light 
to, and read light from, a single point on tissue Surface. The 
probe couples into the image processing Subsystem 126 
through a probe interface 153. 
0118 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. For example, processor 180 
can execute the hyperspectral image processing routine to 
perform the hyperspectral fluorescence and reflectance imag 
ing of the system, as described above in detail. The hyper 
spectral fluorescence and reflectance imaging can also be 
performed in connection with stereo-optical extraction, using 
images captured by Stereo cameras 120, 122, to perform 
tissue surface extraction and modeling, as described in U.S. 
Provisional Patent Application No. 61/583,092, filed in the 
United States Patent and Trademark Office on Jan. 4, 2012, 
and incorporated herein in its entirety by reference. The track 
ing using tracking sensor 142, patient location sensors 146 
and microscope location sensors 144 described above can be 
used in performing the brain deformation modeling routine. 
The hyperspectral fluorescence and reflectance imaging can 
also be performed in connection 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 incorporated herein in its entirety 
by reference, and described below in detail, where fluores 
cence and reflectance spectral information is derived from 
hyperspectral imaging device 128. It should be noted that in 
the referenced U.S. patent application Ser. No. 13/145,505 
and described below in detail, the depth modeling is 
described as using a ratio of images at two wavelengths. 
Depth modeling using the hyperspectral fluorescence imag 
ing of the present system can be improved with a modified 
process in which several ratios are used simultaneously using 
a fitting routine. 
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0119) A phase-3 human trial of surface fluorescent 
microscopy during Surgical removal of malignant tumors 
marked with 5-ALA showed increased survival following 
Surgery when all fluorescent tumor visible at excision cavity 
Surfaces are removed; see Stummer, et al., Fluorescence 
guided surgery with 5-aminolevulinic acid for resection of 
malignant glioma: a randomized controlled multicentre 
phase III trial, Lancet Oncol., 2006. 7(5): p. 392–401, pub 
lished online at oncology.thelancet.com. 
0120 5-ALA may also be usable to locate tumors in other 
organs. In particular, 5-ALA has been shown to be preferen 
tially metabolized into protoporphyrin IX in tumors of the 
prostate as compared to protoporphyrin IX production in 
Surrounding normal prostate tissue. This may offer the oppor 
tunity to remove the prostate tumors with reduced risk of 
damaging nerves responsible for penile sensation and erec 
tion; thereby preserving functions thought important by many 
patients. 
0121. In yet another embodiment, dye administered to a 
patient to locate a tumor contains a fluorescent molecule or 
prodrug metabolized into fluorescent molecules in-vivo that 
is attached to a monoclonal antibody having specificity for 
tumor tissue. 
0122. In an embodiment tailored for use with tumors 
metastatic from a distant organ (not shown) such as lung, dye 
administered to a patient comprises a fluorescent molecule or 
prodrug attached to an antibody, such as a monoclonal anti 
body, having specificity towards a tissue type of the distant 
organ. Because many metastatic tumors retain some cell 
Surface markers similar to those of the parent tissue, dye 
preferentially delivers the fluorescent molecule or prodrug to 
the tumor tissue, while delivering a substantially lower con 
centration of the fluorescent molecule or prodrug to the organ. 
0123. A surgeon visualizes the tumor through the hyper 
spectral imaging device described herein. 
0124 Typically, tumors and organs are light propagation 
media where absorption and Scattering is particularly impor 
tant at short wavelengths, making them seem opaque to vis 
ible light. Consequently the white light images give good 
resolution but do not give good visibility of features beneath 
a surface of the tissue of tumor and organ. In particular, light 
at the blue end of the visible spectrum is often absorbed and 
scattered within less than a millimeter of the surface, render 
ing it difficult to see deeper structures. Further, because fine 
invasions of tumor may have color and structure Superficially 
resembling that of Surrounding tissues, these fine invasions of 
tumor at the Surface may not be readily visible to the Surgeon. 
However, the interaction of far-red and near-infrared light 
with biological tissue is such that propagation is inherently 
different when compared to that of visible light. For far-red 
and near-infrared light, scattering is still important but 
absorption by the main contributing chromophores such as 
hemoglobin and water are dramatically reduced (see FIG. 
23). This provides an opportunity for imaging structures 
embedded deeper into the tissue using far-red and near-infra 
red light. 
0125. In an alternative embodiment, the monochromatic 
illuminator provides red or near infrared light between 600 
and 1000 nanometers wavelengths, this light is capable of 
deeper penetration into organ and tumor than blue or green 
light and is within the range of wavelengths that can be 
detected by available electronic cameras. The wavelength 
used is chosen to be appropriate for the fluorophore used to 
label the organ or tumor. 
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0.126 The hyperspectral imaging device herein described 
may, in an embodiment, be operated to provide basic fluores 
cent imaging. This is done by illuminating the tissue with a 
light at a stimulus wavelength, in a particular embodiment by 
illuminating with a blue light-emitting diode (LED) having a 
filter to exclude illuminationata fluorescence emission wave 
length. The tunable liquid-crystal filter is then set to pass only 
light at the fluorescence emission wavelength. This provides 
the Surgeon with non depth-resolved information pertaining 
to fluorophore distribution beneath the surface; this informa 
tion may be somewhat hazy due to scattering in the tissue. 
I0127. In an embodiment, multiple monochromatic illumi 
nators are provided, and the tunable liquid crystal filter 
adjusted appropriately, permitting rapid selection of Surface 
and deep imaging wavelengths, and wavelengths suitable for 
different fluorophores. 
I0128. The surgeon views the fluorescence image informa 
tion on monitor 192 before, after, or at intervals while using 
Surgical instruments such as Surgical tools 154 to remove or 
destroy part or all of tumor 156. 
I0129. When the surgeon wants to determine if any tumor 
tissue remains in the organ 152, the Surgeon triggers the 
system to obtain new fluorescence tomographic image infor 
mation, views that information of monitor 192, and may 
remove additional portions of tumor 156 and organ 152. 
0.130. In an embodiment, blue or ultraviolet monochro 
matic stimulus-wavelength emitters have peak emission 
between three hundred fifty and four hundred five nanometers 
to induce visible fluorescence from protoporphyrin IX in 
tumor. Alternative embodiments may replace blue or ultra 
violet flood emitters with, or provide an additional set of 
monochromatic flood emitters, for providing stimulus spe 
cifically appropriate to a fluorophore other than protoporphy 
rin IX present in tumor. For example, near-infrared mono 
chromatic emitters may be used with other dyes Such as those 
based on indocyanine green. In an embodiment monochro 
matic emitters are LEDs; LEDs are available in a wide variety 
of spectral characteristics, can provide intense light, and are 
Small and easy to use. In an alternative embodiment, mono 
chromatic emitters are a tungsten halogen or high intensity 
discharge light source equipped with a monochromatic filter 
for transmitting a wavelength appropriate for inducing fluo 
rescence in fluorophores of, or metabolically produced from, 
the dye in use. Such an alternative light source may also 
include optical fibers and lenses for directing light from the 
monochromatic filter to the tissue and tumor. 
I0131. In some applications of the microscope other than 
open brain Surgery, there may also be a matching liquid 
applied to the Subject to give the area being interrogated a 
geometry that is simpler to model. 
0.132. In an embodiment, a left and right stereo image pair 

