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(57) ABSTRACT

The present invention provides methods and systems for
performing in vivo flow cytometry. In one embodiments,
selected circulating cells of interest of a subject are labeled
with fluorescent probe molecules. The labeled cells are
irradiated in vivo so as to excite the fluorescent probes, and
the radiation emitted by the excited probes is detected,
preferably confocally. The detected radiation is then ana-
lyzed to derive desired information, such as relative cell
count, of the cells of interest.
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IN VIVO FLOW CYTOMETRY SYSTEM AND
METHOD

BACKGROUND OF THE INVENTION

[0001] The present invention relates generally to methods
and apparatus for performing flow cytometry, and more
particularly, it is directed to such methods and apparatus for
conducting real-time in vivo quantification of the flow
characteristics of a subject’s circulating cells.

[0002] Current methods for detecting and quantifying
various types of cells circulating within a subject’s blood
stream typically involve extraction of blood from the subject
(a patient or an animal) followed by labeling and ex vivo
detection. For example, in standard flow cytometry, specific
cell populations in a blood sample, drawn from a subject and
fluorescently labeled, are passed in single file through a flow
stream to be interrogated by a light source (usually a laser).
Fluorescence and light scattering signals emitted, or remit-
ted, by the cells in response to the light source can be
employed to determine the types and the number of the cells.
In another ex vivo conventional technique, known as
hemocytometry, cells are counted against a grid while being
viewed with a microscope to determine the types of the cells
and their numbers.

[0003] Such ex vivo techniques, however, suffer from a
number of shortcomings. For example, each measurement
provides only a single time sample. Consequently, it is
difficult to use these techniques to obtain a valid temporal
population profile for a cell type of interest that varies
unpredictably or rapidly with time, Further, these techniques
can suffer from a significant time delay between sample
collection and analysis, leading to potential measurement
inaccuracies.

[0004] Some in vivo techniques for detection of static and
circulating fluorescently labeled cells are also known. How-
ever, these techniques typically show difficulty, or simply
fail, in tracking cells flowing at a high velocity, especially in
the arterial circulation, even when they capture images at
video rates. In addition, employing these techniques for
extracting quantitative information about the number and
flow characteristics of a specific cell population can be very
tedious.

[0005] Hence, there is a need for enhanced methods and
apparatus for performing in vivo flow cytometry.

SUMMARY OF THE INVENTION

[0006] In one aspect, the present invention provides a
method for performing in vivo cytometry by labeling one or
more cells of a subject, which are of a selected type, with one
or more fluorescent probe molecules while the cells circulate
in the subject. The labeled cells are illuminated in vivo with
radiation having one or more wavelengths suitable for
exciting the fluorescent probe molecules, and fluorescence
radiation emitted by the excited probes is detected. The
detected fluorescence radiation is then analyzed so as to
derive information regarding circulating cells of the selected
type.

[0007] In a related aspect, the circulating cells can be
labeled by introducing the probe molecules into the subject’s
circulatory system. The probe molecules can, for example,
couple to one or more cell surface molecules of the selected
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cells, such as particular cell membrane proteins. By way of
example, a fluorescent probe can be a fluorescently labeled
antibody capable of binding to a surface antigen of a cell
type of interest. In some embodiments, the cells of interest
can be extracted from a subject, labeled ex vivo, and
re-introduced into the subject. In some other embodiments,
fluorescent proteins can be expressed in vivo in a selected
cell type of the subject by utilizing known techniques. For
example, transgenic mice having fluorescent proteins in a
selected cell type can be designed.

[0008] A variety of different cell types can be labeled with
such fluorescent probes. Some examples of such cell types,
without limitation, include white blood cells, such as leu-
kocytes (lymphocytes, monocytes, granulocytes), tumor
cells, such as, leukemic cells, prostate cancer cells and breast
cancer cells, and stem cells. Some examples of suitable
fluorescent probe molecules include, without limitation,
Cy5, Cy5.5, Cy7 AlexaFluor series of probes, and quantum
dots.

[0009] In another aspect, the information derived from
analyzing the fluorescence radiation can provide, for
example, a cell count of the circulating cells of a selected
type relative to a corresponding count, which was measured
previously by employing methods according to teachings of
the invention or otherwise. Such a relative cell count can be
utilized in a variety of diagnostic and/or treatment protocols
as an indicator of presence and/or progression of a disease
or efficacy of a treatment regimen. For example, the relative
cell count of cancer cells can be indicative of the progress of
an applied therapy. In some cases, the fluorescence radiation
can be employed to obtain an absolute cell count of a cell
type of interest if the diameter of an illuminated vessel and
the velocity of blood flow through that vessel can be
determined, as discussed in more detail below,

[0010] In another aspect, the fluorescence radiation can be
analyzed to obtain information about the flow velocity of
circulating cells of the selected type. For example, the
breadth of fluorescence signal peaks (i.e., a measure of the
width of such peaks, such as, full width at half maximum)
corresponding to radiation emitted by excited labeled cells
can be evaluated to extract such flow velocity information.

[0011] A variety of radiation sources and radiation wave-
lengths can be employed to excite the labeled cells. In
general, excitation wavelengths are selected based on the
properties of the probe molecules (e.g., wavelengths suitable
for exciting these molecules) and the degree of penetrability
of such wavelengths into a subject’s tissue and blood. By
way of example, excitation wavelengths in a range of about
400 nm to about 1000 nm, and more preferably in a range
of about 400 nm to about 800 nm, can be utilized. Further,
radiation sources can be, e.g., continuous wave (CW)
sources. For example, lasers generating radiation having
suitable wavelengths can be employed for exciting the
labeled cells.

[0012] In further aspects of the invention, the fluorescence
detection is performed confocally relative to the excitation.
As discussed in more detail below, such confocality allows
detecting fluorescence from a selected excitation volume
while minimizing interference from radiation emanating
from regions outside that excitation volume.

[0013] In other aspects, the invention provides a method
for real-time quantification of circulating cells in a live
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subject by administering to the subject a plurality of fluo-
rescent probe molecules capable of binding to circulating
cells of a selected type. and illuminating at least a portion of
a blood vessel (artery or vein) of the subject with radiation
that is capable of exciting the fluorescent probe molecules
flowing through that vessel portion. Fluorescence radiation
originating from one or more of the excited probe molecules
is confocally detected, and analyzed to identify fluorescence
signals emitted by the probe molecules coupled to the
circulating cells. The identified fluorescence signals can be
further evaluated to derive information, such as, cell count
and/or flow velocity, regarding the selected cell type.