is captured 402. This image pair is used by the processor 180 
to extract a surface profile of the tissue. Image cubes are then 
captured with the hyperspectral imaging device and placed in 
memory as previously described. A computer model of dif 
fuse scattering in the tissue is then constructed. 
I0133. The tomography reconstruction algorithm is based 
on the assumption that the received light from the tissue is 
diffused, resulting from scattering and absorption at each 
Voxel in a model of the tissue. Each Voxel is assigned a 
scattering parameter, absorption parameters for stimulus and 
emissions wavelengths, and fluorescence parameters, such as 
concentration and fluorophore lifetime. Further, it is known 
that an emissions spectra of light emitted from fluorophores 
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in tissue is distorted by passage through tissue by absorption 
by chromophores present in that tissue, details of the distor 
tions induced being correlated to depth of the fluorophores in 
tissue as illustrated in FIG. 14. Since this distortion due to 
depth effectively alters a “color of received light at the QFI, 
this color for each pixel of the image cube may be determined 
from ratios of received light intensity in each of several of the 
2-D images of the image cube captured at different wave 
lengths near peak fluorescent emissions. For example, should 
spectral distortions resemble those of FIG. 14, ratios, and thus 
“colors', may be computed from image data acquired at 
multiple wavelengths in the 680 to 710 nanometer range. 
0134. Voxels external to the modeled surface contour of 
the tissue have absorption, Scattering, and fluorescence 
parameters assumed to be constant, known, and Zero in most 
cases to set boundary conditions on the model of the tissue 
during the process of Solving the differential equations asso 
ciated with light transport. Voxels within the organ, tumor, or 
tissue are initially assumed to Scatter light and have absor 
bance as per an average absorption and Scattering of biologi 
cal tissues of the tissue type being observed. In some appli 
cations the average values of these properties are chosen 
based on literature values. 
0135 The model is constrained to produce image data of 
“colors.” or ratios between light received at each of several 
wavelengths, of intensity matching data at selected wave 
lengths in the fluorescent image cube. 
0136. In this embodiment, optical diffuse tomography 
images of absorbance may be displayed to the Surgeon, show 
ing concentrations of chromophores in the tissue. These 
images may be of use during Surgery in locating hidden 
structures such as blood vessels, aneurysms, and other con 
centrations of heme. 
0.137. Once the absorption and scattering parameters are 
refined, or in embodiments displaying fluorescent parameters 
only a default absorption and scattering parameters may be 
used; for voxels within the tissue an illumination at each voxel 
is computed for each position of the incident beam using a 
computer-based light propagation model of the tissue and 
Organ. 
0138 Next, the fluorescence concentration parameters of 
each Voxel are computed by using a least-squares fit of the 
fluorescence parameters to the captured fluorescence image 
data. The fluorescence parameters thus computed for each 
voxel form a three-dimensional model of fluorophore distri 
bution in the tissue. 
0139 A sequence of tomographic images is constructed 
and displayed 414 by considering intersections of a plane 
with fluorescence distribution of the three-dimensional 
model of fluorescence distribution. In an embodiment, these 
tomographic images are displayed on monitor 192 and/or the 
HUD to the Surgeon as a sequence of increasing depth, the 
sequence being preceded by a white light photographic image 
of the organ or cavity for reference. 
0140. In an alternative embodiment, the tomographic 
images of increasing depth are encoded by coloring each 
image with a false color ranging from blue for images at the 
organ Surface to red for images more than a centimeter deep 
into the Surface. These images are then Summed. The Sum 
image, having fluorescence intensity encoded as intensity and 
fluorescence depth encoded as color, is then displayed on 
display device. White light images and images of reflected 
and scattered laser light may also be displayed on display 
device to provide the surgeon with a visual reference. 

Dec. 25, 2014 

0.141. Once the laser scanning is complete, and while 
image processing proceeds, white light illuminator is turned 
back on. Once the Surgeon studies the tomographic images on 
display device, the Surgeon may remove additional tumor or 
other organ tissue and repeat the process illustrated in FIG. 
13. 

0142. In an embodiment, computer simulation of the 
microscope shows that fluorescence of protoporphyrin IX 
generated by 5-ALA tagging of tumor tissue can be resolved 
to about two and a half millimeter resolution to a depth of 
twelve millimeters in organ. Further, presence of strong con 
centrations of protoporphyrin IX can be detected to a greater 
depth than that at which this resolution can be obtained. 
0.143 Studies of a mouse model of glioma show that 
removal of protoporphyrin-IX-tagged tumor tissue detected 
at the surface of an operative site with a surface fluorescence 
microscope enhance Survival; this has also been shown to be 
true by Stummer for human glioma. It is expected that micro 
scope will result in both improvements in survival beyond 
those obtained with surface fluorescent instruments and a 
reduction in post-Surgical neurological impairment. 
0144. It is also expected that the microscope will be of use 
in treating other cranial tumors such as meningioma, pituitary 
tumors, acoustic neuroma, and some metastatic tumors. It is 
expected that the microscope will also be of use in Surgical 
treatment of tumors in other sites, including skin, breast, liver, 
bowel, thyroid, eyes, pancreas, kidney, bladder, prostate and 
muscle, as well as some lesions of other types including 
vascular abnormalities. 

0145 The microscope is also of use with indocyanine 
green for visualization of aneurismal vasculature obscured by 
overlying vessels, aneurysms, or other tissue. 
0146 Light as the term used herein includes electromag 
netic of the visible, near ultraviolet and near infrared portions 
of the spectrum that may be focused with lenses and imaged 
with readily available semiconductor imaging devices. 
0147 While the invention has been described with refer 
ence to fluorescent Substances such as indocyanine green, 
protoporphyrin IX, and Fluorescein, the apparatus and meth 
ods herein described are applicable to other biocompatible 
fluorescent prodrugs, dyes and molecules such as are known 
or may be developed in the future, and which may tend to 
concentrate in tumor tissue to a different extent than in normal 
tissue. 

0.148. An alternative embodiment of the method uses the 
fluorescent tomographic microscope heretofore described to 
visualize a fluorescent chromophore Such as may occur natu 
rally in Some types of tumor tissues. In this embodiment, there 
is no need to administering a prodrug or a drug. The fluores 
cent tomographic microscope may also be used to visualize 
tumors or tissues having concentrations of Such a naturally 
occurring fluorescent chromophore that differ from concen 
trations in nearby normal organ stroma. Nicotinamide 
Adenine Dinucleotide Hydride (NADH) is an example of a 
naturally-occurring fluorescent chromophore that is critical 
to function of mitochondria. As such NADH occurs in all 
eukaryotic tissues, including human organ Stroma and tumor 
tissues, but may be present at different concentrations in 
tumor and nearby normal stroma. Metabolically inactive tis 
Sues, such as fatty tissue of breast, may have very low con 
centrations of NADH, while adjacent malignant tumor tissue 
may be metabolically very active and therefore possess large 
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quantities of NADH: this difference in concentration permits 
using the fluorescent tomographic microscope to visualize 
the malignant tumor tissue. 
0149. In this embodiment, scattered, reflected, and fluo 
rescent light 1336 from organ 1306 and tumor 1344 passes 
through a lens of lenses 1308, a collimating optic 1338, a filter 
system 1340, and into a high resolution CCD camera 1342. 
Filter system 1340 has transparent modes for use with mul 
tiple wavelengths for imaging heme, as well as excitation 
wavelength blocking and fluorescent-light passing modes for 
use when imaging fluorescent chromophores. In an embodi 
ment, CCD camera1342 is actively cooled to provide reduced 
noise and enhanced sensitivity to infrared light. 
0150. In operation, in a heme imaging mode, images are 
captured by CCD camera 1342 at each of the three wave 
lengths separately; these images are passed to the image 
processing system 232 for processing. Image processing at 
the first and third wavelengths is as heretofore described with 
reference to FIG. 22; however absorbance and scattering 
parameters are refined as indicated in step 1006. Image pro 
cessing at the second wavelength is performed by construct 
ing the voxel-based model of scattering and absorbance 1002 
at the second wavelength, but without fluorescence param 
eter. The absorbance parameters at each voxel are then ratioed 
to provide a measure of heme oxygenation at each voxel, and 
Summed to provide a measure of heme concentration at each 
voxel. 

0151. The fluorescence, heme concentration, and heme 
oxygenation parameters at each Voxel are then mapped into 
tomographic image planes and displayed as tomographic 
images for inspection by the Surgeon. The Surgeon can then 
use these images to distinguish tumor from adjacent and 
nearby normal organ Stroma. This embodiment is useful dur 
ing Surgery for visualizing below-surface heme concentra 
tions as well as fluorescence during a wide variety of surgical 
procedures; and is of particular utility for distinguishing 
malignant breast tissue from adjacent normal breast tissue. In 
addition to cancer Surgery, this embodiment is also useful for 
intraoperative identification of berry aneurisms, arterio 
venous malformations, hematomas, and blood vessels. 
0152. An embodiment as heretofore described with refer 
ence to FIG. 11 is capable of imaging heme and heme oxy 
genation below organ Surfaces in real time, and is capable of 
generating an additional tomographic image indicating 
changes in heme concentration and/or heme oxygenation. 
These images indicating changes in heme concentration and 
oxygenation are useful for functional neuroimaging to con 
firm identification of foci of seizure activity because neural 
activity depletes oxygen and increases blood flow. Precise 
identification of foci of seizure activity is of importance dur 
ing Surgical procedures intended to alleviate epilepsy, and 
Such surgery is occasionally done under local anesthesia to 
permit identification of Such foci. Since the apparatus can 
identify changes inheme concentration and oxygenation over 
a centimeter below a surface, this embodiment may also be 
used for functional neuroimaging through the intact skull, 
although resolution is less than that available with the skull 
open. 