[0014] Administration of the probe molecules can be
achieved, for example, by injecting a solution containing the
probes into a subject’s circulatory system. Alternatively, the
probe molecules can be orally administered to the subject.

[0015] In another aspect, the present invention provides a
method of performing in vivo flow cytometry by labeling ex
vivo a plurality of cells of a selected type extracted from a
subject with fluorescent probe molecules of a type capable
of coupling to the cells. The labeled cells can then be
introduced into the subject’s circulatory system, and illumi-
nated in vivo with radiation having one or more wavelengths
suitable for exciting the fluorescent probe molecules. The
fluorescence radiation emitted by the excited probe mol-
ecules can then detected, and analyzed so as to derive
information regarding circulating cells of the selected type,
such as cell count and/or flow velocity.

[0016] In a related aspect, the fluorescence detection is
preferably performed confocally relative to the excitation of
the probe molecules.

[0017] In another aspect, the invention provides a method
of performing in vivo flow cytometry, comprising that
includes the steps of expressing a fluorescent protein in a cell
type of a subject, illuminating in vivo one or more cells of
the cell type with radiation having one or more wavelengths
suitable for exciting the fluorescent protein, and detecting
fluorescence radiation emitted by the fluorescent protein of
the illuminated cells in response to the excitation. The
detected fluorescence can then be analyzed so as to derive
information regarding circulating cells of that type.

[0018] In other aspects, the invention provides a system
for performing in vivo cytometry in a live subject that
includes a source for generating radiation having one or
more wavelength components suitable for exciting selected
fluorescent probe molecules that are capable of binding to
circulating cells of a selected type of the subject upon
introduction into the subject’s circulatory system. An optical
system images radiation received from the source onto a
focal plane in which a portion of a vessel of the subject can
be positioned so as to be illuminated by the imaged radia-
tion. The illuminating radiation excites one or more of the
molecules flowing through the vessel portion. The system
further includes a detector for confocally detecting fluores-
cence radiation emitted by the excited probe molecules, and
an analysis module coupled to the detector for analyzing the
fluorescence radiation so as to derive information regarding
the circulating cells.

[0019] In arelated aspect, the cytometry system described
above further includes a first spatial filter (e.g., a pinhole or
a slit) optically coupled to the radiation source to direct
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excitation radiation from the source to the optical system
that images the radiation onto the labeled cells, and a second
spatial filter optically coupled to the detector and positioned
so as to be conjugated with respect to the first spatial filter.
The optical system focuses the fluorescence radiation onto
the second spatial filter, and a detector optically coupled to
the second spatial filter detects the radiation. The first and
second spatial filters can be, for example, in the form of
adjustable-sized slits that can be adjusted to vary the degree
of confocality.

[0020] In a related aspect, a cylindrical lens is disposed
between the radiation source and the first pinhole to modify
the cross-sectional shape of a radiation beam received from
the source to one having an elongated shape characterized
by substantially perpendicular long and short axes. In such
a case, the first spatial filter can be in the form of a slit having
a height that is larger than its width is substantially aligned
with the long axis of the radiation beam’s oblong cross-
section. The slit can be configured to allow the radiation
beam passing therethrough to illuminate a vessel portion
such that the beam’s long axis substantially traverses a width
of the vessel portion.

[0021] Inarelated aspect,a cytometry system according to
the teachings of the invention, such as that described above,
can include a dichroic beam splitter optically coupled to the
radiation source and a fluorescence detector, so as to direct
radiation generated by the source towards a vessel of interest
and direct fluorescence radiation, emitted by excited labeled
cells flowing through the illuminated vessel portion, towards
the detector.

[0022] In another aspect, the cytometry system can
include an analysis module that receives fluorescence data
from a detector, and operates on this data to derive infor-
mation regarding selected flow characteristics of a circulat-
ing cell type of interest. The analysis module can include, for
example, a filter for substantially removing high frequency
noise from the signals generated by the detector, an amplifier
for amplifying the filtered signals, and a digitizer (e.g., an
analog-to-digital converter (ADC)) for digitizing the filtered
amplified signals. A digital signal processing unit (DSP) can
provide digital filtering of the digitized signals, and a
computing module having the requisite hardware and soft-
ware components can operate on the digitized signals in
accordance with the teachings of the invention to derive
selected cytometric information.

[0023] In an alternative embodiment, the analysis module
can include a photon-counting unit that can convert photo-
electric pulses, corresponding to potential fluorescence
peaks, generated by the detector into logic pulses and a pulse
counter that can count these pulses. A DSP can be optionally
utilized to operate on the output of the pulse counter for
signal-to-noise enhancement and peak identification. A com-
puting module can operate on the identified peaks in accor-
dance with the teachings of the invention to derive selected
cytometric information. In addition, the computing module
can include facilities for storage of the fluorescent data and
the software for analyzing that data.

[0024] 1Infurther aspects, the cytometry system can further
include an optical system for identifying a vessel portion on
which cytometry measurements in accordance with the
teachings of the invention can be performed. By way of
example, such an optical system can include a radiation
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source for transilluminating a selected tissue portion of a
subject, and an imager, such as a CCD camera, that receives
at least a portion of the radiation transmitted through the
illuminated tissue to form an image within which a vessel of
interest can be identified.