0153. In an alternative embodiment, fluorescence excita 
tion of fluorophores in tissue is performed using a broad 
beam source in the NIR at the excitation wavelength, W. It 
has been found that fluorescent light emitted by concentra 
tions of fluorophores like protoporphyrin IX is more strongly 
absorbed by tissue in the 650-670 nanometer wavelength 
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range than in longer wavelengths such as near 700-710 
nanometers, and that with proper stimulus radiation, proto 
porphyrin IX will emit radiation having wavelengths from 
650 to 720 nanometers. Similar effects may also occur with 
fluorescent light emitted by other fluorophores at similar or 
other wavelengths. This effect is due to the presence in tissue 
of chromophores, Substances—including hemoglobin in 
tissue that absorb or scatter light more intensely at Some 
wavelengths than others. Typically, though, while fluorescent 
radiation is emitted across this range, the emitted radiation is 
not uniform in intensity across the wavelength band. 
0154 FIG. 14 illustrates spectra of fluorescent radiation 
emitted by fluorophores at several depths in tissue as 
observed above the tissue. These spectra have been normal 
ized to the same peak level. Spectra is that of fluorophores at 
the Surface of the tissue, and is close to the spectra of light as 
emitted by the fluorophores themselves. Spectra is that of 
light from fluorophores four millimeters below the surface as 
seen from above the surface, spectra is that of light from 
fluorophores one centimeter below the surface as seen from 
above the surface, and spectra is that of light from fluoro 
phores two centimeters below the surface as observed from 
above the surface. 

0.155. In an embodiment for use with the prodrug 5-ALA 
and the fluorophore protoporphyrin-IX, emitted fluorescence 
signals are measured at two wavelengths, ... each of which 
is longer than the excitation wavelength w, using band-pass 
filters and a cooled CCD camera; in other embodiments emit 
ted fluorescence signals are measured at multiple, meaning 
three or more, wavelengths using appropriate band-pass fil 
ters having center pass-band wavelengths at different wave 
lengths in the range of 650-720 nanometers. For example, if 
tissue has absorption and scattering characteristics similar to 
the tissue assumed in FIG. 27, and fluorescent light intensity 
I1 is measured through a filter having bandpass 1610 between 
680 and 690 nanometers while a fluorescent light intensity I2 
is measured through a filter having bandpass 1612 between 
700 and 710, a ratio of I1 to I2 will be considerably smaller 
when the fluorophore is two centimeters below the surface 
than when the fluorophore is at the surface of the tissue. 
0156 Embodiments for use with other fluorophores than 
protoporphyrin IX will require different calibration tables 
and may operate at wavelengths other than those specified in 
the previous paragraph. Further, it is known that optical 
absorption and scattering characteristics differ from one type 
of tissue to another, and may also change somewhat with time 
as a subjects oxygenation levels change during Surgery. In 
order to provide for this variability, an embodiment, has a 
library with normal optical characteristics of a variety of 
tissue types that the fluorescent tomographic microscope is 
expected to encounter during Surgery. For example, the 
library may contain optical characteristics for normal brain 
grey matter and for normal brain white matter when the 
microscope is used during removal of brain tumors such as 
gliomas. An operator then selects the appropriate tissue type 
for tissue in the field of view, and optical characteristics of 
that tissue type are then used for computation of fluorophore 
depth and distribution. 
0157. In an alternative embodiment, library has optical 
characteristics of a variety of tissue types with each tissue 
type measured under different levels of oxygenation. In these 
embodiments, the operator measures tissue oxygenation with 
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direct or optical techniques and optical characteristics of the 
tissue are determined based on both tissue oxygenation and 
tissue type. 
0158 Assuming that tissue absorption due to the fluoro 
phore concentrations of tumor is much smaller than absorp 
tion by other chromophores of tissue, the light signals at each 
emission wavelength can be modeled using the expression 

t" (R, A, a) sore?"(a)? dry (PC(PG"(R, , , D') 

where Ris the vector corresponding to the detection point on 
the tissue Surface, which is mapped onto a pixel or Sub 
ensemble of pixels on the CCD chip. Q is the quantum yield, 
e."(w) the emission spectrum and C(r) the concentration of 
fluorescent molecules at location r, where ris an arbitrary 
vector corresponding to the location of a point inside the 
interrogated tissue. In Eq. (8), light transport is modeled as a 
diffusive process. The fluence function up is the excitation 
light field, and G' is the diffusion equation Green’s function, 
which corresponds to the radiant exposure in response to a 
light impulse at r. For boundary conditions associated with an 
infinite homogenous medium, it is given by 

exp(-R-/6) (Eq. 9) 

or R. D.)--it, 7 - 

where the diffusion constant is D’=1/3(1--, and the pen 
etration depth is 6'-VD/uu is the absorption coeffi 
cient of the tissue while 1.''' is the reduced scattering coeffi 
cient. 

0159. A closed form expression is derived from Eq. (8) 
and Eq. (9), from which a depth value can be estimated for 
each point imaged on the tissue Surface, using an approxima 
tion that all fluorescence emitted from the surface is from a 
point-like distribution of fluorophore with molar concentra 
tion C, location at position r. This is equivalent to setting C.( 
r)-C8(r-r) in Eq. (8), which then takes the form 

r1,8-D) (Eq. 10) 

where the depth of the distribution is R-r =d assuming that 
the detection point R is located directly above the source of 
fluorescence at r. 
To illustrate how fluorescence spectra are affected by varying 
the depth of the fluorophore distribution, see FIG. 27 for 
protoporphyrin-IX spectra computed with Eq. (10) for depths 
varying up to d20 mm for an anticipated typical absorption 
spectrum labeled and a constant value of reduced scattering 
(1,-1 mm'). As the object gets deeper in the tissue, the 
optical properties of the tissue demonstrate an increasing 
influence on shaping the observed spectrum because of the 
increasing lightpaths traversed by light. The information con 
tained in the distorted spectra may be distilled into a single 
quantity by calculating the ratio of the signal at two emission 
wavelengths, 
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yem (R. Aer, A) X s" (A2) Gem (R, i, (31, D1) (Eq. 11) 
ben (R. Aer, A2) e?" (1) Gem (R. i, O2, D2) 

0160 where the intensity values at each wavelength are 
normalized with the relative signal strength of an undistorted 
emission spectrum, implying that F should be equal to 1 for 
d=0 mm. 
0.161. In Eq. (11), F is independent of the diffuse excitation 
field. This means that, in the point-source approximation 
limit, the ratio is independent of scattering and absorption of 
the stimulus light. 
0162 Inserting Eq. (9) into Eq. (11), we find that the 
logarithm of the fluorescence ratio for an infinite medium is 
linearly related to the depth in tissue of the fluorophores with 
a slope equal to the difference in penetration depth between 
wavelengths w and W. This linear relationship can poten 
tially be used in estimating depth from a simple measured 
ratio in the case of diffusive medium of infinite spatial extent. 
A more realistic model for epi-illumination imaging may also 
be obtained assuming there is an index of refraction mismatch 
boundary between tissue and air. The relationship obtained is 
then similar up to a multiplicative factor—for depth values 
larger than approximately two millimeters. For Smaller values 
than two millimeters, the relationship is non-linear. 
0163 An alternative embodiment superficially resem 
bling that of FIG. 11 as heretofore described constructs a 
fluorescence image cube having images taken at a different 
center wavelength in the range of wavelengths emitted by a 
typical fluorescent material Such as protoporphyrin IX. Such 
as in the range 650-720 nanometers. 
0164. As described above with reference to Equations 
(8-11), the spectra of fluorescent light passing through tissue 
is altered by absorption and scattering in the tissue, such that 
spectra of the received fluorescent light encodes depth infor 
mation. In an embodiment, two bandpass elements are used to 
derive a spectral deformation and depth for the fluorescent 
light captured in each pixel; in an alternative embodiment 
three or more bandpass elements are used to more precisely 
estimate spectral deformation due to passage of emitted light 
through tissue and thereby estimate depth for each pixel of the 
image. 
0.165. In an embodiment, the depth information deter 
mined as described above, using modeling of incident laser 
light and depth information derived from spectral information 
in received fluorescent light, are used to provide a refined 
depth information, and to thereby provide a refined model of 
the tumor. In an alternative mode of operating this embodi 
ment, the Scanning laser may be disabled and depth informa 
tion derived solely from spectral deformation of fluorescent 
light stimulated by an appropriate flood illuminator. 
0166 In an embodiment using two image planes from the 
image cube in the wavelength range of fluorescence in the 
fluorophores in tumor, a two dimensional table is used. This 
table is generated according to the optical properties of the 
tissue at the wavelengths of the bandpass filters as determined 
by measurement through imaging of scattering of a beam, or 
from a library of optical properties as previously discussed 
herein. This table is indexed by intensity at the higher wave 
length bandpass filter in X, and intensity in the lower wave 
length bandpass filter in Y, the table having entries of approxi 
mate depth of tumor based upon differences between 
intensity of fluorescent light passing the higher wavelength 
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filter and the lower wavelength filter. The table is precom 
puted and stored in memory of the image processor to permit 
fast access. Intensity from each pixel in high wavelength and 
low wavelength images are used with a table interpolation 
algorithm as known in the art of computing to derive a depth 
associated with each pixel, and a three-dimensional model of 
fluorophore distribution is computed. Information from the 
model of fluorophore distribution is then displayed to the 
Surgeon; this may be in the form of tomographic images, a 
topographic map, or by color coding of fluorescence magni 
tude with determined depth. 
0167. In another embodiment, the optical properties of the 
tissue as determined above at the wavelengths of the bandpass 
filter elements is used to compute the slope for the log-linear 
relationship of the ratio of intensity at two wavelengths as 
described above with reference to substitution of Eq. (9) into 
Eq. (11). This slope allows us relate the depth in tissue of the 
fluorophores to the difference in intensity between wave 
lengths w and W. Then, the depth can be estimated based on 
the measured ratio: 

In-l D2 (Eq. 12) 
- - - 

d = D1 
1 1 - -, 

0168 Alternatively the more general expression associ 
ated with a semi-infinite diffusive medium may be used, as 
described above with reference to Eq. (8-10). 

Hyperspectral Imaging System Look-Up Table (LUT) 
Approach for Estimation of Tissue Optical Properties 
0169. The hyperspectral imaging system with white-light 
illumination can be used to estimate the tissue optical prop 
erties across the full field of view to create maps of tissue 
optical properties, such as absorption (La) and reduced scat 
tering (us') coefficients. An embodiment of this method uses 
a look-up table (LUT), which has of a set of basis functions of 
spectrally resolved diffuse reflectance including reflectance 
(Rd()) at known absorption (La(0)) and scattering (us'(W)). 
In a particular embodiment, the table is indexed by at least 
reflectance Rd, and wavelength w, the components of reflec 
tance spectra; and contains multiple spectra, each captured at 
different values of known absorption and scattering. The table 
has values recorded therein for absorption La, and Scattering 
us' at each table spectra. Captured spectra measured at each 
pixel, which includes reflectance at a number of different 
wavelengths, are fit to determine at least the closest table 
entries, and absorption and scattering parameters are read 
from the table. In order to conserve table space while provid 
ing adequate accuracy, lookups into the table for absorption 
and Scattering parameters are interpolated using an interpo 
lation method selected from the group of linear, cubic, or 
spline interpolation functions. 
0170 First, diffuse reflectance spectra, Rd (W), are mea 
Sured in phantoms of known and varying optical absorption, 
La, and reduced scattering, us', across a range of values typi 
cally found in human tissues, including both normal tissues 
and pathological tissues such as tumor. The collected Rd (W) at 
known La(0) and us"(w) are used to create a 4-dimensional set 
of basis functions Rd, W, La, us'. Wide-field spectrally-re 
Solved reflectance images of tissue of unknown tissue optical 
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properties, e.g., acquired during Surgery, are then decom 
posed into Rd at each pixel. In an alternative embodiment, 
regularized minimization is applied to fit the basis functions 
to observed Rd (W) at each pixel such that a best fit to a 
weighted sum of the basis functions matches Rd. The fitted 
basis functions yield estimates of La(w) and us"(w) at every 
pixel. 
0171 In particular embodiments, the estimated absorption 
and reduced scattering coefficients, La(w) and us"(w) are also 
used to determine additional quantitative biomarkers that 
include but are not limited to hemoglobin concentration and 
oxygen Saturation. 
0172 This technique enables a hyperspectral imaging sys 
tem to collect diffuse reflectance data, and apply a minimiza 
tion algorithm unto a set of known basis functions, (in a 
particular example using the lookup table described above) to 
make explicit estimates of tissue optical properties across the 
full field of view. 