[0025] Further understanding of the invention can be
obtained by reference to the following detailed description
in conjunction with the associated drawings, which are
described briefly below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] FIG.1 is a flow chart depicting various steps in one
embodiment of a method according to the teachings of the
invention for performing in vivo flow cytometry,

[0027] FIG. 2 schematic illustrates a system according to
one embodiment of the invention for performing in vivo
flow cytometry,

[0028] FIG. 3A schematically illustrates a substantially
circular cross-section of a radiation beam generated by a
radiation source utilized in the system of FIG. 2,

[0029] FIG. 3B schematically illustrates an elongated
radiation beam cross-section, employed for exciting labeled
cells passing through a subject’s vessel, that is obtained in
the system of FIG. 2 by passing radiation from a source
having a circular cross-section through a cylindrical lens,

[0030] FIG. 4 schematically depicts one embodiment of
an analysis module that can be utilized in the system of FIG.
2,

[0031] FIG. 5 schematically depicts another embodiment
of an analysis module that can be utilized in the system of
FIG. 2,

[0032] FIG. 6 is a fluorescence trace obtained from
labeled human red blood cells flowing through an artery by
utilizing a system according to the teachings of the inven-
tion,

[0033] FIG. 7 is a fluorescence trace obtained from human
red blood cells flowing through a vein by utilizing a system
according to the teachings of the invention,

[0034] FIG. 8 is a histogram representing the number of
fluorescence peaks observed per minute with a specific
width (FWHM) associated with radiation emitted by excited
DiD-labeled red blood cells flowing in an artery (solid
black) and through a vein (gray) of a mouse ear,

[0035] FIG. 9 schematically illustrates an observed fluo-
rescence peak that can be interpreted as a single peak or as
two separate peaks based on algorithms according to the
teachings of the invention,

[0036] FIG. 10 is a graph illustrating a number of human
red blood cells labeled ex vivo and injected in a mouse’s
circulatory system through the tail vein, as function of days
elapsed since the injection, and

[0037] FIG. 11 is a graph illustrating a number of white
blood cells, labeled in vivo with a fluorescently tagged
antibody as a function of hours elapsed since the introduc-
tion of fluorescent tags into blood.

DETAILED DESCRIPTION

[0038] With reference to a flow chart 10 of FIG. 1, in one
exemplary embodiment of a method according to the teach-
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ings of invention for performing in vivo cytometry, in an
initial step 12, one or more circulating cells of a selected
type of a subject, e.g., a patient, are labeled in vivo with
fluorescent probe molecules of a type that are capable of
binding to those cells. In other words, the cells are labeled
while circulating through the subject, i.e., without extrac-
tion, ex-vivo labeling and re-introduction of the cells back
into the subject. For example, the probe molecules can be
injected into the subject’s circulatory system to bind to these
cells, which also circulate though the subject.

[0039] The probe molecules can, for example, couple to
one or more surface proteins, e.g., membrane proteins, of the
selected cells. In some embodiments, a fluorescent probe
molecule can be a fluorescent-labeled anti-body that is
capable of binding to a surface antigen of a cell type of
interest. Such cell types can include, without limitation,
leukocytes, tumor cells, and stem cells. Some examples of
suitable antibodies include, without limitation, anti-CD4 for
lymphocytes, and PSMA for prostate cancel cells.

[0040] Referring again to the flow chart 10, in step 14, the
labeled cells are illuminated in vivo, i.e., while circulating
through the subject, with radiation having one or more
wavelength components that are suitable for exciting the
fluorescent probes. In general, the probes are chosen such
that they can be activated by radiation that can substantially
penetrate through the subject’s tissue and blood to reach
them. In some embodiments, radiation suitable for activating
the probes can have wavelength components in the infrared
range of the electromagnetic spectrum. For example, radia-
tion with wavelengths in a range of about 400 nm to about
1000 nm, and more preferably in a range of about 400 nm
to about 800 nm, can be employed for exciting the probes.
Although many different radiation sources can be utilized in
the practice of the invention, in many embodiments, a laser
source, such as, a He—Ne laser, generates radiation suitable
for activating the probes. Further, in many embodiments of
the invention, such as the embodiments discussed below, the
radiation source generates a beam that is focused, e.g., by a
series of lenses, onto a selected portion of a vessel of the
subject.

[0041] Upon excitation, the labeled cells, and more par-
ticularly their attached fluorescent probe molecules, emit
fluorescence radiation, which is typically red-shifted (i.e., 1t
has a higher wavelength) relative to the excitation radiation.
In a step 16, this fluorescence emission is confocally
detected. The term “confocal detection” is known in the art,
and to the extent that any further explanation is required, it
refers to detecting the fluorescence photons in a plane that is
conjugate to a plane of the excitation radiation that is
focused onto a selected portion of a subject’s circulatory
system, e.g., a vessel, to excite the probe molecules flowing
therethrough.

[0042] In step 18, the detected fluorescence can be ana-
lyzed so as to derive information regarding the circulating
cells of the type to which the probes bind. Such information
can include, without limitation, the concentration of such
cells in the subject’s circulatory system, their average flow
velocity, size and circulation lifetime. For example, in some
embodiments, the fluorescence radiation can be analyzed to
obtain a cell count of a particular cell type relative to a
previously-measured cell count (e.g., by utilizing relative
number of fluorescent peaks counted in a selected time
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interval). By way of example, such a relative cell count
measurement can provide a medical practitioner with infor-
mation regarding presence and/or progression of a disease
and/or efficacy of a previously-applied treatment. For
example, the above method of invention can be utilized to
derive a relative cell count of tumor cells of a particular type
circulating through a patient’s circulatory system, thereby
allowing assessment of the effectiveness of a treatment
protocol.

[0043] In some embodiments, the detected fluorescence
can be employed to determine an absolute cell count of the
cell type of interest. The number of target cells of interest in
a given probe volume of blood, at a give time, flowing
through a vessel can be given by the following relation:

n=[Cl*4 *v*Ar

where [C] denotes the concentration of cells to be analyzed
(e.g., number of cells/ml), A denotes the cross-sectional area
of the vessel, v is an average flow velocity of blood through
the vessel, and At is the sampling time. The product A*v*At
denotes the probe volume. Parameter n is the measured cell
number for a given measurement period At. Therefore, if A
and v are known, then [C] can be determined. In many
embodiments, vessel diameters in a range of about 30 to
about 100 microns are employed for cell counting. Larger
vessel can also be employed, e.g., for detecting tumor cells.

[0044] In an alternative embodiment, the labeling of the
cells of interest with fluorescent probes is performed ex
vivo, that is, after extraction of the cells from a subject. The
labeled cells are then re-introduced into the subject’s circu-
latory system, and are irradiated so as to excite the probes.
The fluorescence radiation emitted by the excited probes is
detected and analyzed to derive the desired cytometric
information. Alternatively, fluorescent proteins can be
expressed in a selected cell type of a subject, for example,
by employing reporter genes (e.g.. GFP).

[0045] FIG. 2 schematically illustrates a system 20
according to one exemplary embodiment of the invention for
performing in vivo flow cytometry in accordance with the
teachings of the invention, for example, a system by which
the above described method of in vivo flow cytometry can
be practiced. The exemplary system 20 includes a radiation
source 22 for generating a beam of photons 24 suitable for
exciting probe molecules previously administered to a sub-
ject under examination. In this embodiment, the radiation
source is a He—Ne laser that generates a continuous-wave
(CW) lasing radiation at a wavelength of 633 nm. Without
any limitation, in this embodiment, the He—Ne laser gen-
erates a laser beam having a substantially circular cross-
section in a plane perpendicular to the propagation direction
and a substantially Gaussian intensity profile in that plane.
Those having ordinary skill in the art will appreciate the
radiation beams having different cross-sectional shapes and/
or cross-sectional intensity profiles can also be utilized.

[0046] The radiation generated by the He—Ne laser
passes through a neutral density filter (NDF) 26 that can
adjust the radiation intensity to a desired level. Typically, a
radiation intensity in a range of about 0.5 to about 5000
W/cm?, and more preferably in a range of about 5 to about
500 W/em? is employed. A mirror M1 directs the radiation
received from the NDF 26, through an optional iris 28 for
filtering out stray light, to another mirror M2 that in turn
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reflects the radiation towards a cylindrical lens CL. The
cylindrical lens CL exhibits different magnifications along
two orthogonal axes forming a plane perpendicular to the
beam’s propagating direction. Hence, it changes the circular
cross-section of the beam 24, shown schematically in FIG.
3A, to one having an elongated shape characterized by
substantially perpendicular long and short axes, shown
schematically in FIG. 3B. Further, the cylindrical lens
directs the radiation beam onto a slit 30 that in turn images,
via an optical system described below, onto a portion of a
selected vessel of the subject positioned in a plane 32, herein
also referred to as a sample plane. The vessel of interest is
preferably positioned such that the long dimension of the slit
traverses the width of the blood vessel. In this manner,
circulating labeled cells are excited as they pass through the
image of the slit traversing the vessel, as discussed in more
detail below. In some embodiments, a mounting mechanism
(not shown here) can be utilized to fixate the vessel portion
in the sample plane.

[0047] Referring again to FIG. 2, an achromatic conver-
gent lens 34 directs the radiation received from the slit 30 to
a microscope objective lens 36 that in turn images the
radiation onto a portion of a vessel of interest. More spe-
cifically, the radiation refracted by lens 34 passes through a
dichroic beam splitter 38 to be directed by a mirror M3
through another dichroic beam splitter 40 to the objective
lens 36. In this embodiment, the objective lens exhibits a
magnification of 40x and a numerical aperture of about 0.6.
Those having ordinary skill in the art will appreciate that
lenses that exhibit different magnifications and/or numerical
apertures can also be utilized. The size of the slit’s image on
the image plane of the objective lens, i.e., the sample plane
32, and the depth of focus of the image (i.e., the full width
at half maximum (FWHM) of the slit image in the axial
direction (direction of light propagation)) can be chosen, for
example, based on the type of a vessel of interest and the size
of the vessel’s portion to be illuminated. For example, in this
embodiment, the slit’s image can have a size of approxi-
mately 5 microns by 72 microns with a depth of focus of
about 50 microns.

[0048] The exemplary in vivo flow cytometry system 20
also includes an optical subsystem for identifying a blood
vessel suitable for use in cytometric measurements per-
formed in accordance with the teachings of the invention.
More specifically, a lens 50 focuses radiation from a source
52, such as a light emitting diode (LED), onto the image
plane 32 to transluminate, or epi-illuminate, a portion of a
subject’s tissue, e.g., a portion of the subject’s finger or ear,
that is positioned in the image plane and can contain a
suitable vessel. The subject’s tissue portion can be fixated in
the image plane via a mount or other suitable mechanisms
known to those having ordinary skill in the art. In this
embodiment, a green LED generating radiation at a wave-
length of 520 nm is utilized to provide a good contrast for
blood vessels due to hemoglobin absorption. The objective
lens 36 directs the transmitted radiation to the dichroic beam
splitter 40, which is selected so as to reflect this radiation
onto a lens 54 that in turn focuses the radiation onto an
image detector 56 for generating an image of the illuminated
tissue portion. In this embodiment, the image detector 56
comprises a CCD camera that generates a digital image of
the transilluminated portion. The image can be inspected to
identify a suitable vessel, for example, a vessel having a
diameter in a range of about 20 microns to about 50 microns.
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While the upper size limit may be determined by the depth
of focus provided by the excitation optics, in general,
capillary vessels smaller than about 20 microns are not
utilized because tumor cells and some white cells may not be
able to pass through them freely. Moreover, capillary cells
vield count rates that can be too low for most cells of
interest.

[0049] In many embodiments, the dichroic beam splitter
40 reflects a fraction (e.g., about 1%) of backscattered
excitation radiation (e.g., in this embodiment, a portion of
He—Ne radiation backscattered from the sample plane) onto
the imager 56, thus facilitating alignment of the image of the
excitation slit 40 onto a selected blood vessel positioned in
the sample plane 32. A precise determination of a measure-
ment location can allow obtaining repeated measurements
from the same location over a selected time period, thereby
enhancing measurement accuracy in temporal studies.

[0050] With continued reference to FIG. 2, fluorescence
radiation emitted by the labeled cells, subsequent to their
excitation as they flow through the illuminated portion of the
selected vessel, is imaged by the objective lens 36 and an
achromatic convergent lens 42, through an iris 44, onto a
detection slit 46. More specifically, the objective lens 36
directs the emitted fluorescence radiation through the dich-
roic beam splitter 40, and via the mirror M3, onto the
dichroic beam splitter 38. The beam splitter 38 is selected so
as to allow passage of the excitation radiation while reflect-
ing the fluorescence radiation towards a mirror M4, which in
turn reflects the radiation towards the lens 42 through a band
pass filter (BPF) 48. The filter 48 preferably exhibits a high
transmission coeflicient (essentially 100%) for a range of
wavelengths associated with the fluorescence radiation and
a substantially lower transmission coefficient for wave-
lengths beyond this range so as to block interfering radia-
tion, e.g., scattered radiation. For example, in this embodi-
ment, the BPF 48 exhibits a transmission range of about 670
nm to about 720 nm to prevent most of the backscattered
excitation light from entering a detector 58.