Hyperspectral Quantitative Fluorescence Imaging (qPI) 
Using a Look-Up Table (LUT) for Estimation of Tissue Opti 
cal Properties and a Light Transport Model 
0173 The hyperspectral imaging system with white-light 
illumination and fluorescence excitation light (e.g., light at 
405 nm for PpIX) can be used to perform quantitative fluo 
rescence imaging using a LUT and light transport model 
approach. In this embodiment, the estimates of La(w) and 
us'(W) determined by fitting spectra to entries of the table, and 
looking up La(w) and us"(w) in the lookup table at every pixel 
m are used to create a 'correction image. The correction 
image is then used to correct the measured raw fluorescence 
based on a light transport model. Such as the light transport 
model of Eq. 13 below, to produce corrected quantitative 
fluorescence images. This light transport model of Eq. 13 is 
derived from a model published as Kim, A., et al., Ouantifi 
cation of in vivofluorescence decoupled from the effects of 
tissue optical properties using fiber-optic spectroscopy mea 
surements, J Biomed Opt 15,067006 (2010), the disclosure of 
which is incorporated herein by reference. 

(Eq. 13) as Y F.m Jim -(t. i) 
al (Eq. 14) 

1 + 2 (1 -at) + 1 + (2/3),31-a) 

(0174 
(0175I R, is the total diffuse reflectance. This parameter 

depends on the internal reflectance parameter K and the 
reduced albedo, a', which in turn are defined as: 

where 

(1 + rid) (Eq. 15) 
k = 

p F's (Eq. 16) 
d = 

ilar Pla. 

0176 With 
0.177 r-1.44n-2+0.71 n-1+0.67+0.0636n, 
where nine/nee for matching internal and 
external refractive indexes K=1. 
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(0178 u is the absorption coefficient at the excitation 
wavelength (e.g., if using PpIX as the fluorophore, 
w-405 nm); 

(0179 F, is the raw (uncorrected) fluorescence emis 
sions; and 

0180 R is the diffuse reflectance at the emission wave 
length. 

0181 Spectral unmixing (e.g., least squares approach) is 
then used to separate the contributions from the fluorophore 
(s) being imaged, which may include PpIX and tissue autof 
luorescence, to construct a full-field of view image of fluo 
rophore(s) concentrations. Such as a PpIX concentration map. 
This method enables quantitative fluorescence imaging qFI 
by correcting the raw fluorescence using explicit estimates of 
the tissue optical properties at the fluorescence wavelength 
and stimulus wavelength to create a 'correction image to 
apply a light transport model of quantitative fluorescence. 
The fluorescence model presented here assumes that the opti 
cal absorption at the excitation wavelength hX is high relative 
to that at the emission wavelength, and as such, most fluoro 
phore absorption occurs close to the excitation light source. 
The model assumes that fluorescence migration paths are 
approximate by those of the reflectance photons at the emis 
sion wavelength. 
0182. In an embodiment, FIG. 15 is a flow diagram of a 
method of imaging. 
0183 FIG. 16 is a flowchart of obtaining and correcting a 
fluorescence image for absorption and scattering in a target, 
such as tissue, in order to quantify fluorescence and reflec 
tance spectrally-derived images of the tissue. With reference 
to FIGS. 15 and 16, and FIG. 11, white light is provided 502 
to the target, or tissue, 152 by illuminators 166; and light from 
the target is imaged 504 by camera through a tunable optical 
filter of the target while tuning the filter to a plurality of 
wavelengths, the series of images forming a spectral image: 
providing a stimulus light to the target 506 using illuminators 
168; and taking a fluorescence emission image of the target 
508 through filters tuned to block stimulus light. In an 
optional step 509 the fluorescence emission images of target 
508 are captured as fluorescence spectra by sweeping the 
tunable optical filter and capturing multiple images of the 
target, the fluorescence spectra are then decomposed 509 to 
provide individual fluorescence images related to each of 
several fluorophores expected to be present in the target. 
0184 The images are then processed to determine absorp 
tion and scattering spectral parameters; in an embodiment 
determining the absorption and scattering parameters is per 
formed by interpolating in the table as previously described. 
The fluorescence emission image or images are then cor 
rected 510 by using the absorption and scattering parameters 
to produce corrected fluorescence emission images giving a 
quantitative distribution of each fluorophore, such as PPIX 
524 and other fluorophores 526 that may be native to the 
tissue or administered to a patient. 
0185. The absorption and scattering parameter spectra at 
each pixel are then decomposed 512 to provide tissue com 
ponent images mapping concentrations of typical tissue con 
stituents such as oxygenated and deoxygenated hemoglobin; 
these are then added and ratioed 514 to provide a total hemo 
globin image 520 and a percent-oxygenation 522 map or 
image of hemoglobin oxygenation in the tissue. The images, 
including corrected, quantitative, fluorescence, hemoglobin, 
and percent oxygenation, are then displayed 516 for use in 
diagnosis. 
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Combinations 