[0051] Inthisexemplary embodiment, the detection slit 46
is confocally positioned relative to the excitation slit 30.
That is, the detection slit is located in an optically conjugate
plane relative to the excitation slit. In other words, only
those photons, such as fluorescence photons, that originate
from the image plane of the excitation slit are substantially
imaged onto the detection slit. This allows efficiently detect-
ing fluorescence radiation emitted from a selected excitation
volume while minimizing detection of interfering photons
that originate from regions beyond this volume. In particu-
lar, even if such interfering photons reach the detection
plane, they will not be generally in focus in that plane. In
other words, the confocal arrangement substantially elimi-
nates detection of radiation from out-of-focus fluorescent
and/or scattering sources.

[0052] The size of the detection slit can also be chosen to
maximize detection of the fluorescent signals while mini-
mizing detection of interfering photons. Although in this
embodiment, the detection slit has a size of about 200
microns by 3000 microns, those having ordinary skill in the
art will appreciate that other sizes can also be employed. The
detector 58, which is placed directly behind the detection slit
46, detects the emitted fluorescence radiation, and transmits
the detected signals to an analysis module 60, such as a
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computer on which software for analysis of the data in
accordance with the teachings of the invention is stored. In
this embodiment, the output of the fluorescence detector is
also transmitted to an oscilloscope 62 that allows observing
in real-time the detected flurorescent traces.

[0053] In this exemplary embodiment, the fluorescence
detector 58 is a photomultiplier tube (PMT), equipped with
a data acquisition card, that samples the received fluores-
cence radiation at a rate of about 100 kHz to generate
digitized fluorescence signals for transmission to the analy-
sis module 60. In other embodiments, the detector can be an
avalanche photodiode (APD) or any other suitable detector
known to those having ordinary skill in the art.

[0054] FIG. 4 schematically illustrates some components
of an exemplary analysis module 64 suitable for use in the
practice of the invention. The exemplary module 64 includes
a filter/amplifier 66 that receives the detector’s output signal
and operates on that signal to remove excess noise, e.g., high
frequency noise, and amplifies the signal. Because each
labeled cell that moves through the excitation volume gives
rise to fluorescence emission pulse whose width has a
characteristic frequency consistent with the blood flow,
noise components outside this range are preferably removed
to improve the signal-to-noise ratio. By way of example, the
filter can be a low pass filter with a cut-off frequency less
than about 5 kHz that operates on the data to substantially
remove high frequency noise, e.g., noise having frequencies
higher than about 5 kHz. Further, a threshold filter can be
employed to reject fluorescence signals having amplitudes
below a selected value. In many embodiments, control
measurements can be performed at the data acquisition
location before any fluorescent labels are introduced into the
subject’s blood stream to determine the noise statistics in
order to set a noise level above which detected fluorescent
peaks will be counted, and below which the signals will be
considered as noise. For example, only those fluorescence
peaks whose heights are more than about 2 times higher (or
more than about 4 times higher) than root-mean-square
(rms) of the measured noise can be accepted.

[0055] With continued reference to FIG. 4, the exemplary
analysis module 64 further includes a digitizer 68 that
converts an analog signal received from the filter/amplifier
66 to a digital signal. In this exemplary embodiment, the
sampling rate of the digitizer is in a range of about 1 to about
100 kilohertz. A digital signal processing unit (DSP) 70
performs digital noise filtering on the digital signal provided
by the digitizer to further enhance the signal-to-noise ratio.
The DSP can also be programmed in a manner known in the
art to perform peak identification and peak counting. The
exemplary analysis module 64 further includes a computer
data storage and analysis unit that is employed for storing
the digitized fluorescence data and to process the data to
derive selected information about cell types of interest in a
manner discussed in more detail below. Although the
depicted analysis module 64 includes one detection and
analysis channel, it should be understood that in other
embodiments multiple channels can be employed to detect
and analyzed data regarding multiple cell labels (e.g., at
different wavelengths).

[0056] FIG. 5 schematically illustrates an alternative
analysis module 74 suitable for use in an in vivo flow
cytometry system of the invention, such as that described
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above, that includes a photon-counting unit 76 for convert-
ing individual photoelectric pulses generated by the detector
58, e.g., a PMT or an APD, to TTL logic pulses after
performing appropriate pulse height discrimination to reject
noise peaks. A pulse counter 78 whose gate widths are set to
record photon bursts emitted by cells flowing through the
excitation (probe) volume (the gate widths are typically are
set in a range of about 10 microseconds to about 10
milliseconds) counts the TTL pulses. A DSP 80 is optionally
utilized to operate on the output of the pulse counter for
signal-to-noise enhancement and peak identification. A com-
puter data storage and analysis unit 72 stores the output data
of the DSP and provides analysis of data in accord with the
teachings of the invention.

[0057] For each accepted intensity peak, a peak width can
be determined. In many embodiments of the invention, a
peak width is defined as full width at half maximum
(FWHM) of the peak’s intensity profile. Those having
ordinary skill in the art will appreciate that alternative
measures of a peak’s width, such as, half width at half
maximum, can also be utilized. Those intensity peaks having
widths that comply with a defined criterion can be retained
while those that do not can be rejected. For example, one or
more peaks having widths that are much smaller than what
would be reasonably expected for a bona fide fluorescent
signal emitted by an excited labeled cell can be discarded.
For example, when detecting fluorescence from cells circu-
lating in an arterial vessel, the signal width is expected
typically to be larger than about 0.1 millisecond. Hence,
signals having smaller widths can be considered as spurious.

[0058] Hence, a data set containing accepted fluorescent
intensity peaks and their associated detection times, e.g.,
each relative to the beginning of a measurement period, can
be compiled. This data set can be plotted, if desired, as a
signal trace indicating fluorescence signal intensity as a
function of time. FIGS. 4 and 5, discussed in more detail
below in connection with Example 1, illustrate such exem-
plary signal traces 82 and 84, respectively. The intensity
peaks within a measurement period can be counted to
provide a cell count during that period. In many embodi-
ments of the invention, a one-to-one relationship is assumed
between a fluorescence peak and a labeled cell. In other
words, each peak is presumed to be generated by a single
labeled cell, rather than a cell cluster. Such a cell count can
be compared with a previously measured cell count,
obtained via methods such as those described herein or
otherwise, to generate a relative cell count. Such a relative
cell count can be useful in a variety of applications. For
example, a relative cell count of selected tumor cells can
provide an indication of efficacy of a particular treatment
and/or progression of the disease. By way of example, a high
white blood cell count can indicate infection and/or inflam-
mation. Moreover, stem cell counts can be employed in
tissue regeneration applications.