0186 Various combinations of the elements may occur in 
a practical system. For example, in embodiments, optical 
system may be a Surgical microscope, while in other embodi 
ments other optical systems having the ability to illuminate 
with stimulus or white light, and to image in white or stimulus 
light and then in fluorescence emitted light may be used. In 
particular embodiments, the following combinations of fea 
tures are anticipated: 
0187. An imaging system designated A, having an illumi 
nation device for illuminating a target, the illumination device 
adapted to selectively emit a white light and a fluorescent 
stimulus light; a device for receiving light from the target, the 
device for receiving light comprising at least one optical 
output port at which at least a portion of the received light is 
provided as an output; a tunable filter for receiving the portion 
of the received light provided as the output from the device for 
receiving light, the tunable filter being tunable to pass a fil 
tered portion of the received light, the filtered portion of the 
received light having a plurality of wavelengths selected by 
the tunable filter; a high-resolution, broad-bandwidth elec 
tronic camera for receiving the light of a plurality of wave 
lengths selected by the tunable filter and encoding a plurality 
of electronic images therefrom, the electronic images repre 
senting spectra at pixels of the images; and a processor con 
figured to process the plurality of electronic images to forman 
image of the target; wherein the image includes an image of 
fluorescent emissions by any fluorophore in the target. 
0188 It is understood that the system described in A is 
adapted for use with a target of human or other mammalian 
tissue. 
0189 An imaging system designated AB including the 
imaging system designated A wherein the device for receiv 
ing light is a Surgical microscope. 
0190. An imaging system designated AC including the 
imaging system designated A or AB, wherein at least some of 
the electronic images the processor is configured to process 
are generated from fluorescence light received by the Surgical 
microscope and wherein at least Some of the electronic 
images processed by the processor are generated from reflec 
tance light received by the Surgical microscope. 
0191 An imaging system designated AD including the 
imaging system designated A, AB, or AC, wherein, in form 
ing the image of the target, the processor is configured to use 
the electronic images generated from reflectance light to 
compensate the electronic images from the fluorescence light 
for absorption and scattering while generating the image of 
fluorescent emissions from the target. 
0.192 An imaging system designated AE including the 
imaging system designated AD wherein the processor is con 
figured to determine absorption and a scattering parameter at 
each pixel while compensating the electronic images from the 
fluorescence light for absorption and scattering. 
0193 An imaging system designated AF including the 
imaging system designated AE wherein a table interpolation 
is used to determine an optical absorption and a scattering 
parameter at each pixel. 
0194 An imaging system designated AG including the 
imaging system designated A, AB, AC, AD. AE, or AF, 
wherein the tunable filter is a liquid crystal tunable filter. 
0.195 The system designated AG or AH wherein a fluoro 
phore in the target comprises protoporphyrin IX. 
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0196. An imaging system designated AH including the 
imaging system designated A, AB, AC, AD. AE, or AF 
wherein the tunable filter is an acousto-optic tunable filter. 
0.197 A surgical microscope system designated B, includ 
ing: an illumination device for illuminating a target, the illu 
mination device adapted for selectively emitting a fluorescent 
stimulus light and a white light; at least one optical output port 
at which at least a portion of received light received from the 
target is provided; a tunable filter for receiving the portion of 
the received light, the tunable filter being tunable to pass a 
filtered portion of the received light, the filtered portion of the 
received light having a plurality of wavelengths selected by 
the tunable filter and provided as output from the tunable 
filter, an electronic camera for receiving the light of a plural 
ity of wavelengths selected by the tunable filter, the electronic 
camera adapted to convert the light selected by the tunable 
filter to a plurality of electronic images while the tunable filter 
is tuned; and a processor configured to process the plurality of 
electronic images to form images of the target, wherein the 
images of the target comprise images of fluorophores in the 
target. 
0198 A surgical microscope system designated BA 
including the system designated B, wherein the electronic 
images the processor is configured to process include images 
generated from fluorescence light received from the target 
and images generated from reflectance light received from the 
target. 
0199 A surgical microscope system designated BB 
including the system designated B or BA, wherein, informing 
the images of the target, the processor uses the images gen 
erated from reflectance light to compensate the images gen 
erated from the fluorescence light for absorption and scatter 
ing in the target. 
0200. A surgical microscope system designated BC 
including the system designated B. BA, or BB, wherein the 
tunable filter is selected from the group consisting of a liquid 
crystal tunable filter and an acousto-optic tunable filter. 
0201 A method of imaging designated C including pro 
viding a white light to a target; taking a series of images 
through a tunable optical filter of the target while tuning the 
filter to a plurality of wavelengths, the series of images form 
ing a spectral image; providing a stimulus light to the target; 
taking a fluorescence emission image of the target; process 
ing the spectral image to determine an absorption and a scat 
tering parameter at pixels of the images; and correcting the 
fluorescence emission image using the absorption and scat 
tering parameters to produce a corrected fluorescence emis 
Sion image. 
0202. A method designated CA including the method des 
ignated C further including decomposing the spectral image 
to provide images of components of the target, the compo 
nents including specific scattering and absorbing Substances 
expected to be in the target. 
0203. A method designated CB including the method des 
ignated CA wherein the target comprises tissue, and wherein 
the components of the target include oxygenated and deoxy 
genated hemoglobin. 
0204 The method designated CB wherein the images of 
components of the target are combined to form images of total 
hemoglobin and hemoglobin oxygen Saturation. 
0205. A method of imaging designated D including pro 
viding a white light to a target; taking a series of images 
through a tunable optical filter of the target while tuning the 
filter to a plurality of wavelengths, the series of images form 
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ing a spectral image; processing the spectral image to deter 
mine an absorption and a scattering parameter at pixels of the 
images; and decomposing the spectral image to provide 
images of components of the target, the components includ 
ing specific scattering and absorbing Substances expected to 
be in the target. 
0206. A method designated DA including the method des 
ignated D wherein the target comprises tissue, and wherein 
the components of the target include oxygenated and deoxy 
genated hemoglobin. 
0207. The method of claim DA wherein the images of 
components of the target are combined to form images of total 
hemoglobin and hemoglobin oxygen Saturation. 
0208 While the invention has been particularly shown and 
described with reference to a preferred embodiment thereof, 
it will be understood by those skilled in the art that various 
other changes in the form and details may be made without 
departing from the spirit and Scope of the invention. It is to be 
understood that various changes may be made in adapting the 
invention to different embodiments without departing from 
the broader inventive concepts disclosed herein and compre 
hended by the claims that follow. 