[0059] Further, the fluorescent signal widths can be
employed to obtain information regarding the flow velocity
of the labeled cells, and more generally about the flow
velocity of cells of that type. In general, the fluorescent
lifetime of the excited probe molecules is much shorter than
the transit time of a labeled cell through the illuminated
portion of a vessel in which the cell travels (a typical
fluorescent lifetime can be in a range of about 1 nanosecond
to about 10 nanoseconds whereas a typical transit time in a
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small artery can be in a range of about 1 to about 10
milliseconds). Hence, the width of a fluorescent signal
emitted by an excited labeled cell as it traverses the image
of the illuminating slit 30 is related to that cell’s transit time.
In some embodiments, the distribution of the widths of
fluorescent peaks can be plotted as a histogram from which
a flow velocity can be extracted.

[0060] Further, variations of fluorescent signal peaks can
be utilized to obtain a statistical measure, e.g., standard
deviation, of the uncertainty in the calculated flow velocity.
By way of example, exemplary variations among a plurality
of measured widths of fluorescent peaks in a data set
obtained in accordance with the methods of the invention is
shown as histogram in FIG. 8.

[0061] In some cases, two or more apparent fluorescence
peaks can be partially overlapping, thereby requiring criteria
for determining whether they should be counted as a single
peak or multiple peaks. In some embodiments of the inven-
tion, the widths of such overlapping peaks are considered in
deciding whether they constitute a single peak or multiple
peaks. By way of example, FIG. 8§ schematically illustrates
two apparent partially overlapping peaks A and B. Initially,
widths A1 and B1, each corresponding to full width as half
maximum, are assigned to these peaks. Assuming that B1 is
sufficiently broad to be above a pre-defined threshold (such
as that described above), if Al is smaller than such a
threshold, the two peaks are considered as a single peak
having a width B2, which is somewhat larger than the
initially assigned width B1. Otherwise, if similar to B2, Al
is also above the predefined threshold, the two apparent
peaks are considered as two separate peaks each having the
initially assigned widths A or B.

[0062] In another embodiment of the invention, identify-
ing and counting the intensity peaks in a fluorescent signal
trace can be achieved as follows. Initially, a selected per-
centage (and possibly all) of detected signals points in a
trace (i.e., signal intensity as a function of time) are utilized
to determine an average and a standard deviation for the
background signal (i.e., noise level). For example, data
points in one or more signal traces obtained without exci-
tation (and hence without fluorescence peaks) can be
employed for this purpose. A threshold level above which
data points are assumed to belong to a fluorescent peak can
then be set based on the average and the standard deviation
of the noise level (e.g., the threshold can be one or more
standard deviations above the average). The data points in
trace are then examined to determine whether they lie below
or above threshold. In this manner, one or more fluorescent
peaks, if any, and their associated time can be identified in
the data trace. For each peak, intervals to the left and the
right of the peak within which the signal intensity falls back
to background levels (e.g.. falls below the threshold) are
determined. In addition, the full width at half maximum
(FWHM) of each identified peak is determined by recording
the signal points on either side of the peak at which the
peak’s intensity drops to one half of its maximum value.

[0063] Inthis alternative embodiment, the following algo-
rithm is employed to determine whether two closely-spaced
peaks will be counted as a single peak or multiple peaks. The
minimum signal intensity between the two peaks, as well as
its time index (i.e., time stamp), are identified. If the two
peaks comprise third or higher peaks in a trace, the mini-
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mum signal intensity and the associated time stamp for two
previous peaks are also determined. If the minimum signal
intensity between the peak under examination and previous
peak(s) is at background noise level (e.g., it is below the
selected threshold), then the peak is counted. If the mini-
mum signal intensity (or intensities) between the peak under
examination and the previous peak(s) is above the back-
ground noise level, the peak will nonetheless be counted (the
peak and the previous peak are counted as two separate
peaks) if the intensity of both peaks and the minimum signal
intensity between them satisfy certain criteria (e.g., when the
minimum signal intensity is less than a pre-set fraction of
peak heights) Otherwise, if one of the two peaks under
examination is high intensity peak (i.e., its intensity is above
a selected value), and the minimum signal intensity between
the two peaks under examination is above the background
level but the minimum signal intensity between two previ-
ous peaks is below the background level, only the higher
intensity peak will be counted. If neither of two peaks
constitutes a high intensity peak and the minimum signal
intensity between them is above the expected background
noise level, then only one of the peaks, and more specifically
the peak having the higher intensity, will be counted.

[0064] The Example below provides further understand-
ing of salient features of one embodiment of a method
according to the teachings of the invention for performing in
vivo flow cytometry.

EXAMPLE

[0065] A number of measurements were performed in
mice to demonstrate the efficacy of the methods and systems
according to the teachings of the invention for real-time in
vivo quantification of circulating cells in a subject. For these
measurements, human red blood cells (RBC) were isolated
and labeled ex vivo with 0.1 mM DiD (Molecular Probe
V22887) (a lipophilic dye that binds to cell membranes).
The labeled cells were then injected into a mouse’s circu-
lation through the tail vein. In these illustrative measure-
ments, an ex vivo labeling procedure, rather than direct
injection into the mouse’s circulatory system, was employed
so as to limit the fraction of labeled RBC’s to less than about
1% in order to avoid overlap of signal pulses.

[0066] An instrument such as the above system 20 was
employed to acquire the fluorescent data. More specifically,
a He—Ne light source was employed for generating exci-
tation radiation. To identify a blood vessel location for
measurement, the mouse’s ear was transluminated by light
from a green LED, and the transmitted light was detected by
a CCD to generate an image of the illuminated portion. A
fraction of the He—Ne light reflected onto the CCD,
together with the transluminated image, were then employed
to align the excitation slit on a blood vessel of interest.