1-19. (canceled) 
20. An imaging system, comprising: 
an illumination device for illuminating a target, the illumi 

nation device adapted to selectively emit a white light 
and a fluorescent stimulus light; 

an optical system for receiving light from the target, the 
optical system comprising at least one optical output 
port at which at least a portion of the received light is 
provided as an output; 

a hyperspectral imaging Subsystem adapted to receive light 
from the optical system, and configured to encode a 
plurality of electronic images, the electronic images rep 
resenting spectra at pixels of the images; and 

a processor configured to process the electronic images to 
form at least fluorescent emission and reflectance 
images of the target 

wherein the processor is configured to use the reflectance 
image to compensate the fluorescence emissions image 
for absorption and scattering. 

21. The imaging system of claim 20 wherein the optical 
system for receiving light is a Surgical microscope 

22. The imaging system of claim 20 wherein the processor 
is configured to determine absorption and a scattering param 
eter at each pixel while compensating the fluorescent emis 
sions image for absorption and Scattering. 

23. The imaging system of claim 20 wherein the hyper 
spectral imaging Subsystem comprises a tunable filter 
coupled to receive light from the optical system and to pro 
vide filtered light to a broad-spectrum electronic camera. 

24. The imaging system of claim 23 wherein a table inter 
polation is used to determine an optical absorption and a 
scattering parameter at each pixel. 

25. The imaging system of claim 24 wherein the tunable 
filter is a liquid crystal tunable filter. 

26. The imaging system of claim 22 wherein the processor 
is configured to determine absorption and a scattering param 
eter at each pixel while compensating the electronic images 
from the fluorescent emissions image. 

27. The imaging system of claim 26 wherein the target is 
tissue containing protoporphyrin IX, and wherein at least one 
of the fluorophores in the target is the protoporphyrin IX. 
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28. The imaging system of claim 24, wherein the tunable 
filter is an acousto-optic tunable filter. 

29. The imaging system of claim 28 wherein the target is 
tissue containing protoporphyrin IX. 

30. A Surgical microscope system, comprising: 
an illumination device for illuminating a target, the illumi 

nation device adapted for selectively emitting a fluores 
cent stimulus light and a white light; 

at least one optical output port at which at least a portion of 
received light received from the target is provided; 

a hyperspectral imaging Subsystem adapted to receive light 
from the optical system, and configured to encode a 
plurality of electronic images, the electronic images rep 
resenting spectra at pixels of the images; and; and 

a processor configured to process the plurality of electronic 
images to form images of the target, wherein the images 
of the target comprise images of fluorophores in the 
target generated from fluorescence light received from 
the target; and 

wherein the processor is configured to generate images 
generated from reflectance light received from the tar 
get, and to use the images generated from reflectance 
light received from the target to compensate the images 
generated from the fluorescence light for absorption and 
Scattering in the target. 

31. The surgical microscope system of claim 30, wherein, 
the hyperspectral imaging Subsystem comprises a tunable 
filter and a broad-spectrum electronic camera. 

32. The surgical microscope system of claim 32, wherein 
the tunable filter is selected from the group consisting of a 
liquid crystaltunable filter and an acousto-optic tunable filter. 

33. A method of imaging comprising: 
providing a white light to a target; 
taking a series of images through a tunable optical filter of 

the target while tuning the filter to a plurality of wave 
lengths, the series of images forming a spectral image; 
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providing a stimulus light to the target; 
taking a fluorescence emission image of the target; 
processing the spectral image to determine an absorption 

and a scattering parameter at pixels of the images; and 
correcting the fluorescence emission image using the 

absorption and scattering parameters to produce a cor 
rected fluorescence emission image. 

34. The method of claim 33 further comprising decompos 
ing the spectral image to provide images of components of the 
target. 

35. The method of claim 33 wherein the target comprises 
tissue, and wherein the components of the target include 
oxygenated and deoxygenated hemoglobin. 

36. The method of claim 35 wherein the images of com 
ponents of the target are combined to form images of total 
hemoglobin and hemoglobin oxygen Saturation. 

37. A method of imaging comprising: 
providing a white light to a target; 
taking a series of images through a tunable optical filter of 

the target while tuning the filter to a plurality of wave 
lengths, the series of images forming a spectral image; 

processing the spectral image to determine an absorption 
and a scattering parameter at pixels of the images; and 

decomposing the spectral image to provide images of com 
ponents of the target. 

38. The method of claim 37 further comprising: 
providing a fluorescence stimulus light to the target; 
taking a fluorescence emissions image through the tunable 

optical filter, with the tunable optical filter tuned to a 
fluorescence emissions wavelength of a fluorophore in 
the target; 

using the determined absorption and scattering parameters 
to correct the fluorescence emissions image. 
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