[0067] FIGS. 6 and 7 present typical fluorescence data
traces acquired from the mouse ear vasculature. The peaks
correspond to fluorescence emitted by the labeled red blood
cells. While trace 82 (FIG. 6) illustrates data acquired from
an artery, trace 84 (FIG. 7) illustrates data acquired from a
vein. Obtaining fluorescence data from an artery as well as
a corresponding vein allows assessing the instrument’s
capability for detecting differences in flow characteristics
between arteries and veins. The variations in peak heights
can be attributed to several factors, including differences in
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orientation and the vessel depth of different (nonspherical)
RBC’s as they pass through an illuminated portion of the
vessel, as well as cell-to-cell variability in staining intensity.

[0068] FIG. 8 provides pulse width distribution data for
fluorescence peaks corresponding to labeled cells detected in
the two types of vessels. The pulse width data can be utilized
in a manner described above to derive a flow velocity of
about 3 mm/second for the artery and a flow velocity of
about 1 mm/second for the vein.

[0069] To quantify the number of fluorescently labeled
circulating cells in a reproducible manner, fluorescent mea-
surements were recorded over a 3 day period from the same
artery of a mouse injected with DiD-labeled human RBC’s,
as described above. The mean and standard deviation of the
number of cells per minute passing through the selected
artery on a given day was calculated from three traces, each
of which was 2 minutes in duration. As shown in FIG. 10,
variations in the average number of cells per minute passing
through the artery among the three observation days were
relatively small.

[0070] In another series of experiments, a mouse white
blood cells (WBCs) were labeled in vivo with a fluores-
cently tagged antibody. More specifically, 20 micrograms of
rat antimouse CD45 monoclonal antibody labeled with
Cy-Chrome was injected through the tail vein of a 6-8 week
old BALB/c mouse, which was anesthetized with a mixture
of ketamine and xylazine (7:1 ratio). In vivo flow cytemetry
measurements were performed, in a manner similar to those
described above, at 0.4, 1.4, 4.3, 8.3 and 25 hour intervals
after the injections of the labeled antibody. Upon introduc-
tion into the mouse vasculature, the antibody labels the
circulating white blood cells that express the CD45 antigen
on their surface. The increase in the number of fluorescently
labeled WBCs detected within the first 1.4 hour of injection
represents the kinetic of antibody binding. The number then
decreases rapidly by approximately 75% within the first 8
hours. Such a decrease is understandable because the circu-
lation time of some WBC populations, such as neutrophils,
1s of the order of hours. In addition, WBCs can be eliminated
by either lysis or phagocytosis as a result of antibody
binding. Such variations can be observed in FIG. 11, which
illustrates that the number of fluorescently tagged WBCs
varies dynamically as a function of time relative to the time
of the injection of the fluorescently labeled antibody.

[0071] Those having ordinary skill in the art will appre-
ciate that various modifications can be made to the above
embodiments of the invention without departing from the
scope of the invention. For example, the methods and
systems of the invention can be utilized to obtain in vivo
flow cytometric data regarding cell types other than those
described above and/or employ fluorescence labels other
than those discussed above.

What is claimed is:
1. A method of performing in vivo cytometry, comprising

labeling one or more cells of a subject with one or more
fluorescent probe molecules while said cells circulates
in said subject, said cells being of a selected type,

illuminating said labeled cells in vivo with radiation
having one or more wavelengths suitable for exciting
said fluorescent probe molecules,
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detecting fluorescence radiation emitted by said marker
molecules in response to said excitation, and

analyzing said detected fluorescence radiation so as to
derive information regarding circulating cells of said
type.

2. The method of claim 1, wherein said labeling step
comprises introducing said probe molecules into the sub-
ject’s circulatory system.

3. The method of claim 1, further comprising selecting
said fluorescent probe molecules to couple to one or more
selected cell surface molecules.

4. The method of claim 1, further comprising selecting
said fluorescent marker molecules so as to couple to a
membrane protein of said cells.

5. The method of claim 3, further comprising selecting
said fluorescent marker to be an antibody capable of binding
to a surface antigen of said cell type.

6. The method of claim 4, wherein said cell type can be
any of leukocytes, tumor cells, stem cells.

7. The method of claim 1, wherein said illuminating and
detecting steps are performed confocally.

8. The method of claim 1, wherein said derived informa-
tion provides a cell count of said circulating cell type relative
to a corresponding count measured previously.

9. The method of claim 7, wherein said relative cell count
can be indicative of progress of a treatment protocol applied
to said subject.

10. The method of claim 1, wherein said irradiating step
comprises utilizing radiation having one or more wavelength
components in a range of about 400 nm to about 1000 nm.

11. The method of claim 1, wherein said irradiating step
comprises exposing said labeled cells to radiation from a
CW source for a selected duration to excite said fluorescent
probes.

12. The method of claim 1, wherein said analyzing step
comprises identifying fluorescent intensity peaks in fluores-
cent radiation emitted by said excited probes.

13. The method of claim 12, wherein said analyzing step
comprises calculating widths of said identified intensity
peaks.

14. The method of claim 13, further comprising analyzing
said widths to derive selected flow characteristics of circu-
lating cells of said cell type.

15. The method of claim 14, wherein said selected flow
characteristic comprises a flow velocity.

16. The method of claim 1, wherein said derived infor-
mation provides an absolute cell count of said circulating
cell type.

17. The method of claim 16, wherein said absolute cell
count can be indicative of any of presence of a disease and
progress of a treatment protocol.

18. The method of claim 17, further comprising analyzing
said fluorescence peak widths to derive selected flow char-
acteristics of circulating cells of said cell type.

19. The method of claim 1, wherein said analyzing step
further comprises filtering selected high frequency noise
present in said detected fluorescence radiation.

20. The method of claim 13, wherein said analyzing step
further comprises distinguishing between single fluorescent
peaks and partially overlapping multiple fluorescent peaks.

21. The method of claim 13, wherein said analyzing step
further comprises identifying detection time of each identi-
fied fluorescent peaks relative to that of the others.
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22. The method of claim 12, further comprising deter-
mining an average noise level associated with said detecting
step.

23. The method of claim 22, wherein said step identifying
peaks comprises selecting a peak as a fluorescent peak if it
exhibits a height higher by a selected factor than said
average noise level.

24. A method for real-time quantification of circulating
cells in a live subject, comprising

administering to said subject a plurality of fluorescent
probe molecules capable of attaching to circulating
cells of a selected type,

illuminating at least a portion of a blood vessel of the
subject with radiation capable of exciting said fluores-
cent probe molecules flowing through said vessel por-
tion,

confocally detecting fluorescence originating from one or
more of said excited probe molecules flowing through
said vessel portion, and

analyzing said detected fluorescence to identify fluores-
cent signals emitted by probe molecules coupled to said
circulating cells.

25. The method of claim 24, wherein said administering
step comprises introducing said fluorescent probe molecules
into the subject’s circulatory system.

26. The method of claim 24, wherein said irradiating step
comprises utilizing radiation having wavelength compo-
nents in a range of about 400 nm to about 1000 nm.

27. The method of claim 24, wherein said irradiating step
comprises imaging radiation generated by a source onto a
focal plane containing at least a section of said vessel portion
so as to illuminate labeled cells flowing through said section.

28. The method of claim 27, wherein said confocally
detecting step comprises focusing fluorescence radiation
emitted by the fluorescent probes excited by said imaged
radiation onto a detector.

29. The method of claim 27, wherein said analyzing step
comprises filtering fluorescence signals having signal-to-
noise ratios below a selected threshold.

30. The method of claim 27. wherein said vessel com-
prises an artery.

31. The method of claim 27, further comprising identi-
fying said vessel by generating an image of a tissue portion
containing said vessel.

32. A system for performing in vivo cytometry in a live
subject, comprising

a source for generating radiation having one or more
wavelength components suitable for exciting selected
fluorescent probe molecules capable of binding to
circulating cells of a selected type of said subject upon
introduction into the subject’s circulatory system,

an optical system for imaging radiation received from said
source onto a focal plane in which a portion of a vessel
of said subject can be positioned so as to be illuminated
by said imaged radiation, said illuminating radiation
exciting one or more of said molecules flowing through
said vessel portion,

a detector confocally detecting fluorescence radiation
emitted by said excited marker molecules, and
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an analysis module coupled to said detector for analyzing
said fluorescence radiation so as to derive information
regarding said circulating cells.

33. The system of claim 32, further comprising a first
spatial filter optically coupled to said source such that
radiation from said source is directed to said optical system
through said spatial filter.

34. The system of claim 33, wherein said spatial filter
comprises a pinhole.

35. The system of claim 33, further comprising a second
spatial filter optically coupled to said detector and said
optical system, said second spatial filter positioned so as to
be conjugate with respect to said spatial filter, wherein said
optical system focuses said fluorescence radiation onto said
second pinhole.

36. The system of claim 35, wherein said second spatial
filter comprises a pinhole.

37. The system of claim 35, wherein each of said first and
second pinholes comprises an adjustable-sized slit having a
height and a width, wherein the height is larger than the
width, said slit being capable of adjustment so as to vary
confocality.

38. The system of claim 37, further comprising a cylin-
drical lens disposed between said radiation source and said
first slit to modify cross-sectional shape of a radiation beam
received from said source to one having an elongated shape
characterized by substantially perpendicular long and short
axes.

39. The system of claim 37, wherein said first slit is
oriented such that its height is substantially parallel with said
long axis of the beam’s cross-section.

40. The system of claim 37, wherein said first slit is
configured such that said beam passing through said slit
illuminates said vessel portion with the beam’s long axis
substantially traversing a width of said vessel portion.

41. The system of claim 32, wherein said analysis module
comprises a filter for substantially removing high frequency
noise.

42. The system of claim 41, wherein said analysis module
comprises an amplifier for amplifying signals generated by
the detector.

43. The system of claim 41, wherein said analysis module
further comprises an analog-to-digital converter for digitiz-
ing said amplified detected fluorescence signals.

44. The system of claim 43, wherein said analysis module
further comprises a digital signal processing unit for digi-
tally filtering said digitized fluorescence signals.

45. The system of claim 43, wherein said analysis module
further comprises a computing module for operating on said
filtered digital signals to derive selected flow cytometric
information.

46. The system of claim 32, wherein said analysis module
comprises a photon counting unit coupled to said detector
for converting photoelectric pulses generated by the detector
into logic pulses.

47. The system of claim 46, wherein said analysis module
further comprises a pulse counter coupled to said photon
counting unit for counting the pulses generated by said unit.

48. The system of claim 47, wherein said analysis module
further comprises a DSP coupled to said pulse counter for
enhancing a signal-to-noise ratio of signal generated by said
counter.
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49. The system of claim 48, wherein said analysis module
further comprises a computing module operating on output
of said DSP to derive selected flow cytometric information.

50. The system of claim 32, further comprising a dichroic
beam splitter optically coupled to said radiation source and
said detector so as to direct radiation generated by said
source towards said focal plane and direct the fluorescence
radiation towards said detector.

51. The system of claim 32, further comprising a second
optical system for identifying said vessel portion.

52. The system of claim 51, wherein said second optical
system comprises

a source for generating radiation for illuminating a
selected tissue portion of said subject, and

an imager positioned to receive at least a portion of said
radiation transmitted through said tissue portion for
generating an image suitable for identifying said vessel
portion within said tissue.

53. The system of claim 52, wherein said source for
illuminating said tissue portion comprises a laser.

54. The system of claim 53, wherein said imager com-
prises a CCD camera.

55. The system of claim 32, further comprising a mount
for fixedly positioning said vessel portion in a path of said
illuminating radiation.

56. A method of performing in vivo flow cytometry,
comprising:

labeling ex vivo a plurality of cells of a selected type
extracted from a subject with fluorescent probe mol-
ecules of a type capable of coupling to said cells,

introducing said labeled cells into the subject’s circulatory
system,

illuminating said labeled cells in vivo with radiation
having one or more wavelengths suitable for exciting
said fluorescent probe molecules,

detecting fluorescence radiation emitted by said probe
molecules in response to said excitation, and

analyzing said detected fluorescence radiation so as to
derive information regarding circulating cells of said
type.
57. A method of performing in vivo flow cytometry,
comprising:

expressing a fluorescent protein in a cell type of a subject,

illuminating one or more cells of said cell type in vivo
with radiation having one or more wavelengths suitable
for exciting said fluorescent protein,

detecting fluorescence radiation emitted by the fluores-
cent protein of said illuminated cells in response to said
excitation, and

analyzing said detected fluorescence radiation so as to
derive information regarding circulating cells of said
type.
57. The method of claim 56, wherein said step of detect-
ing fluorescence radiation comprises confocally detecting
said fluorescence radiation.
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